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 Bacillus subtilis SPB1 is known to produce a highly effective biosurfactant that belongs to the class
of lipopeptides. This biosurfactant has shown relevant properties that could be efficiently applied
in various domains. However, high production and purification costs limit the use of B. subtilis
SPB1 in high-volume applications. The present work aimed to promote an economical production
of this lipopeptide biosurfactant. Statistical experimental designs and response surface methodol-
ogywere employed to optimize the concentrations of agro-industrial residues, inoculum size and
humidity for B. subtilis SPB1 biosurfactant production under solid-state fermentation. The best
production yield was approximately 30.67 mg of crude lipopeptide biosurfactant per gram of
solid material. This yield was obtained using a solid substrate ratio of 1.5, a moisture content of
90% and an inoculum size (OD600) of 0.08. These data support the utilization of a mixture of 6 g
of olive leaf residue flour and 4 g of olive cake flour with a 10g total weight of the solid substrate.
A mixture of two by-products of a traditional olive mill factory was demonstrated to be a suitable
substrate for biosurfactant biosynthesis, providing enhanced bacterial growth and leading to a
strong improvement in the yield of tensioactive lipopeptide production.
© 2015 Hosting by Elsevier B.V. on behalf of Far Eastern Federal University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Biosurfactants are surface-active compounds produced by microorganisms. These compounds can be classified into two primary
groups: low-molecular-weight compounds, including lipopeptides, glycolipids, proteins, and lipoproteins, and high-molecular-
weight polymers of polysaccharides or lipopolysaccharides (Banat et al., 2010; Smyth et al., 2010a). The former class includes mole-
cules that can efficiently reduce surface and interfacial tension, while the latter is composed of amphiphilic and polyphilic polymers,
which are usuallymore effective in stabilising emulsions of oil in water but do not lower the surface tension at the air–water interface
and between immiscible liquids or at the solid–liquid interface (Smyth et al., 2010b). Wang et al. (2015) reported that Bacillus subtilis
produces a wide range of bioactive components with chemically distinct structures that present a wide spectrum of activities.
Additionally, these authors highlighted that surfactins, which are thewell-known and studied cyclic lipopeptides from Bacillus strains,
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are in great demand as food additives andmedicines in animals (although not yet for humans) and are extensively studied as biolog-
ical plant pathogen control agents. Owing to their high surface activities and antimicrobial potency, lipopeptide biosurfactants pro-
duced by Bacillus sp. have garnered commercial attention (Wang et al., 2014). According to recent data, the worldwide market
volume of biosurfactants is expected to be 476.512 tons by 2018 due to an increasing demand with 21% from Asia, Africa and Latin
America. The global market value of biosurfactants was US $1735.5 million in 2011, and based on a growth rate of 3.5% annually, it
will reach US $2210.5 million by the year 2018 (Specialty Surfactants Market And BioSurfactants Market, 2012). Nevertheless, the
wide-scale production of lipopeptides has been limited due to the low production yield, the expensive production cost, and the
high recuperation charge (Behary et al., 2012; Slivinski et al., 2012). The major problem in the large-scale industrial application of
biosurfactants is the high production cost coupled with a smaller production rate compared to commercially available synthetic
surfactants. Therefore, if the production cost becomes competitive with that of chemical surfactants, and as the commercial availabil-
ity of biosurfactant increases, the industrial use of thesemicrobial compounds canbe expected to rise notably in the comingdecade. To
achieve this goal, during recent years, efforts have been deployed to reduce the biosurfactant production costs by improving the yield
and the use of either cost-free or low-cost feed stocks or agricultural by-products as substrate(s) for biosurfactant production by
microbes either in submerged fermentation (SmF) or in solid-state fermentation (SSF). Solid-state fermentation processes present
a large number of advantages over submerged fermentations (Hesseltine, 1972). Production yield of the different products after
extraction is usually more significant than that obtained by SmF, as the microorganisms in SSF grow under conditions closer to
their natural habitats, and they may be more capable of producing certain enzymes and metabolites that usually are not produced
or will be produced only with a low yield in a submerged culture (Castilho et al., 2000; Jecu, 2000). Various agricultural substrate
by-products and microbial cultures have been used successfully in solid state fermentation for B. subtilis biosurfactant production
(Ohno et al., 1992, 1996; Mizumoto et al., 2006; Shih et al., 2008; Ghribi et al., 2012b; Mnif et al., 2013; Khondee et al., 2015). The ob-
jective of the present study was the formulation of a new economic medium using agro-industrial wastes for the production of
biosurfactants by B. subtilis SPB1 under SSF conditions. The substrates used were a mixture of two by-products of a traditional olive
mill factory (olive leaf residue flour and olive cake flour). To the best of our knowledge, this report is the first to describe biosurfactant
production using these by-products as a substrate.
Materials and Methods

