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Abstract
Background: Biosurfactants, being environment friendly, highly biodegradable, less toxic and stable compounds have applications in several environmental
and industrial sectors that includes cosmetics, biomedical, bioremediation, and agriculture. Growing concern about eco-friendly compounds leads to
replacement of chemical surfactants with biological surfactants. However, use of biosurfactant limits due to high production cost. Surfactin, a class of
lipopeptide, considered as powerful biosurfactants having wide applications in therapeutics and environmental �eld. This study aims to investigate
production and characterization of surfactin by Bacillus subtilis SNW3 and evaluating their potential application in seed germination and plant growth. 

Results: In present study, Bacillus subtilis SNW3 was previously isolated from Chakwal Pakistan and used for biosurfactant production. Optimized media for
biosurfactant production was at (6% w/v) white beans powder in combination with (1.5% w/v) waste frying oil and (0.1% w/v) urea that shows surface
tension reduction (28.8 mN/m), oil displacement assay (4.9 cm) and emulsi�cation index (69.8 %). Environmental growth parameters like temperature (30 °C),
inoculum size (1%), pH (6) and agitation (150 rpm) exhibit important role towards enhanced biosurfactant yield. Furthermore, surfactin obtained was found to
be most stable at (5-7) pH, (8%) NaCl and (100 °C) temperature. Biosurfactant obtained was of lipopeptide nature called surfactin characterized by thin-layer
chromatography (TLC) and fourier-transform infrared spectroscopy (FTIR). The surfactin obtained, used in a concentration of (0.7 g/100 mL) helps in seed
germination and signi�cantly enhanced growth of Solanum lycopersicum (tomato), Pisum sativum (pea), Capsicum annuum (peppers) and Lactuca sativa
(lettuce).

Conclusions: Bacillus subtilis SNW3 produces surfactin with more stability, that makes it useful for processing of food and in agriculture. The use of white
beans powder and waste frying oil as sole source of carbon and energy makes the biosurfactant production more pro�table, and environment friendly
procedure by utilizing food processing by-products and wastes as substrate. Results obtained provide understanding about surfactin use for seed
development and plant growth.

Background
Surface-active compounds (surfactants) are amphiphilic compounds that constitute hydrophilic and lipophilic moieties. These dual characteristic molecules
possess ability to reduce surface tension between solids, liquids, and gases interface. Chemical structure of surfactants confers desired properties; used
widely in detergency, emulsi�ers, dispersants, foaming and wetting agents, which increase annual production of surfactants over 15 million tons annually [1,
2]. Commercial production of surfactants based on precursors obtained from petrochemicals, plants and animal fats [3, 4]. Wide use of petrochemical based
surfactants results in release of toxic compounds in environment which settled down as contaminant in soil and water and penetrates into trophic chain
causing danger to human health and all other living organisms [5, 6]. The demand of environment friendly, biodegradable and sustainable green products
needs new strategies development for replacement of synthetic surfactants with valuable biosurfactants [7, 8]. Generally, biosurfactants are derived from both
plants and microorganisms and their structure consists of hydrophobic and hydrophilic moieties. In line with their chemical structure biosurfactants are
classi�ed into �ve groups: (I) Lipopeptides, (II) Glycolipids, (III) Fatty Acids, Neutral Lipids and Phospholipids, (IV) Polymeric Surfactant and (V) Particulate [9,
10]. However, as compared to plant-based surfactants biosurfactants from microorganisms has more useful multifunctional properties of highly
biodegradable in nature, stability at high temperature and negligible effect on environment. Biosurfactants with numerous useful applications led to
increasing interest in diverse industrial sectors of food, medicine, cosmetic and agriculture [11].

However, still production cost is high that depends on availability of raw materials, potential feedstock shortage, downstream processing that act as
technological limitations in scaleup of biosurfactant production at industrial level [12, 13]. Unlike synthetic surfactants that produced from petroleum feed
stock, biosurfactants could be produced using waste materials as substrate like agriculture waste (wheat bran), brewery waste and food waste by-products
(potato peels and waste frying oil) that could be use as carbon source that not only reduce cost but also helps in waste disposal in environment friendly
manner [14, 15].

Surfactin, a lipopeptide nature of biosurfactant produced by Bacillus subtilis strains, is known for more promising features among all other biosurfactant
molecules. Lipopeptides produced by Bacillus sp. with broad range of applications in biotechnology shows antiviral, antimicrobial, anti-tumour activities and
exhibits a high emulsifying activity. An issue of interest nowadays is about increase in human population worldwide that accelerates food demands and
agricultural productivity. In agriculture �eld lipopeptides not only provoke induced systemic resistance (ISR) to provide defence responses for eradicating plant
pathogens but also increase the bioavailability of nutrient for helpful plant related microbes [16]. One of positive in�uence of use of lipopeptides in agriculture
is its biocompatibility that do not accumulate in living organisms’ tissues [17]. Biosurfactants can broadly be applied to develop better quality of agricultural
land through bioremediation of soil and increase in biogenic substances solubility. Accomplishment of fertilizers and pesticides distribution equally in heavy
soil is made possible through hydrophilization with use of biosurfactants. Phenomena of pre-sowing and seed stimulation that accelerates germination
through natural-based products like biosurfactants got worldwide attention because of its ecological approach. These stimulants covered seed surfaces with
prominent molecules that keep seeds protected against microbial attack and enhance seed metabolism for resistance against fungi, bacteria, virus and
yeasts. The initial dose of fertilizer in agricultural activities could be reduced through seed stimulation [18]. Thus, investigation about use of biosurfactant for
exploring their role in seed development, promotion of plant growth and other applications needed details research.

The aim of our research study was optimization of biosurfactant production by Bacillus subtilis SNW3 by using cost effective substrates (white beans powder,
potatoes peels powder, molasses and waste frying oil), chemical characterization of surfactin obtained and to evaluate the effect of biosurfactants on
seedling germination and growth. Present study explores the impact of surfactin on Solanum lycopersicum (tomato), Capsicum annuum (peppers), Pisum
sativum (pea) and Lactuca sativa (lettuce). The seeds of all these vegetables are rich in carbohydrates, protein, fats, and vitamins that makes them highly
nutritious and easy to grow for experiments on lab scale.
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Materials And Methods
Microorganism and culture conditions

In current study, Bacillus subtilis SNW3, obtained from Microbiology Research Lab, Quaid-i-Azam University, Islamabad, previously identi�ed and isolated from
contaminated soil of Fimkessar oil �eld, Chakwal, Pakistan [19]. Bacterial sample was cultured on nutrient agar plates (Yeast extract 2.0; Beef extract 1.0;
Peptone 5.0; Sodium chloride 5.0; Agar 15 g/L) incubated for 24 h at 30 °C to obtain separate pure colonies, stored for regular use at 4 °C and sub-cultured
before use. The strain was preserved at -80 °C in nutrient broth (Peptone, 5; Meat extract, 1; Yeast extract, 2.0 and sodium chloride g/L) supplemented with
30% glycerol.

