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Abstract Rhamnolipids are interesting microbial surfac-
tants having great industrial importance. However, the
main obstacles towards an economic production of rham-
nolipids are low productivity and high raw-material costs.
Therefore, this study aimed at optimization of the culture
media as well as culture conditions using response surface
methodology for maximum rhamnolipid production by
Pseudomonas aeruginosa isolate P6, a promising rham-
nolipid-producing isolate. The optimum medium for max-
imum rhamnolipid production was found to be a mineral
salts medium with glycerol 2 % v/v as the carbon source.
The optimum cultivation conditions using response surface
methodology were found to be an incubation temperature
of 30 °C, an agitation rate of 250 rpm, an inoculum size of
5 % v/v and unlike most studies, an initial pH of 7.5. The
resulting model predicted data points that corresponded
well to the experimental values. Optimization resulted in a
threefold increase in rhamnolipid production reaching
7.54 g/L. The data are potentially useful for further
industrial exploitation of rhamnolipid production by the
studied isolate.
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Introduction

Biosurfactants are a group of surface active molecules pro-
duced by a wide variety of microorganisms [1]. They have
several advantages over chemical surfactants, such as lower
toxicity; higher biodegradability and better environmental
compatibility [2]. Rhamnolipids (RL), mainly produced by
Pseudomonas aeruginosa (P. aeruginosa), constitute one of
the most important classes of biosurfactants because of their
advantageous characteristics [3]. With respect to their pro-
duction, they show high concentrations as compared to other
biosurfactants, and several renewable materials, like used
oils or wastes from the food industry, can be used as carbon
sources [4]. Unique properties of RL, including detergency,
foaming, emulsifying, sequestering, solubilizing, and wet-
ting make them suitable to be used in a wide range of
industrial applications such as cosmetics, food, pharmaceu-
tical formulations and bioremediation of pollutants [5].
However, problems in their production, such as low
productivity, expensive raw materials and high costs for
downstream processing, prevented them from being
applied in bulk applications [6]. Reducing the production
cost is very important for improving the market competi-
tiveness of rhamnolipids [7]. Thus, to make this process
cost-competitive, several strategies have been accepted
worldwide, including optimizing the fermentation medium
and optimizing the fermentation conditions [8].
Optimizing the fermentation medium involves the
selection of cheap carbon sources together with overall
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media optimization in order to obtain maximum production
with minimum costs. Optimizing the fermentation condi-
tions involves selection of the optimal culture conditions
that will induce the maximum productivity. A number of
factors have been reported to affect RL production
including the nature of the carbon source, temperature,
agitation rate and pH [9]. Although a considerable number
of studies on the optimization of RL production have been
reported recently [10—-12], more studies are still required to
find and optimize new promising isolates producing this
powerful biosurfactant. A statistical optimization strategy
based on response surface methodology (RSM) is usually
used to make the optimization process easier. This strategy
helps the industry to design the best media containing
cheaper substrates and to use the most favorable environ-
mental conditions for improved biosurfactant production.

Therefore, the aim of the present study was directed
towards physiological optimization of RL production by
the P. aeruginosa soil isolate P6 by optimizing the media
used and the use of RSM to optimize the environmental
conditions for maximum RL production.

Materials and methods
Microorganism

The P. aeruginosa isolate P6 is a promising RL producer
obtained through a screening program in our previous study
(unpublished data). This isolate was stored in Luria—Ber-
tani broth (LB broth) (Lab M, Topley House, England)
containing 20 % glycerol at —20 °C.

Culture Media

The basal mineral salts medium, MSM [13] and the soy-
bean oil MSM, SMSM [14] were prepared and used in this
study for optimization of RL production. Medium SMSM
was MSM with C source and multivalent cations replaced
with the optimum ones and its composition was as follows
[14] (conc/ml): Soy bean oil (20 ml), NaNO3 (2.50 g),
MgSO4-7H,O (2.85 g), NaCl (1.00 g), KCl (1.00 g),
ZnSO,4 (0.16 g), FeCl3-6H,O (0.013 g), MnCl,-4H,0
(0.2 g), Na,MoO42H,O (0.012 g), H3;BO;z; (0.062 g),
CoS0O,4-7H,O (0.028 g), H;PO4 85 % (10.0 ml) and dis-
tilled H,O to 1000 ml. The pH of this media was adjusted
to 7 using KOH pellets before sterilization.