Microorganism

The strain B. subtilis SPB1 (HQ392822) used in the present workwas isolated in our laboratory from Tunisian soil contaminated by
hydrocarbons (Ghribi et al., 2012a). This strain was selected on the basis of the high haemolytic and emulsification activities of its
biosurfactant, which could reduce surface tension of the water from 70 m Nm−1 to 34 m Nm−1 (Ghribi et al., 2011a). SPB1
biosurfactant was also characterized by a broad spectrum of action, including insecticidal activity against lepidopteran larvae
(Ghribi et al., 2011a,b, 2012b; Mnif et al., 2013) and antimicrobial activity against microorganismswithmulti-drug resistance profiles
(Ghribi et al., 2012a).
Table 1
Central composite design and corresponding responses.

Run U1: solid substrate ratio (Olive leaf residue flour / Olive cake flour) U2: humidity (%) U3: inoculum size Y: production yield
(g/g of dry substrate)

Observed Predicted

1 −1 (0.50) −1 (60) −1 (0.10) 29.7 26.909
2 1 (1.50) −1 (60) −1 (0.10) 19.760 20.901
3 −1 (0.50) 1 (90) −1 (0.10) 16.990 15.290
4 1 (1.50) 1 (90) −1 (0.10) 32.270 28.066
5 −1 (0.50) −1 (60) 1 (0.30) 20.490 22.055
6 1 (1.50) −1 (60) 1 (0.30) 12.430 11.492
7 −1 (0.50) 1 (90) 1 (0.30) 13.530 9.751
8 1 (1.5) 1 (90) 1 (0.30) 17.820 17.973
9 −1.68179 (0.16) 0 (75) 0 (0.20) 15.140 17.855
10 1.68179 (1.84) 0 (75) 0 (0.20) 18.700 19.716
11 0 (1.00) −1.68179 (49.77) 0 (0.20) 18.810 18.146
12 0 (1.00) 1.68179 (100.23) 0 (0.20) 9.430 13.825
13 0 (1.00) 0 (75) −1.68179 (0.03) 24.700 27.920
14 0 (1.00) 0 (75) 1.68179 (0.37) 14.840 15.351
15 0 (1.00) 0 (75) 0 (0.20) 13.230 14.642
16 0 (1.00) 0 (75) 0 (0.20) 14.510 14.642
17 0 (1.00) 0 (75) 0 (0.20) 15.870 14.642
18 0 (1.00) 0 (75) 0 (0.20) 14.8 14.642
19 0 (1.00) 0 (75) 0 (0.20) 15.440 14.642
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Optimization of SPB1 Lipopeptide Production Using Agroindustrial Wastes Under Solid-state Fermentation

Inoculum and Culture Conditions
The inoculawere prepared as described byGhribi et al. (2012a). Itwas used to inoculate the productionmediumcomposed only of

olive leaf residue flour and olive cake flour humidified by distilled water at the proportions given in Table 1. The solid-state fermen-
tation procedure was performed as described by Ghribi et al. (2012a). Appropriate quantities of distilled water were added to reach a
total humidity level as described in Table 1. Then, the flasks were held statically at 37 °C for 48 h and the material was used for
biosurfactant extraction and analysis (Mnif et al., 2013).
Substrate Analysis
Olive leaf residue and olive cake obtained from a traditional olive mill factory (Sfax, Tunisia) were dried and thinly crushed. Total

carbohydrates (sugars) were estimated using the phenol–sulphuric assay after total acid hydrolysis (Daniels et al., 1994; Dubois et al.,
1956; Israilides et al., 1978). Protein content was evaluated by the Kjeldahl method according to Pearson (1970). Lipid contents were
determined gravimetrically after soxhlet extraction using hexane as a solvent (AOAC, 1984). Drymatterwas determined by oven dry-
ing at 105 °C to a constantweight (AOAC, 1990), and ash contentwas determined by combustion of the sample in amuffled furnace at
550 °C for 12 h (Bryant and Mc Clements, 2000).
Determination of the Biosurfactant Production Yield
To extract themost lipopeptide biosurfactant, the obtained fermented mediumwasmixed with alkaline distilled water (pH= 8)