Cost effective substrates and medium optimization for biosurfactant production.

For biosurfactant production optimization by Bacillus subtilis SNW3 various cost-effective substrates as carbon sources (2% w/v) were screened out as
substrate: potato peels powder (Total soluble sugar 1%; Total carbohydrate 68.7%; Starch 52.14%; Protein 8%; Fat 2.6%; Ash 6.34%; Nitrogen 1.3%), molasses
(Total sugar 46.2%; Sucrose 45.9%; Protein 11%; Lipid 0.7%; Ash 9.8%), white beans powder (Protein 15-30%; Carbohydrates 60-70%; Lipids 0.7-2%) and waste
frying oil (Palmitic acid 29.75%; Oleic acid 34.01%; Stearic acid 3.08%; Linoleic acid 28.85%) and nitrogen sources: sodium nitrite, urea and ammonium nitrate
(0.1% w/v) while yeast extract (Protein 62.5%; Sugar 2.90%; Fat 0.10%; Ash 9.50%) was used as control media. Each carbon source listed above was tested
individually as alternative substrate for yeast extract, then impact of selected substrates was tested in different combinations at different ratios for
achievement of an optimized medium composition. Molasses used for experiment was obtained from Chashma Sugar Mills Limited in Dera Ismail Khan
(Pakistan). Potato peels and waste frying oil were obtained from café located at Quaid-i-Azam University Islamabad (Pakistan). White beans were obtained
from National Agricultural Research Council (NARC) Islamabad Pakistan and were grinded to be used in powdered form.

Inoculum

Bacillus subtilis SNW3, streaked and stored on nutrient agar plates at 4 °C was used for inoculum preparation. A loop full of culture from single isolated
colony on plate added in 100 mL nutrient broth (Peptone, 5; Meat extract, 1; Yeast extract, 2.0 and sodium chloride, 5 g/L) incubated at 30 °C for 48 h. About
2% seed culture from nutrient broth was used as inoculum for all experiments. 

Biosurfactant production

The substrates used to be screened out were weighted and sterilized separately into 250 mL Erlenmeyer flask through autoclaving at 121 °C for 1 h aimed to
remove microbial spores and then cooled before use. Then mineral salts medium (MSM) as described by Abouseoud et al. [20] with given composition (g/L):
KH2PO4, 2.0; K2HPO4, 4.0; FeSO4.7H2O, 0.025; MgSO4.7H2O, 1.0; KCl, 0.2; NaCl, 5.0; CaCl2. 2H2O, 0.02; and trace elements solution of 0.1 mL containing g/L:
MnSO4.4H2O, 1.78; ZnSO4.7H2O, 2.32; CuSO4.5H2O, 1.0; H3BO3, 0.56; KI, 0.66 and NH4MoO4.2H2O, 0.39 (chemicals used were purchased from Sigma (Sigma-
Aldrich®, USA), pH adjustment up to 7.0 ± 0.2 was added to the substrate to enrich production medium. To this production medium 2% bacterial seed culture
was inoculated, mixed carefully, and put in shaker incubator for 4 days at 150 rpm and 30 ºC temperature. After incubation for 4 days, fermentation broth was
centrifuged (12,000 rpm, 20 min, 4 °C) to obtain cell free supernatant that was extracted as described by Santos et al. [21]. Mean value for analysis was
considered because all experiments performed were in triplicates.

Culture conditions optimization for biosurfactant production

After screening and optimization of carbon nitrogen substrates effect of environmental process parameters signi�cant for biosurfactant production were
evaluated. Effect of temperature (15, 30, 37 and 50 ˚C), pH (2, 4, 6, 8, 10, 12), agitation speeds (0, 150 and 250 rpm) and inoculum size (0.5, 1, 1.5, 2 and 2.5%)
was evaluated. While evaluating effect of one parameter other parameters were keep constant. After optimizing medium and cultural conditions 1L shake
�ask fermentation experiment was set to reveal production that replace yeast extract.

Assessment of biosurfactant production

For qualitative and quantitative analysis of biosurfactant that was produced after 4 days cell free supernatant of production medium was obtained after
centrifugation at 12,000 rpm for 20 minutes. The Oil Displacement Activity (ODA) test was performed according to Morikawa et al. [22] by placing cell free
supernatant of 10 µL was placed gently on uniform crude oil layer formed on distilled water surface of 40 mL in 15 cm petri dish. Oil layer was displaced, and
clear zone diameter was measured in centimetre (cm) with production medium without inoculum was used as negative control. Emulsi�cation index (E24%)
was used to evaluate emulsifying activity of produced biosurfactant according to protocol of Cooper and Goldenberg [23]. Kerosene oil (2 mL) and an equal
volume of cell-free supernatants in test tube were mixed for 2 minutes on the vertex mixer and placed for 24 hours undisturbed at room temperature measured
using given formula where heights were calculated in centimetres (cm) [15].

Surface tension (SFT) of cell free supernatant was determined to analyze interface properties of produced biosurfactant by using KRUSS K20 digital
Tensiometer (Kruss GmbH, Hamburg, Germany), wilhelmy plate method was used according to protocol given by manufacturer by using a platinum plate. The
SFT was measured in mN/m and performed at room temperature.

Surfactin extraction
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Surfactin extraction was conducted as earlier described by Lovaglio et al. [24]. The cell-free broth was obtained after centrifugation at 4 °C and 10,000 rpm for
20 minutes. Concentrated (HCl) was used to acidify supernatant at pH 2.0 and kept in refrigerator for overnight at 4 °C. After acidi�cation again liquid was
centrifuged for 20 minutes at 10,000 rpm to obtain pelleted precipitates. For crude surfactin equal volumes of pelleted precipitates and chloroform/methanol
(2:1) methanol were mixed thoroughly in a volumetric �ask to separate organic and aqueous phase. Extraction was done thrice for maximum surfactin
recovery that was concentrated by rotary evaporation [25].

Chemical characterization of surfactin produced.