Fermentative Production of RL
The seed culture was prepared by inoculating a loopful

from a fresh culture into a 250-ml Erlenmeyer flask
containing 25 ml Trypticase soy broth. The flask was
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incubated at 250 rpm and 30 °C for 15-16 h. After that
the culture obtained was centrifuged at 10,000 rpm for
10 min and the resulting cells were washed once and
resuspended in the fermentation medium to a count of
5 x 107 cfu/ml.

The production process was carried out using 50-ml
aliquots of the fermentation medium under test in 250-ml
Erlenmeyer flasks. The flasks were inoculated with 2 % v/v
of the seed culture prepared above and incubated in a
shaking incubator at 250 rpm and 30 °C. At specified time
intervals, the fermentation broth was sampled for deter-
mination of biomass and RL concentration.

Analytical Methods
Biomass Determination

Cellular growth (biomass g/L) was expressed in terms of
dry cell weight which was calculated from optical density
(ODgno) measurements using the equation of a calibration
curve constructed between ODggo and dry cell weight of
the tested P. aeruginosa isolate P6 as described in previous
studies [15]. To measure the ODgqg, one ml of the culture
broth was centrifuged at 10,000 rpm for 10 min and the
resulting cells were washed once, resuspended in saline and
appropriately diluted. In the case of experiments containing
soybean oil as carbon source, the culture broth was initially
mixed vigorously with equal volumes of hexane and cen-
trifuged to remove residual oil [16, 17]. The resulting pellet
was then washed once, resuspended in saline and appro-
priately diluted to measure its ODgqp.

RL Concentration

RL concentration was determined using the modified
colorimetric orcinol assay [18, 19]. The RL in the
supernatant was first extracted as described by Wu and Ju
[20]. Briefly, the supernatant was acidified to pH 2 and
left overnight at 4 °C. It was then extracted twice by
mixing and vigorously shaking with an equal volume of
ethyl acetate. Finally, the separated organic phases were
pooled and evaporated at 80 °C. The obtained residue was
dissolved in distilled H,O adjusted to pH 7 using 2.5 N
NaHCO; to be used for the orcinol assay. A control
(uninoculated medium) was prepared for each experiment
to act as blank during spectrophotometric measurement in
the orcinol assay.

The orcinol assay was performed according to Chan-
drasekaran and Bemiller [18]. An aliquot of 100 uL of the
diluted aqueous extract was added to 900 pL orcinol
reagent (0.19 % orcinol in 53 % H,SO,) and heated in a
water bath at 80 °C for 30 min. The mixture was allowed
to cool to room temperature and the developed color was
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measured at 421 nm against the blank. The concentration
of RL in the sample was calculated from an equation of a
standard calibration curve prepared in a previous study
using a standard RL solution (A4i,m = 0.0047 x RL
conc) [14], considering the dilution factor (D.F.) of the
diluted aqueous extract, as follows:

Concentration of RL (mg/L) = (A41/0.0047) x D.F.

Studying Different Factors Affecting RL Production
Effect of Different Media Components on RL Production

Effect of Replacement of Glucose in MSM with Other
Carbon Sources and Testing the Production in MSM and
SMSM at Different Concentrations of Two Selected Carbon
Sources In our previous study, it was proven that isolate
P6 produces maximum biomass of 1.62 g/L after 2 days of
incubation and maximum RL concentration of 2.5 g/L after
6 days of incubation when grown in MSM (containing
glucose as the carbon source) at 30 °C and 250 rpm (un-
published data). The carbon source (glucose) present in
MSM was replaced with other carbon sources, namely
glycerol and soy bean oil, both at 2 % v/v. The media with
the tested carbon source was then inoculated and incubated
as described before. The carbon source which proved to
yield maximum RL production was selected and tested at
various concentrations (1, 2, 3, 4, 8 % v/v). In parallel,
soybean oil originally present in SMSM was also tested at
various concentrations (1, 2, 4, 8, 10 and 15 % v/v).