at a ratio of 1:3 (w:v), vortexed at high speed, and shaken for 1 h at 200 rpm at ambient temperature (Das and Mukherjee, 2007).
Assays were centrifuged for 20 min at 10,000 rpm to remove the insoluble matter and the resultant supernatant served to quantify
the lipopeptide produced as described by Ghribi et al. (2011b). The supernatant was precipitated overnight at 4 °C by adding concen-
trated HCl to achieve a final pH of 2.0 to precipitate lipids and proteins (Mukherjee et al., 2006). Greywhite pellets formed by precip-
itation were collected by centrifugation at 10,000 rpm at 4 °C for 20 min. The crude biosurfactant was lyophilized and weighted for
quantification (Ghribi et al., 2012a). As described by Ghribi et al. (2012a) and Mnif et al. (2013), culture without inoculation was
used as a negative control to consider the possible contribution of lipids and proteins from substrates. A negative control was included
in each experiment and each cultural condition. Crude biosurfactant weight was calculated as the result of subtracting the greywhite
pellet weight obtained with the negative control from that measured with the culture containing the biosurfactant-producing strain.
The values presented are the average of the results of three determinations of two separate experiments for each cultural condition.
Design of Experiments
The experimentalmethodologywas designed to study the effect of various physicochemical parameters required for the optimum

production of B. subtilis SPB1 biosurfactant under SSF using a mixture of olive leaf residue flour and olive cake flour. Experimental de-
signsweremodelled to optimize the production yield. Preliminary studies showed that the ratio of the solid substrates, moisture con-
tent and inoculum size significantly affected biosurfactant production. Therefore, to determine the optimum levels of these variables,
to predict the possible interaction between the selected factors, and to enhance biosurfactant production, a central composite design
was adopted. It was generated using Nemrod-W Version 2007 software (LPRAI, Marseille, France). Each variable was assessed at five
coded levels (−1.68179,−1, 0, 1, 1.68179). A total of 19 experiments were conducted, including 23 full factorial design experiments
(runs N°1 to 8), six axial points (runs N°9 to 14), and five replicates in the domain centre (runs N°15 to 19) to estimate the variability
of the experimental results. The response values (Y) used in each trial were the average of the duplicates (Table 2).
Table 2
Estimated effect, regression coefficient and corresponding t and p values for biosurfactant production.

Noun Coefficient F.inflation Ecart-type t.exp Signification (%)

b0 14.642 0.45218185 32.85 ⁎⁎⁎

b1 0.553 1.00 0.27392642 2.02 11.3
b2 −1.285 1.00 0.27392642 −4.69 ⁎⁎

b3 −3.737 1.00 0.27392642 −13.64 ⁎⁎⁎

b11 1.465 1.04 0.27399354 5.35 ⁎⁎

b22 0.475 1.04 0.27399354 1.73 15.8
b33 2.473 1.04 0.27399354 9.02 ⁎⁎⁎

b12 4.696 1.00 0.35790187 13.12 ⁎⁎⁎

b13 −1.139 1.00 0.35790187 −3.18 ⁎

b23 −0.171 1.00 0.35790187 −0.48 65.7

⁎⁎⁎ Significant at the level of 99.99%.
⁎⁎ Significant at the level of 99.9%.
⁎ Significant at the level of 99%.
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Statistical Analysis and Modelling
The data obtained from the response surfacemethodologywith regard to B. subtilis SPB1 biosurfactant productionwere subjected to

analysis of variance (ANOVA) to check the errors and the significance of each parameter. Biosurfactant production yield was taken as a
response (Y). The datawere then subjected to amultiple regression analysis to obtain an empiricalmodel that could relate the response
measured to the independent variables. The behaviour of the system was explained by the following quadratic equation:
Table 3
Chemic

Comp

Wate
Prote
Fat
Sugar
Ash
C
H
N
S
O

Y ¼ b0 þ b1U1 þ b2U2 þ b3U3 þ b11 U1 � U1ð Þ þ b22 U2 � U2ð Þ þ b33 U3 � U3ð Þ þ b12 U1 � U2ð Þ þ b13 U1 � U3ð Þ þ b23 U2 � U3ð Þ
where U1, U2 and U3 were the coded factors studied (Table 2), b0 the intercept, b1, b2 and b3 the linear coefficients, b1-1, b2-2 and b3-3
the squared coefficients and b12, b1-3 and b2-3 the interaction coefficients. The model coefficients were estimated using multi-linear
regression. A statistical software package (Nemrod-W by LPRAI Marseilles, France) was used to conduct a regression analysis on
the experimental data and to plot the response surface graphs. The statistical significance of the model was evaluated by multiple
regression analysis based upon the F test with unequal variance (p b 0.05) (Ghribi et al., 2011b). The two-dimensional graphical
representation of the system behaviour, called the isoresponse contour plot, was used to describe the individual and cumulative
effects of the variables as well as the possible correlations that would exist between them.