Crude surfactin obtained after extraction was analyzed by thin-layer chromatography (TLC) where surfactin (sigma) was taken as standard. Crude
biosurfactant components were separated on Silica coated aluminum plates, silica gel 60 F254, MERCK Germany using Chloroform: Methanol: acetic acid
(85:10:5, v/v). Plate was developed, dried, and visualized under UV light of 254 nm for �uorescence quenching spots and 365 nm wavelengths for �uorescent
spots and retention factor (Rf) values were compared [26]. Fourier transform infrared spectroscopy (FTIR) was used to determine chemical nature of
functional groups and bonds present in crude biosurfactant with use of Tensor 27 (Bruker) FTIR spectrophotometer, equipped with ZnSe ATR. For analysis
solid form of crude extracted surfactin (10 mg) was loaded and spectrum and observed at the range of 4500–450 cm-1 [27]. Spectrum of surfactin (Sigma)
was used as standard for determination of surfactin type of biosurfactant produced and to infer the nature of functional groups and chemical bonds in
extracted surfactin.

Surfactin analysis, critical micelle concentration (CMC) and critical micelle dilution (CMD) determination

For determination of CMC of crude extracted surfactin different concentrations (0.06-1.24 mg/mL) of surfactin were prepared in demineralized water, and the
Surface tension (SFT) of each extract was measured up to a constant value of surface tension obtained by using KRUSS K20 digital Tensiometer at 25 °C. For
determination of CMC surface tension was plotted as logarithm function of concentration of biosurfactant and point of intersection was obtained between
these two factors [28]. For critical micelle dilution cell free supernatant produced by Bacillus subtilis SNW3 after 96 h cultivation under optimized condition
was diluted 10-folds up to three levels (i.e. 10x, 100x, and 1000x). These dilutions were named as CMD-1, CMD-2 and CMD-3, respectively, and were analyzed by
surface tension reduction values using wilhelmy plate method through tensiometer (EasyDyne K20, KRUSS, Germany).

Functional characterization by Antibiogram of surfactin produced.

 Antbiogram activity of partially puri�ed surfactin was analyzed by preparing Meuller Hinton Agar (MHA) media plates that were swabbed with multi drug
resistant (MDR) Escherichia coli and treated with surfactin and two different antibiotics namely, cipro�oxacin and clarithromycin. Surfactin concentration of
(10 mg/mL) was tested with cipro�oxacin and clarithromycin (1 mg/mL) and surfactin and antibiotics used in combination of (5:0.5) respectively. Dilutions of
each tested surfactin and antibiotics made at given concentration and were poured in wells up to 100 µl of each dilution. After that plates were kept for
incubation time of 24 hours at 37°C and diameter of clear zone around wells was measured. 

Surfactin stability at different environmental factors

Stability testing for biosurfactant produced was examined at various ranges of temperature, pH and salt concentration [29]. Standard solutions of crude
biosurfactant (600 mg/L) were prepared and distilled water was used as control stability test was performed by measuring surface tension at room
temperature. For thermal stability analysis, standard solution of biosurfactant was incubated at different temperatures (20-121 °C) for 1 hour then surface
tension of test solutions was measured after cooling at room temperature. Different concentrations of sodium chloride NaCl (1-10%) was added to standard
surfactin solution and incubated at 30 °C for 1 hour followed by stability test. For pH effect on surfactin activity different buffer solutions, adjusted to pH 1–5
using citrate-phosphate buffer, pH 7 using phosphate buffer, and pH 9–11 using carbonate-bicarbonate buffer solutions and check for surface tension
reduction after incubation at room temperature for 30 minutes.

Seeds and germination experiments

Seeds of Tomato (Solanum lycopersicum), Pea (Pisum sativum), Peppers (Capsicum annuum) and Lettuce (Lactuca sativa) were used for evaluation of
surfactin effect on germination of seedlings. Seed were obtained from National Agricultural Research Centre (NARC) (Islamabad, Pakistan) and suppliers gave
information about germination of seeds. Seed’s germination was con�rmed in laboratory by measuring radicles length and were regarded as germinated when
longer than 3 mm. Sterilization of seed coat from fungal pathogens was done while keeping seeds �rst for 20 minutes in 10% Na–hypochlorite and then
washed with distilled water before use. For seed germination using petri plate forty number of seeds having same size and no observable damage were used
and all experiments were done in triplicates. Petri plates (100 mm diameter) were covered with �lter paper and cotton that were soaked with four different
concentrations of surfactant solutions prepared i.e; 0.1, 0.3, 0.5 and 0.7 g/100 mL with 100% v/v distilled water was used as a control. Plates were kept in
yellow light at 25 ºC covered with para�lm to prevent loss of moisture [30]. Number of all grown seeds after seven days was observed to conclude the rate of
germination of seeds. Germination of seeds (Percentage number of seeds germinated) was valued as the seeds percentage that grown comparative to the
other total seeds number (those that were died and deformed are of not germinated and excluded). The measurement of seeds was done by using a calliper
gauge and the root and stem lengths (mm) of all germinated seeds were measured. The root and shoot length sum were called as seedling length. The
germinated seeds were counted on daily basis. (a) Relative seed germination (G, %): (No. of seeds germinated (treatment) / No. of seeds germinated
(control)×100); (b) Relative dry biomass (B, %): (Mean dry biomass (treatment) / Mean dry biomass (control)×100); (c) Relative root growth (L, %): (Mean root
length (treatment) / Mean root length (control)×100) and (d) Relative plant height: Mean height of plant (treatment) / Mean plant height (control)×100)
respectively of the control water (H2O). All germinated seeds were transferred in pots �lled with sand, soil, and coarse-grained grit and put separately in pots to
observe seeds germination strength for growing plants. These pots were placed in greenhouse with temperature changing between 20 ºC to 22 ºC and L/D
16:8. Seeds without pre-treatment with surfactin was applied as control. Seed stimulation for planting was done with addition of biopreparation containing
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surfactin dissolved in distilled water at different given concentrations added in pots i-e 0.1, 0.3, 0.5 and 0.7 g/100 mL and distilled water as control. For each
pot applying water every third day and after 40 days emergence of seed plant seedling was tested and checked for morphological characteristic of plants like
shoot length, root length and dry weight of plants.

Statistical Analysis

The obtained results were analysed statistically with use of STATISTICA software, one-way ANOVA (version 8.1). The measured weight and height of plants
were found and used for surfactin impact on stimulation and germination of all seeds used in study. Difference between obtained results were analysed by
using Tukeys test to �nd individual and control mean ± standard deviation. Signi�cance value was set at p = 0.05 and p-values ≤ 0.05 were considered
signi�cant.