RL Production by Isolate P6 in MSM and SMSM with Dual
Carbon Sources In an attempt to enhance RL production,
a dual carbon source system was investigated. For MSM
with glycerol (which proved to be optimal for RL pro-
duction in MSM), the additional carbon source was soy-
bean oil (the original carbon source present in SMSM) and
for SMSM with the selected soybean oil concentration, the
additional carbon source was glycerol. In both cases, the
additional carbon source was tested at various concentra-
tions (0, 0.5, 1 and 2 % v/v). RL production was compared
in such media and the best media was chosen for further
experiments.

Effect of Different Environmental Fermentation Conditions

Response Surface Methodology (RSM) for the Optimization
of RL Production Factors such as temperature (repre-
sented by the coded variable A), agitation rate (represented
by the coded variable B), inoculum size (represented by the
coded variable C) and pH (represented by the coded vari-
able D) were optimized by RSM since these were previ-
ously reported to be important factors affecting RL

production [9]. A complete factorial design was used and in
total, 13 runs of experiments were carried out (Tables 1, 2)
using the best chosen media. Two response values, the RL
concentration (R, g/L) and biomass (Y, g/L) were employed.
After 6 days incubation, the response values were measured
accordingly. The design of experiments was performed
using Design Expert® v. 7.0 (DesignExpert ® Software,
Stat-Ease Inc., Statistics Made Easy, Minneapolis, MN,
USA).

Experimental Verification of RSM Results A set of opti-
mal culture conditions was generated using the numerical
optimization function in the Design Expert software and a
new shaking flask fermentation experiment was carried out
using these optimal parameters. The RL production and
biomass values were measured and compared with the
results obtained using unoptimized conditions.

Table 1 The factorial design runs in Design Expert for two selected
levels of the two tested factors temperature and agitation

Run no. Temperature (A, °C) Agitation (B, rpm)
1 30 200
2 30 250
3 37 200
4 37 250
Factor Level

-1 +1
Temperature (A, °C) 30 37
Agitation (B, rpm) 200 250

Table 2 The factorial design runs in Design Expert for three selected
levels of the two tested factors inoculum size and pH

Run no. Inoculum size (C, % v/v) pH (D)
1 1 6
2 2 6
3 5 6
4 1 7
5 2 7
6 5 7
7 1 8
8 2 8
9 5 8
Factor Level
-1 0 +1
Inoculum size (C, %) 1
pH (D) 6
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Statistical and Graphical Analysis

All experiments were carried out in triplicate and the val-
ues plotted are the means of triplicate results while error
bars indicate the standard deviation of the data.

In the RSM tests, all the experiments were carried out in
triplicate and the mean of three readings was recorded. All
data analysis, response surfaces and model diagnostic plots
were generated using Design Expert® v. 7.0 (DesignExpert ©
Software, Stat-Ease Inc., Statistics Made Easy, Minneapolis,
MN, USA).

Results and Discussion

Different Factors Affecting RL Production
by Isolate P6

Effect of Different Media Components

RL Production in MSM with Different Carbon Sources and
in SMSM  Cell growth and RL production are greatly
affected by the medium components and the environmental
fermentation conditions [9]. One of the factors having a
marked effect on RL production is the carbon source used
in bacterial culture [21]. In this study, the effect of
replacing glucose with other carbon sources in MSM and
the effect of using SMSM was tested. The tested carbon
sources were glycerol (2 % v/v) and soybean oil (2 % v/v)
as these were the most promising carbon sources reported
in earlier studies [11, 14]. Results in Fig. 1 showed that
maximum RL production was obtained using MSM con-
taining glycerol (2 % v/v) as the carbon source and SMSM
when compared to RL production in MSM containing
glucose or soybean oil as the carbon source. Therefore, in
the present study, high RL production by P. aeruginosa
isolate P6 was achieved using either soluble carbon sources
(glycerol) in MSM or insoluble carbon sources (soybean
oil) in SMSM. This may indicate that such RL not only
assist in the emulsification of water insoluble substrates but
also may participate in another physiological role in the
bacterial cell [19]. Therefore, these two media were
selected for further studies. MSM containing glycerol was
called GMSM.