Results

Characterization of the Substrates

The chemical composition of olive leaf residue and olive cake flours is shown in Table 3.
The two by-products given by a traditional olive oil extraction process have relatively high protein, fat and ash contents.Moreover,

olive leaf residue and olive cake flours could be considered to be potential sources of carbon and nitrogen. These findings suggested
that olive leaf residue and olive cake flours might be a suitable matrix to produce SPB1 biosurfactant under solid-state fermentation.

Study of B. subtilis SPB1 Lipopeptide Biosurfactant Production Using Low-cost Substrates

Considering the advantages of the solid-state fermentation, we selected three parameters affecting mostly B. subtilis SPB1
biosurfactant production yield, solid substrate ratio, moisture and inoculum size. Moreover, we investigated the optimal composition
for B. subtilis SPB1 biosurfactant production of themixed substrates. To predict the levels of the solid substrate ratio, moisture content
and inoculum size, a central composite design was employed. After these experiments were performed, the production yields were
determined (Table 1). For the analysis of the results (Table 1), a cubic response surface model was used. So, the following regression
equation that reflects the empirical relationships between production yield under solid-state fermentation and the test variables in
coded units was obtained.
Y ¼ 14:642þ 0:553 � U1−1:285 � U2−3:737 � U3 þ 1:465 � U1 � U1ð Þ þ 0:475 � U2 � U2ð Þ þ 2:473 � U3 � U3ð Þ þ 4:696
� U1 � U2ð Þ−1:139 � U1 � U3ð Þ−0:171 � U2 � U3ð Þ
where Y: production yield; U1: solid substrate ratio; U2: moisture content; and U3: inoculum size (in coded values).
The statistical significance of the regression equation was checked by Fisher's F test. The results (Table 4) showed that the

regression model was significant and the lack of fit was insignificant. The fit of the model was evaluated by the determination of
the coefficient R2, which had a value of 0.848. This suggests an adequate adjustment of the quadratic model to the experimental
data and indicates that the model could explain 84.8% of the variability in the response. The closer the value of R2 to 1, the better
al composition of olive leaf residue and olive cake substrates. All the given values are means of three determinations ± standard deviation.

onent % dry matter

Olive leaf residue flour Olive cake flour

r 6.68 ± 0.64 7.62 ± 0.63
in 7.61 ± 0.27 6.3 ± 0.74

8.05 ± 0.11 7.43 ± 0.63
6.32 ± 0.23 3.41 ± 0.53
4.45 ± 0.67 8.63 ± 0.73

62.85 ± 4.32 53.29 ± 3.21
5.63 ± 0.65 7.68 ± 0.36
3.41 ± 0.21 1.23 ± 0.62
1.08 ± 0.01 0.082 ± 0.03

22.86 ± 1.46 31.47 ± 2.14



Table 4
ANOVA analysis for biosurfactant production.

Source of variation Sum of squares Degree of freedom Mean square F-value Significance

Regression 504.8706 9 56.0967 54.7419 ⁎⁎⁎

Residual 90.2585 9 10.0287
Lack of fit 86.1595 5 17.2319 16.8157 ⁎⁎

Pure error 4.0990 4 1.0247
Total 595.1290 18

⁎⁎⁎ Significant at the level of 99.99%.
⁎⁎ Significant at the level of 99.9%.
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the model would explain the variability between the experimental and model predicted values (Sayyad et al., 2007). The significance of
each coefficient was determined by Student's t-test. Student's t distribution, the corresponding p values and the parameter estimates are
listed in Table 4. The p values were used to prove the significance of each of the coefficients. Indeed, as shown in Table 4, among all the
independent variables, U2 (moisture content) and U3 (inoculum size) had significant effects on SPB1 biosurfactant production.