Results And Discussion
Screening and optimization of cost-effective substrates for biosurfactant production

Bacillus subtilis SNW3 was previously studied for biosurfactant production using yeast extract as sole source of carbon while in current study conducted
number of C/N sources (as mentioned above in methods) were used to enhance the biosurfactant yield. Major type of products produced by this isolate is
identi�ed as surfactin in form of C13-, C14-, and C15-surfactin mixture possess applicability in oil recovery [31] and as promising anti-tumour agent [32]. By
introducing nitrogen containing compounds urea and yeast extract that exhibits amine groups bring about synthesis of biosurfactants having peptide
moieties or enzymes that regulate the synthesis. In current study among nitrogen sources tested preferably urea act as good nitrogen source shows surface
tension reduction 31.4 mN/m and of 2 cm (Fig. 1b). It has been reported that supplementation of peptone, urea, sodium nitrate, ammonium nitrate [33] and
meat extract [34] increased biosurfactant production. Use of ammonium sulphate (5 g/L) and yeast extract (2 g/L) as nitrogen sources for biosurfactant
production was also investigated by [35]. In current study yeast extract was used as control media and selected substrates as carbon sources includes white
beans powder, potato peels powder, molasses, and waste frying oil (2%, w/v) were checked for biosurfactant production after 96 h. While single use of these
substrates checked for surfactin production by surface tension reduction, emulsi�cation and oil displacement activity shown in Fig. 1a. According to results
obtained for 2% potato peels powder and white beans powder individually gave oil displacement value of 1.3 and 2.4 cm with surface tension reduction 41.3
and 33.6 mN/m and E24 55.1 and 57% respectively. Application of cost-effective substrates for biosurfactant production reduce cost of enzymes production
on industrial scale. Hence, ideal fermentation medium selection plays an important role for reducing cost of biomolecules [36]. Potato processing produce
starch rich waste in form of potato peels, starch rich wastewater and unconsumable potato parts that could be used as substrate for microbial production
[37]. Ohno and coworkers [38] investigated use of okara obtained after processing of ground soybeans as substrate for lipopeptide iturin and surfactin
production by Bacillus subtilis NB22. Faiza et al. [39] reported use of potato peels for biosurfactant production by DGEF01-06 bacterial strains among which
DGEF02 shows highest emulsi�cation value of 70% while in current study conducted 55.1% emulsi�cation was observed with 2% of potato peels waste. In this
study, sugar cane molasses and waste frying oil individually indicated maximum E24 of up to 55.3 and 56.3%, ODA i-e 0.9 and 1.8 cm with SFT 41 and 38.2
mN/m. It was previously reported that use of waste frying oil as sole source of carbon and energy lipopeptide production by two Bacillus strains that reduce
surface tension up to 36 mN/m these results are consistent with our study that Bacillus strain used produce surfactin while growing on 2% waste frying oil
reduce surface tension up to 38 mN/m [40]. De Lima et al. [41] reported rhamnose production by Pseudomonas aeruginosa PACL strain cultivating on waste
frying soybean oils results indicate biosurfactant production with 100% emulsi�cation index, surface tension reduction up to 26.0 mN/m and concentration of
3.3 g/L while in current study 56.3% emulsi�cation was observed with 2% waste frying oil. Molasses are co-product obtained from sugar beet and sugar cane
industry that are widely used as substrate because of presence of vitamins and other valuable compounds in low cost. Molasses contains various
compounds that includes sugars (sucrose 48-56%), non-sugar organic matter (9-12%), inorganic components, proteins and vitamins [42]. Research conducted
by Abdel-Mawgoud et al. [43] investigate surfactin production in a cost effective manner with use of 16% molasses and other trace elements that produce
surfactin yield of 1.12 g/L. However, it is also stated in many studies that the presence of hydrophobic substrate is essential for production of biosurfactants
[44]. In present study, white beans powder and waste frying oil shows improved production of biosurfactant as compared to other substrates tested. Out of all
media white beans powder and waste frying oil have good impact on biosurfactant production. Urea and ammonium nitrate have been already used and
reported in literature as very cost-effective nitrogen source to produce biosurfactant by Artherobacter paraffineus and various other bacterial species [44].
Beans are considered as rich source of carbohydrates that were further used at different concentration with waste frying oil. Zhu et al. [45] reported use of
soybean �our as substrate for surfactin production by Bacillus amyloliquefaciens XZ-173.     

According to literature different types of oils e.g., vegetable oils, waste cooking oil, glycerol, glucose and diesel has been used as substrate for production of
biosurfactant by a fungal species M. circinelloides 11.7 cm ODA showed maximum biosurfactant production by utilizing waste cooking oil as a carbon source
[46] showed that 8% (v/v) WCO, biosurfactant production by M. circinelloides was maximum and lesser at higher concentration 10% (v/v) at 72 hours. It has
also been reported in literature that Pseudomonas aeruoginosa undergoes productive yield of biosurfactant by using waste cooking oil. In present research
white beans powder, waste frying oil and urea was used in different concentrations collectively Fig. 1c.  Results obtained showed that the concentrations of
white beans powder 6% with combination of waste frying oil 1.5 mL and urea 0.1 g showed signi�cantly maximum surfactin yield indicated improved oil
displacement value of (from 2.4 to 4.9 cm) maximum emulsi�cation index (from 57 to 69.8%) and lowest surface tension reduction of (from 33.6 to 28.8
mN/m) Fig. 1c. In previous studies molasses and cheese whey were used in combination by four strains of Bacillus subtilis reduce the surface tension of
medium up to 34 to 37 mN/m [47]. The results obtained in present study while using combination of white beans powder and waste frying oil were more
signi�cant lowers SFT up to 28.8 mN/m as compared to results described by Joshi et al., [47]. It was reported by Zhu et al. [48] that cell free supernatant
based on glycerol produced by B. subtilis N3-4P, showed 27.8 mN/m surface tension and 38.3% emulsi�cation index value in case of emulsi�er not good
results were obtained while comparing values with current study conducted. It’s conferred by Cooper and Goldenberg [23] that if surface tension value is
reduced up to 40 mN/m or below it could be regarded as e�cient biosurfactant producer. These reported results give indication about Bacillus subtilis SNW3
as e�cient biosurfactant producer. Different environmental habitats like hydrocarbon contaminants, marine and terrestrial environment, reported Bacillus



Page 6/18

species and related genera as Aeribacillus sp., B. licheniformis and Bacillus subtilis etc. for biosurfactant production [49, 50]. However, until now no reports are
showed by Bacillus nealsonii strains for biosurfactant production. Study conducted by Medeot et al. [51] showed high yield of biosurfactant (1.7 mg/mL)
while using NH4NO3 and glucose as substrate for production by Bacillus amyloliquefaciens MEP218. In the same way, combination of sucrose and NH4NO3

were used by Fernandes et al. [52] and they reported high yield of biosurfactant (0. 2 g/L) by Bacillus subtilis RI4914. Likewise, study conducted for surfactin
production by Abdel-Mawgound et al. [43] reported use of different carbon nitrogen sources and ultimate results showed maximum biosurfactant production
by Bacillus subtilis BS5 while using NaNO3 and NH4NO3 as source of nitrogen. Obviously, source of nitrogen shows an important role for production of
biosurfactant, but carbon/ nitrogen substrates combination has a crucial role in production. 