Regarding biomass, maximum biomass was obtained
with SMSM followed by MSM with soy bean oil 2 %
indicating that soybean oil resulted in better growth than
glycerol and glucose. These findings are in agreement
with a previous study where an increase in biomass was
observed with media containing soybean oil or safflower
oil over that with glycerol [11]. Moreover, results showed
that SMSM resulted in both a higher biomass and a higher
RL production than MSM containing soybean oil 2 %. As
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Fig. 1 Time course of growth and RL production by isolate P6 in:
a MSM containing glycerol 2 % v/v; b MSM containing soybean oil
2 % v/v and ¢ SMSM

mentioned previously, medium SMSM was MSM with C
source and multivalent cations replaced with the optimum
ones. These results proved that the multivalent cations,
and not only the carbon and nitrogen sources, are critical
factors in the media for both growth and RL production.
Guerra-Santos et al. [22] demonstrated that by limiting
the concentrations of salts of magnesium, calcium,
potassium, sodium, and trace elements, a higher yield of
rhamnolipid can be achieved. Moreover, the highest final
RL concentrations (30 °C, pH 6.3, sunflower oil) were
observed in calcium-free media as observed by Giani
et al. [23].
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The production profiles (Fig. 1) indicated that in the
case of glycerol in MSM, although the RL appeared at the
same time with the microbial growth, production still
increased after biomass reached a plateau. For this reason,
the product formation appeared to be partly growth-asso-
ciated as described by other authors [24]. However, in the
case of soybean oil in MSM and SMSM, RL production
began to increase after biomass reached a plateau and
therefore, the production of RL in this case is typical of a
secondary metabolite. Therefore, it can be concluded that
the growth or non growth association of RL production is
culture medium dependant rather than strain dependant.
The literature describes the occurrence of different kinetic
profiles for RL. P. aeruginosa PA1 had been reported to
produce RL which increased significantly in the stationary
phase [25]. However, the growth-associated production of
RL had also been noted by several researches [4, 26].

Effect of Variable Concentrations of the Selected Carbon
Sources The carbon sources that showed maximum RL
production in MSM (glycerol) and in SMSM (soybean oil)
were tested at different concentrations. As illustrated in
Fig. 2, maximum RL production (6.75 g/L) and bacterial
growth (2.19 g/L) by isolate P6 was obtained using 2 %
v/v glycerol in case of GMSM. In case of SMSM, maxi-
mum RL concentration (6.24 g/L) was obtained using 2 %
v/v soybean oil, however, biomass increased as soybean oil
concentration increased. Similar results were obtained in
previous studies [14, 27] which reported that low concen-
trations of glycerol and soybean oil concentrations were
favorable for maximum RL production.

RL Production by Isolate P6 in GMSM and SMSM with
Dual Carbon Sources Based on these results, we
attempted to enhance RL production by using dual carbon
source media combining the two selected carbon sources
by different ratios. GMSM flasks containing different
concentrations of soybean oil, and SMSM flasks containing
different concentrations of glycerol were tested for RL
production. GMSM containing 0 % soybean oil resulted in
the maximum RL production of 6.65 g/L. followed by
SMSM containing 0 % glycerol, while maximum biomass
was obtained using SMSM containing 0 % glycerol,
reaching 2.8 g/L (Fig. 3). Results showed that the addition
of soybean oil to GMSM led to a sharp decline in RL
production, an observation which was not noted in case of
the addition of glycerol in SMSM, where a gradual decline
was demonstrated. This indicates that dual carbon sources
were less favorable for RL production relative to the sole
carbon sources. Results in this study are in agreement with
a previous study [28], where addition of crude oil to a
media containing glucose as the carbon source before
bacterial inoculation led to a decrease in biosurfactant
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Fig. 2 Growth and RL production by isolate P6 at different
concentrations of a glycerol in GMSM, b soybean oil in SMSM
after 6 days of incubation