The three-dimensional response surface curve and their respective contour plot obtained according to this analysis are shown in
Figs. 1, 2 and 3. This curve represents the interaction between the selected factors, solid substrate ratio, moisture content and inocu-
lum size one-to-one. This plot is used to study the effects of the variation of the factors in the domain studied and, consequently, to
determine the optimal experimental conditions. In fact, the elliptical nature of the contour plots indicated the significance of the in-
teractions between the corresponding variables (Mnif et al., 2013). By analysing the plots, the best production yield was obtained
when using a solid substrate ratio of 1.5, a moisture content of 90% and an inoculum size (OD600) of 0.08. These results suggest the
utilization of a mixture of 6 g of olive leaf residue flour and 4 g of olive cake flour with a 10g total weight of the solid substrate. The
corresponding experiment was performed in four replicates, and our average value was obtained. The biosurfactant production
yield was approximately 30.67 mg/g of dry substrate, while the predicted value was approximately 30.32 mg/g.
Discussion

Economy is often the drawback of all biotechnological processes, especially in the case of biosurfactant production. The production
cost of biosurfactants has limited its commercial application (Mulligan, 2005), but the production cost can be reduced by improving
the production yield and the recovery rate by using cheap orwaste substrates and/or renewable resources holding to account that the
rawmaterials represent 10 to 30% of the overall cost (Muthusamy et al., 2008; Sekhon et al., 2011). In a recent study, chitosan, a nat-
ural, non-toxic, and biodegradable biopolymer, was used for the immobilization of Bacillus sp. GY19 to increase cell density and facil-
itate lipopeptide production. The matrix used in this report was the structural element in the exoskeleton of crustaceans (such as
Inoculum size Biosurfactant yield

Moisture
Moisture

Fig. 1. Response surface plot showing the mutual effect of inoculum size and moisture content on SPB1 biosurfactant production.



Solid substrate ratio
Solid substrate ratio

Biosurfactant yieldInoculum size

Fig. 2. Response surface plot showing the mutual effect of inoculum size and solid substrate ratio on SPB1 biosurfactant production.
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crabs and shrimp), generally discarded aswaste and not usually recycled (Khondee et al., 2015). In addition to the use of cheaper and
waste substrates to lower the initial raw material costs involved in the process, optimization studies can be applied to maximize
biosurfactant production and develop efficient bioprocesses. These findings suggest the use of experimental planning methodology
to select the optimum media compounds, describe the most favourable environmental conditions supporting biosurfactant produc-
tion, and enhance production yield (Mnif et al., 2013). To accomplish the economic production of biosurfactant, the design of the ex-
perimental methodology was selected to predict the optimum amount of olive leaf residue flour, olive cake flour, inoculum size and
moisture content to promote higher biosurfactant production yield by B. subtilis SPB1. Through the application of the statistical opti-
mization strategy followed by response surface methodology, biosurfactant production yield reached an optimum of 30.67 mg/g of
dry substrate. The optimum values of the suggested variables were obtained by solving the regression equation and also by analysing
the response surface contour plots (Ghribi et al., 2011b). In fact, the utilization of a mixture of 6 g of olive leaf residue flour and 4 g of
olive cakeflourwith a 10g totalweight of the solid substrate supported a high production yield of approximately 30.67mg/g dry solid
material. This production yield was relatively higher than the optimum production yield (near to 28 mg of crude lipopeptide
Biosurfactant yield

Inoculum size
Inoculum size

Moisture

Fig. 3. Response surface plot showing the mutual effect of moisture and inoculum size on SPB1 biosurfactant production.
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preparation per g of solid material) of B. subtilis SPB1 lipopeptide biosurfactant, reported previously byMnif et al. (2013) using 4.34 g
of tuna fish flour and 5.66 g of potato waste flour with a moisture content of 76%. Furthermore, in previous studies by Ghribi et al.
(2011b) and Mnif et al. (2013), sea water was used to supply all the minerals required for B. subtilis SPB1 biosurfactant production.
In this study, better production yield was obtained with distilled water, which suggests that the matrix used is rich in the essential
minerals required for SPB1 biosurfactant production.

Conclusions

The results reported in this paper indicate that B. subtilis SPB1 could be cultivated under solid-state fermentation for the produc-
tion of a lipopeptide biosurfactant using agro-industrial residues. To the best of our knowledge, the use of olive cake and olive leaf
residue flours is unique. Under mixed solid-state fermentation conditions, B. subtilis SPB1 produces 30.67 mg/g of dry solid material
in 48 h. The microorganism's performance could be improved by further investigation in larger scale operations. The technique of
solid-state fermentation would help in producing B. subtilis SPB1 biosurfactant of any desired concentration in a shorter time and
may consequently help in reducing the cost of SPB1 lipopeptide production. Although considerable further research remains to be
conducted before this biosurfactant can be applied in the field, the results presented in this paper demonstrate that the bioconversion
of solid waste to secondary active metabolites could be of special economic interest for countries with an abundance of biomass and
agroindustrial residues, as this technique could lower their production costs.
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