 For establishment of environmental parameters (temperature, pH, agitation and amount of inoculum) were checked by oil displacement activity that
signi�cantly in�uence surfactin production (Fig. 2). It was observed that 30 ˚C temperature was the most suitable temperature for maximum biosurfactant
production by Bacillus subtilis SNW3 shown in Fig. 2a. At 30 ˚C the clear zone of about 1.26 cm was observed that was also reported by Bonilla et al. [53] in
their research for maximum biosurfactant production. In study reported by Bertrand et al. [54] Bacillus mycoides and Bacillus brevis strains were used for
maximum biosurfactant production at temperature that ranges between 35–40 °C. Though this temperature range is good for minimizing the production cost.
According to Sahoo et al. [55] biosurfactant production by Pseudomonas aeruginosa OCD1 is more e�cient at 30 °C temperature. Also, it was reported by
Naja� et al. [56] that 30 °C is the optimum temperature for biosurfactant production. These results are in correspondence with results obtained by our
research. For monitoring inoculum size maximum production rate was observed with 1% inoculum size that gives a clear zone of 2.1 cm shown in Fig. 2b. On
the other hand, inoculum size of 2% and 2.5% showed a very low yield of biosurfactant with a zone size of only 1.3 cm and 0.7 cm. Inoculum size of 0.5% and
1.5% gives a zone of 1.6 cm and 1.9 cm of oil displacement zone. In current study at agitation 150 rpm biosurfactant production was observed maximum
ODA 1.2 cm as compared to other tested agitation speed shown in Fig. 2c. At static condition, no signi�cant biosurfactant production was observed as well-
known importance of oxygenation for biosurfactant production, while with increase in rpm productivity of biosurfactant reduced that’s also reported for
Candida lipolytica [57]. However, at pH 6 high values for ODA of 2.1 cm were observed regarding optimization of biosurfactant production. Results obtained
showed that pH of culture media have signi�cant effect on biosurfactant production (Fig. 2d). At acidic condition productivity of biosurfactant reduced
indicates that bacterial growth is sensitive to acidic conditions. Same in previous studies at pH 7 Stenotrophomonas maltophilia NBS-11 shows maximum
production of biosurfactant [58].

To study surfactin production on optimized media and its growth kinetics at optimized conditions (30 °C, 150 rpm, 1% inoculum size, pH 6, yeast extract (2%,
w/v) and white beans powder, waste frying oil and urea (6:1.5:0.1%, w/v), in 1L shake �ask fermentation setup revealed a growth-associated production
(Fig.1d) under optimum conditions shows maximum surfactin production with surface tension reduction value 28.5 mN/m, ODA 5.53 cm emulsifying activity
E24 70.6%, biomass 4.6 g/L, surfactin concentration of 1.17 g/L attaining preferable media position to replace costly yeast extract media.  

Characterization of biosurfactant produced.

Crude biosurfactant produced by Bacillus subtilis SNW3 was analyzed by thin-layer chromatography (TLC) that indicates product nature as lipopeptide
surfactin with retention factor (Rf) value of 0.68 through band observed on plate in comparison to standard surfactin as illustrated in Fig. 3. Likewise, Rf value
of 0.76 was observed by [59] produced by Bacillus subtilis that indicates presence of surfactin. Similar results for Rf values were observed by [60] using
Bacillus subtilis UMAF6619, UMAF6614, UMAF8561, UMAF6639 and Bacillus amyloliquefaciens  PPCB004 for fengycin, iturin and surfactin as 0.9, 0.3 and
0.7 respectively. Similarly, Ramyabharathi and co-workers obtained results for surfactin and iturin production by Bacillus subtilis Bbv57 con�rmed by TLC
analysis showed Rf value for surfactin and iturin as 0.3 and 0.7 respectively making comparison with standard from Sigma-Aldrich [61]. In same way, Yánez-
Mendizábal and co-authors showed Rf value of 0.3 for surfactin and 0.7 for iturin [62]. Similar TLC pattern was observed by Joy et al. [26] obtained 0.55 and
0.72 Rf values for lipopeptide nature of biosurfactants that was produced by Bacillus specie (SB2).

FTIR analyses of crude surfactin obtained showed presence of carboxylic functional groups and aliphatic amines that represent peptide bonds characteristic
of lipopeptide biosurfactant nature. In current study Bacillus subtilis SNW3 showed various absorbance bands, characterized by aliphatic amines at 1023 cm-1

and 972 cm-1 in standard surfactin (Fig. 4a) and crude biosurfactant (Fig. 4b) respectively resulting in stretching vibrations of C-N bonds. Moreover, bands
formation at 1045.92 and 862.03 cm−1 are associated with stretching vibrations that are observed for glycosidic linkage [63]. At 1243 cm-1 and 1240 cm-1 in
standard and sample respectively, in range of 1250–1020 cm-1 indicates presence of C–N stretch aliphatic amines. Joshi et al. [47] also reported similar
pattern of aliphatic and peptide moieties presence indicates lipopeptide biosurfactant nature. Peaks observed at 1453.40 and 1124.36 cm−1 suggest about
stretching bands between carbon atoms and hydroxyl groups in sugar moiety structure [54]. The C=O stretch mode of 1762 cm-1 and 1757 cm-1 among
standard surfactin and crude extract respectively ranging from 1690-1762 cm-1 corresponds to ester carbonyl group characterized as peptide component also
reported by Joshi et al. [47]. Likewise, stretch at 1721 cm−1 that indicates presence of lactone carbonyl group observed by Faria [64] in biosurfactant product
produced by Bacillus subtilis isolate LSFM-05. The C–H stretch at 2942 cm-1, standard surfactin (Fig. 4a) and 2925 cm-1 in crude extract (Fig. 4b) were
analysed as alkanes. Another peak ranging from 3500–3200 cm-1 gave indication about alcohols and phenols O–H stretch, H–bonded presence. In current
study absorption bands that are prominent obtained at 2925 cm-1, 1240 cm-1 and 1378 cm-1 indicates about (CH2 and CH3) alkyl and aliphatic chains
presence in biosurfactant. Another peak observed between 3800 cm−1 and 3100 cm−1 shows about N–H and C–H stretch vibrations in sample. The above
results obtained are also reported previously in literature that presence of peptides and aliphatic hydrocarbons gives indication about lipopeptide class of
biosurfactants [64].   