production. In contrast, concerning biomass, a gradual
increase was observed as the concentration of soybean oil
increased in GMSM. Similar results were obtained in
previous studies were biomass in media containing soybean
oil was higher than values obtained using media without
the oil [11, 14, 29]. However, biomass gradually decreased
as the concentration of glycerol increased in SMSM.
Therefore, for maximum RL production, GMSM was
selected for further studies. Glycerol is a very interesting
option as a substrate due to its widespread availability,
relatively low cost, and its predicted increased market
excess as biodiesel production increased in several coun-
tries [30, 31]. These results are different from most pre-
vious studies which reported that vegetable oils were the
best substrates for the induction of RL production with P.
aeruginosa, and that final concentrations were generally
higher than those for non-hydrophobic substrates [32, 33].
However, in 2002, Santa Anna et al. [25] showed that the
maximum RL production was achieved when glycerol was
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Fig. 3 Comparison of the growth and RL production by isolate P6 in
a GMSM containing different concentrations of soybean oil and
b SMSM containing different concentrations of glycerol, after 6 days
of incubation

used as carbon source in comparison to using hydrocarbons
or vegetable oils. Moreover, in 2008, Wu et al. showed that
glucose and glycerol were superior to olive oil and soybean
oil as carbon sources in the RL production by P. aerugi-
nosa EMI1 [34]. This implies that the carbon source pref-
erence for the RL production is bacterial strain dependant
[34].

Effect of Different Environmental Fermentation Conditions

RSM for the Optimization of RL Production To optimize
the environmental fermentation conditions, RSM was used.
RSM is a collection of mathematical and statistical tech-
niques that are useful for the modeling and analysis of
problems in which a response of interest is influenced by
several variables and the purpose is to optimize this
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response [35]. Several studies have reported the use of this
technique for optimization of biosurfactant production
[1, 36, 37]. In this study, we undertook a complete factorial
design for optimization of RL production by isolate P6.
The design of experiments, modeling, data analysis by
ANOVA, generation of response surfaces and diagnostic
plots were conducted using the Design Expert software.

Concerning the factors temperature and agitation,
Table 3 showed the actual values of these two factors, the
design, the experimental results, and the values predicted
by the fitted equations obtained by the Design Expert
software. These fitted equations for the two responses are
given by Eqgs. 1 and 2 for RL and biomass, respectively as
follows:

R1 = 12.96821 — 0.28786 x A + 8.50000E—003 x B

(1)
Y1 = 137821 +0.012143 x A + 2.50000E—003 x B

(2)

ANOVA results for both responses are shown in
Table 4. ANOVA verifies the adequacy of the models and
explains the significance of the factors with effect on RL
production and biomass. The P value was used as a tool to
determine the significance of each of the coefficients. The
Model F values of 3392.68 and 457.00 for RL production
and biomass, respectively, implied that the models are
significant. For RL production, there is only a 1.21 %
chance that a “Model F value” this large could occur due
to noise (P value = (0.012) whereas for biomass, there is
only a 3.31 % chance that a “Model F value” this large
could occur due to noise (0.0331). Moreover, A and B were
found to be significant model terms for both responses
(Table 4). Low values of the coefficient of variation (CV)
of 0.48 and 0.21 % were obtained for responses R1 and Y1,
respectively which indicates the good reliability of the
experimental values. The CV reveals the level of precision
with which the treatments are compared. Usually, as the
CV value increases, the reliability of the experiment
decreases [38]. For the first response, RL production (R1),
the fit of the model was expressed with the coefficient of
determination R” that was 0.9999, indicating that 99.99 %
of variability in the response could be explained by the
model. The Predicted R-squared (Pred R?) of 0.9976 was
obtained which was in reasonable agreement with the
Adjusted R-squared (Adj R*) which was found to be
0.9996. Adequate (Adeq) Precision measures the signal to
noise ratio. A ratio greater than 4 is usually desirable [39].
In this model, an adequate precision ratio of 112.699 was
obtained which indicated an adequate signal. This model
can be used to navigate the design space. In case of the
second response, biomass (Y1), there was no lack of fit and
the fit of the model was indicated by the high R? that was
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Table 3 The factorial design ] o o o
with the actual values of the two Run no. Temperature (°C) Agitation (rpm) Responses
independent factors temperature RL conc (R1, g/L) Biomass (Y1, g/L)
(A) and agitation (B) and the
observed and predicted Observed Predicted  Observed Predicted
responses
1 30 200 6.02 £ 0.071 6.03 224 £0.063 224
2 30 250 6.47 £ 0.007 6.46 237 £0.092 236
3 37 200 4.03 £0.049 4.02 233 £0.050 2.33
4 37 250 443 £ 0.050 4.44 245 £0.035 245