Critical micelle concentration (CMC) and critical micelle dilution (CMD) determination

The critical micelle concentration (CMC) is the minimum biosurfactant concentration needed to achieve lowest surface tension value after that point micellar
aggregates formation starts [65]. The surfactin from Bacillus subtilis SNW3 showed reduction in surface tension of water from 70 to 36 mN/m by increasing
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surfactin concentration with CMC value of 0.58 mg/mL (Fig. 5a). After that point increase in surfactin concentration did not result in more reduction in water
surface tension, gave indication that the CMC had been obtained. These results were e�cient as compared to commonly used synthetic surfactants sodium
dodecyl sulfate (SDS), attains CMC value at 2100 mg/L [66]. The CMC value for partially puri�ed surfactin obtained in current study that was found to be 580
mg/L that was consistent with those previously reported for surfactin from Bacillus subtilis with CMC 200 and 1500 mg/L in cell free broth by using waste
frying cooking oil as substrates reported by Oliveira and Garcia-Cruz, [67]. In present study CMC results were agreed with results obtained by Datta et al. [28]
for biosurfactant produced by Bacillus subtilis MG495086. Estimation of surfactin concentration produced in medium could be done by critical micelle
dilution. In current study surfactin produced seems to be more competent that remains stable with surface tension reduction values from 29 mN/m to 32
mN/m after making 3-fold dilutions shown in Fig. 5b. 

Functional characterization of surfactin by antibiogram activity

The antibiogram of surfactin produced by Bacillus subtilis SNW3 and antibiotics used against multi drug resistant Escherichia coli is shown in Fig. 6.
Appearance of clear zone around well was monitored, and diameter (mm) was calculated thrice to get mean value. It was observed that maximum inhibitory
zone was with combined synergistic effect of surfactin with antibiotics used. Surfactin in combination with cipro�oxacin (Fig. 6a) and clarithromycin (Fig. 6b)
displayed 30 mm inhibitory zone when used in combination in comparison to 27 mm for surfactin and 18 and 20 mm respectively when applied individually.

Stability Studies

After production of surfactin under optimum concentration, it was extracted in ethyl acetate and stability of surfactin was tested at different temperature, pH
and salt concentrations that �uctuates depending on conditions. Surface tension reduction was used as an indicator to test stability of biosurfactant
produced. Biosurfactant activity produced by Bacillus subtilis SNW3 was tested over various pH range (1, 3, 5, 7, 9, 11) pH affects the stability at very lower
and higher values. From pH 1 to 3 and above 7 the activity of surfactin was low as shown in Fig. 7.  SFT values were good from pH 5 to 7. However, the lowest
surface tension value (28.3 mN/m) and achieved at pH 7. Decreased stability of surfactin at acidic pH could be due to precipitation of surfactin at lower pH.
Surfactin produced by Bacillus subtilis SNW3 was thermostable up to 100 °C at different temperature ranges, but was most stable at 40 °C, so the surface
tension of 28.9 mN/m. Similarly, it was reported by Moussa and Azeiz [68] that only minor variations occurred in biosurfactant stability that was produced by
Bacillus methylothrophicus and Rhodococcus equi strains while analyzed at temperature ranged between 20–120 °C. It was noticed by Hatef and Khudeir [69]
while doing experiments on biosurfactant stability check produced by Pseudomonas putida PS6 that that biosurfactant produced remains stable in
temperature ranged between 20–70 °C, while after that with increase in temperature above 70 °C it starts to decrease in stability. Effect of salt concentration
was observed by adding NaCl in different concentration (1, 2, 4, 6, 8 and 10%) into surfactin produced by all the three strains and best results were observed at
1-2% concentration of NaCl that shows lowest value of surface tension reduction at 30 mN/m while at higher salt concentration up to 8% decrease in stability
of surfactin was observed. Reasons for decrease in stability of biosurfactant at increased NaCl concentration is due to ion-dipole interactions between salt
and water which are stronger than interactions between salt and gaseous phase, that is avoid solute molecules to reach at interface to lowers surface tension.
In a previous study conducted by Isty Adhitya Purwasena [70] biosurfactant produced shows good stability regarding emulsi�cation at high temperature of
120 °C, pH of 4-10 and NaCl concentration of 10% (w/v) that are consistent with this study.

Effect of biosurfactant produced on seed germination and plant growth.

Percent germination

The analysis of the stimulation effect of surfactin on the seed germination ability was studied in the �rst step and then growth was studied. It was observed
that in all seeds tested germinated better when applied with surfactin than in control. Solanum lycopersicum, Pisum sativum, Capsicum annuum and Lactuca
sativa all showed good percent seed germination after seven days by increasing the concentration of surfactin (Fig. 9a, b). Better results were obtained at
higher concentrations of surfactin than lower concentrations. All surfactin concentrations showed signi�cant effect (P<0.05) on seed germination of tomato,
chilli, pea and lettuce seeds. The germination of Solanum lycopersicum seeds was not signi�cantly affected at lower concentrations of surfactin tested,
however at higher concentration (0.7 g/100 mL) effect germination signi�cantly. Among all seeds tested greatest stimulation was observed for Solanum
lycopersicum seeds at 0.7 g/100 mL concentration with percent germination of 68.75% in comparison to control water at which shows germination of 56.25%.
Among other seeds, there was also a signi�cant difference in germination (P<0.05) Fig. 8a. Among surfactin concentrations that were tested for Capsicum
annuum it was observed that at lowest (0.1 and 0.3 g/100 mL) did not affect germination signi�cantly in comparison to control. However, at high
concentrations of surfactin (0.5 and 0.7 g/100 mL) there was signi�cantly difference in number of seed germination. In Capsicum annum seeds, surfactin
concentration of 0.5 g/100 mL effect the germination percent of seeds 51.7% while compared with control MilliQ water that showed germination of 21.6%. In
contrast, among all seeds surfactant resulted in increase in germination percent, the Capsicum annum seeds showed signi�cantly increase in germination
speed almost double with respect to control MilliQ and at lower concentration of 0.5 g/100mL water grouped seeds Fig. 8a. Almost all surfactin
concentrations veri�ed accelerated germination of Pisum sativum seeds, with highest stimulation observe with increase in surfactin concentration that is at
0.7 g/100 mL, and percent germination of seeds on average were 37.2% as compared to control water that shows 19.43% Fig. 8a. For Lacuta sativa, seed
germination was signi�cantly affected (P<0.05) to some extent equally at all concentrations of surfactin added and there was not much difference in
germination as compared to control. The experimental data about effect on seed germination and plant growth shown in (Table. 1).

Germination of seed begins after entrance of water in seed through seed coat, that helps in activation of metabolic processes in seed. Permeability of
embryonic tissues is the key factor for water entrance [71] when applied on external wrapping tissues facilitate germination process by increasing seeds
permeability, as described by [72] for surfactants and in present study reason for chilli seeds germination almost double to control at lower concentration
could be due to improved permeability. Small cracks in the cuticle of the palisade layer cause soybean cultivars to display fast wicking, which is the layer
responsible for the permeability of water in this species [73]. Evolutionary strategies of this species may enhance the permeability of tissues, therefore did not
affect soybean germination. Diffusion of released nutrients at suitable rates is carried out by liquid‐�lled intercellular spaces in the seed coat as observed in
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current study among all species with addition of biosurfactant germination increase as compared to control could be due to more nutrients diffusion.
Penetration of rhamnolipids in soybean and sun�ower seeds, help to mobilize oleaginous reserve tissue from these species, consequently supporting seedling
development. Biopreparations are widely used in enhancement of seed quality these days. Application of biosurfactant to improve plant germination is mostly
done on contaminated soil. Some of biopreparation are used as nutrients for plants and helps in germination [74]. Plants enrichment with nitrogen and
stimulation of plants height are bene�ts of Azotobacter sp. Genus in planting crop seeds or for vaccination of roots seedling fertilizers. Increase in
germination proportion for pea seeds was observed after treatment with surfactin. This synchrony of germination plays a key role in farming, at harvest time it
reduces cost and optimize the producer work because plants were present at same development stage [75]. It was observed in this study that development of
seeds varies and depends on cultivars type and concentration of surfactin used. Positive impact of surfactin use on seed germination and development of
seedling aids in farming practices at sites that goes through bioremediation practices.  

Dry biomass

After germination growth was second parameter to be observed. When evaluating the dry biomass of L. sativa and C. annum seedling it was observed that
increase in surfactin concentration (0.5 and 0.7 g/100 mL) did not favoured greater accumulation of dry biomass while there was increase in biomass relative
to control indicates mean weight of 0.24 g and 0.20 g at 0.7 g/100 mL in comparison to control seedling of 0.055 g and 0.058 g respectively. Although a
positive effect was noted for Pisum sativum seedling, addition of surfactin signi�cantly increase (P<0.05) dry biomass of 2.21 g at 0.7 g/100 mL in relative to
control MilliQ water Fig. 8b. In contrast while analysing Solanum lycopersicum seedling dry weight subjected to surfactin showed slight difference in values at
all concentrations tested while there was increase in seedling dry biomass of 0.19 g at 0.7 g/100 mL relative to control group 0.078 g was observed. Positive
impact of surfactin on seedling germination was observed that indirectly also increase biomass of seedling analysed after treatments.  As for rhamnolipids,
the hypothesis is that lipopeptides have the ability to create some disturbance in the plant plasma membrane and could consequently activate a cascade of
molecular events leading to the activation of defence mechanisms [76].

Root length

Almost all surfactin concentrations tested in�uenced root elongation. Surfactin concentration and root development are directly related, increase in surfactin
concentration results in better development of root length. It was observed that higher concentration 0.7 g/100 mL of surfactin enhance root growth at
maximum. Surfactin effect root elongation more in P. sativum and L. sativa than other plant seeds tested.  The root length of Lactuca sativa seeds that were
stimulated with surfactin treatment showed somewhat increase with initial minimum concentration of surfactin while greater development of root length of
2.74 cm at 0.7 g/100mL. In contrast while Pisum sativum seeds subjected to surfactin treatment the development of roots length increases in uniformly with
increase in concentration showed 2.89 cm at 0.7 g/100 mL relative to control. However, for Capsicum annum seeds it was noticed that at high concentration
(0.3,0.5,0.7 g/100 mL) had signi�cant effect (P<0.05) on elongation of root gave 1.87 cm at 0.7 g/100 mL in comparison to control group seeds mean root
length of 1 cm. The use of surfactin for Solanum lycopersicum also increase root development seen with increase in surfactin concentration added Fig. 8c.
Resistance of seed coating is main factor that limits the root axis extension for development of roots thus applying surfactin helps in decreasing strength of
wrapping tissues that favour characterisation of germinate on through protrusion of radical [71]. While considering root length of lettuce seeds after
application of surfactin at different concentrations it was observed that before root region leaf portion emerged therefore less growth was observed for root as
compared to other seeds. This atypical leaf emergence before roots development is possibly due to more reduction of resistance in leaf axis region of seed
coat.

Height of plant

Surfactant stimulation affects height of seedlings in comparison to control specimen (Fig. 9c). The stimulation impact on height of C. annum and P. sativum
plants was revealed more and differ signi�cantly (P<0.05) with increase in surfactin concentration as compared to control. The average height of C. annum
and P. sativum plant increase 8.06 mm and 12.66 mm respectively at 0.7 g/100 mL relative to control. When L. sativa plants were checked for height revealed
at lower concentration of surfactin (0.1 g and 0.3 g/100 mL) application was not much signi�cant but at higher concentrations (0.5 and 0.7 g/100 mL)
showed signi�cant (P<0.05) increase as compared to control Fig. 8d. All results showed that seed germination is highly affected by adding various
concentrations of surfactin and are signi�cantly different relative to control, but plant growth was comparatively less by adding surfactin. It was demonstrated
by these results that applying surfactin shows positive effect for plants tested and could be used in future for growing such species to replace use of synthetic
surfactant. Research done for biosurfactant impact on growth of plant is not more. It is believed there is indirectly promotion of plant growth through
microbial surfactants by increasing hydrophobic compounds bioavailability to microbes living in region of rhizosphere [25]. In a recent study conducted
surfactin produced by Bacillus isolates studied about ISR (induced systemic resistance) inducer where a strong relationship was analyzed between
concentration of surfactin use and induction of defence activity among plant that indicates that with increase in concentration of surfactin introduce to plant
also increase in systemic resistance [77]. In this study at higher concentration from 0.5 g/100 mL to 0.7 g/100 mL of surfactin added there is a weaker
stimulation in plant growth that may be due to increase in hydrophobic compounds present in environment, which makes di�cult for rhizosphere
microorganisms to assimilate all these compounds or through release of some inhibitory compounds from soil that results in growth inhibition of these
microorganisms. About research for biosurfactants effect on plants development examine about heavy metals and hydrocarbon polluted environments. Our
study creates opportunity for use of these biological surfactants for plant growth promotion in agricultural �eld in cost effective and environment friendly
manner. However, some research gaps are still required to be �lled for explanation of mechanism that shows effect of biological surfactants on plants growth
and development. Biosurfactant induced different mechanism recommended for plant growth promotion like reduction in seed micro�ora [78] incidence
increase in IAA phytohormones production  [79] and increase in amylase activity [80] that helps in improvement of plant growth better option for development
in agricultural �eld.  
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Table 1: Statistical Mean (M), Std. Deviation (SD), Std. Error (SE) and P value for relative seed germination, dry biomass, root length and plant height at four
different concentrations of biosurfactant produced by Bacillus subtilis SNW3 used for four different plant species.

    Control 0.1g 0.3g 0.5g

    M SD SE P M SD SE P M SD SE P M SD SE P

Root length Chilli 1.01 .43 .13 .00 .93 .32 .08 .00 1.72 .49 .12 .00 1.87 .45 .08 .0

Tomato 2.15 .46 .08   2.53 .38 .07   2.67 .42 .074   2.86 .36 .06  

Pea 1.56 1.05 .26   2.15 .42 .13   2.45 .36 .11   2.59 .49 .12  

Lettuce 1.50 .29 .51   1.81 .23 .04   1.91 .34 .06   2.39 .34 .06  

%
Germination

Chilli 21.6 15.47 5.85 .00 28.21 17.31 6.54 .02 26.07 18.65 7.05 .00 51.79 28.16 10.64 .0

Tomato 56.25 24.69 10.08   55.83 24.88 10.16   62.50 24.19 9.87   62.92 26.00 10.61  

Pea 19.43 13.25 5.49   24.40 15.84 6.47   29.42 13.42 5.48   32.75 22.34 9.12  

Lettuce 20.50 12.93 5.28   22.50 13.11 5.35   25.83 12.82 5.23   24.00 11.69 4.77  

Plant height Chilli 5.35 .61 .16 .00 5.27 .94 .25 .00 5.99 .54 .13 .00 8.08 .39 .07 .0

Tomato 5.97 .66 .12   6.37 .50 .09   6.92 .43 .08   7.28 .61 .10  

Pea 10.62 .32 .12   11.22 .24 .07   11.54 .39 .11   12.58 .39 .09  

Lettuce 5.26 .61 .12   5.58 .40 .07   5.73 .37 .06   6.00 .29 .05  

Dry
biomass

Chilli .06 .02 .01 .00 .07 .03 .01 .00 .14 .03 .01 .00 .20 .03 .00 .0

Tomato .08 .03 .00   .11 .02 .00   .13 .02 .01   .16 .03 .005  

Pea 1.52 .19 .06   1.68 .18 .06   1.98 .23 .07   2.02 .26 .07  

Lettuce .06 .03 .004   .06 .02 .004   .15 .04 .006   .23 .06 .01  

 

Conclusion
In current study, Bacillus subtilis SNW3 a natural producer of biosurfactant isolated from contaminated soil of Fimkessar oil �eld, Chakwal, Pakistan. Media
composition was optimized by testing several cost-effective substrates provided in different combinations for the enhanced production of biosurfactant by
Bacillus subtilis SNW3. Surfactin obtained from this strain shows potential emulsifuing and surface tension reducing capabilities with strong stability towards
different environmental factors i-e pH, Temperature, Salanity. Furthermore, TLC and FTIR analysis were carried out for con�rmation of producing product as
surfactin a lipopeptide class the biosurfactant. Surfactin application is favorable for the germination and growth of Solanum lycopersicum, Pisum sativum,
Capsicum annuum and Lactuca sativa this combined with the high environmental compatibility of these biological molecules can lead to a new vision for
possible use of surfactin as promoting agent for plant growth. Cost of biosurfactant production their effectiveness in �eld and compounds purity needs to be
improved for improvement in crop protection at higher level. Furthermore, the surfactin produced by strain could be used in many other environmental
applications.
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Figure 1

SFT, E24 and ODA values for biosurfactant production by Bacillus subtilis SNW3 (a) with alternative carbon sources used individually; (b) different nitrogen
sources; (c) with combination of carbon and nitrogen energy sources and (d) production analysis of surfactin under optimized conditions with yeast extract as
reference, in shake �ask fermentation at 30 °C. (Abbreviation: P.P.P Potato peels powder, W.B.P White beans powder, Mol. Molasses, W.F.O Waste frying oil and
Y.E Yeast extract).
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Figure 2

Effect of cultural conditions on ODA of surfactin produced by Bacillus subtilis SNW3, (a) Temperature; (b) inoculum; (c) agitation and (d) pH, error bars
represents ± standard deviation that obtained after mean value of triplicate experiments.
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Figure 3

TLC pro�le of surfactin produced by Bacillus subtilis SNW3 in sample crude extract opposite to standard surfactin both TLC plates indicate lipopeptide
surfactin production under (a) short-waved 254 nm wavelength and (b) long-waved 365 nm wavelength; UV ultraviolet light. (Abbreviation: STD Standard,
SAM Sample).

Figure 4

FTIR spectra of (a) standard surfactin and of (b) crude extract of biosurfactant produced by Bacillus subtilis SNW3.
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Figure 5

Surfactin analysis by (a) critical micelles concentration (CMC) and (b) critical micelles dilution (CMD); produced by Bacillus subtilis SNW3 in relation to SFT
measurement under optimized conditions.

Figure 6

Antibiogram of surfactin produced with antibiotics (a) cipro�oxacin and (b) clarithromycin; tested against Escherichia coli.
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Figure 7

Stability of crude biosurfactant on various environmental factors like temperature ranges 20–121 °C, NaCl conc. 1–10% (w/v), and pH ranges 1–11
(Abbreviation: DW distilled water, Temp Temperature, NaCl Sodium Chloride).

Figure 8

Effect of biosurfactant obtained from Bacillus subtilis SNW3 cultivated on white beans powder and waste frying oil on (a) percent germination of seeds; (b)
dry biomass (c) root length and (d) height of plants.
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Figure 9

Effect of different concentrations of surfactin on seed germination of (a) lettuce; (b) tomato and (c) chilli plant growth in pot experimental setup.