Table 4 The analysis of variance (ANOVA) of the factorial model for factors temperature (A) and agitation (B) regarding RL conc and biomass

Source Sum of square Degree of  Mean square F value P value
freedom Prob > F

RL conc Biomass RL conc Biomass RL conc  Biomass RL conc  Biomass
Model 4.24 0.023 2 2.12 0.011 3392.68 457.00 0.0121 0.0331
A 4.06 7.225E-003 1 4.06 7.225E—-003  6496.36 289.00 0.0079 0.0374
B 0.18 0.016 1 0.18 0.016 289.00 625.00 0.0374 0.0255
Residual 6.250E—004  2.500E—005 1 6.250E—004  2.500E—005
Corrected total — 4.24 0.023 3

0.9989, suggesting that the model could explain 99.89 % of
response variability. The Pred R* of 0.9825 was in rea-
sonable agreement with the Adj R* of 0.9967. A ratio of
48.497 Adeq indicated an adequate signal. This model can
be used to navigate the design space [39].

The three-dimensional (3D) plots between the input
factors for both responses are shown in Fig. 4. These plots
not only present details about the interaction between two
parameters but also enable a simple prediction of the
optimal experimental conditions [38]. From Fig. 4, and by
using numerical optimization function in the Design Expert
software, optimum conditions for maximum RL production
were found to be a temperature of 30 °C and agitation rate
of 250 rpm. On the other hand, maximum biomass of
2.45 g/l. was obtained at a temperature of 37 °C, and
agitation rate of 250 rpm. Often, in production processes,
different conditions for cell growth and production may be
observed [40].

Concerning the factors inoculum size and pH, the actual
values of these two factors, the design, the experimental
results obtained, and the values predicted by the fitted
equations. are shown in Table 5. The fitted equations for
the two responses are given by Eqgs. 3 and 4 for RL and
biomass, respectively as follows:

R2 = —49.92188 — 1.79487E—003 x C + 15.45321
x D +0.036923 x C x D — 3.33333E—003
x C? —1.06833 x D? (3)

Y2 = —7.05556 + 0.17333 x C + 2.57833 x D
— 0.020000 x C* — 0.18167 x D*. (4)

In case of RL production, ANOVA showed that C, D
and D* were significant model terms whereas CD and C*
were not significant (P value = 0.3096 and 0.9209,
respectively). Moreover, Box-Cox plots for power trans-
forms recommended a transformation to inverse square
root. Therefore, model reduction and transformation was
performed and a simplified equation was generated as
follows:

1.0/\/R2 = 2.44583 — 8.10540E—003 x C — 0.55754
x D + 0.038162 x D>.

ANOVA results of the quadratic model for RL pro-
duction in Table 6 revealed that the Model F value was
538.18 which implied that the model is significant. There is
only a 0.01 % chance that a “Model F value” this large
could occur due to noise (P value <0.0001). A low value of
CV of 0.53 % was obtained. A high R* of 0.9969 expressed
the fit of the model, and indicated that this model could
describe 99.69 % of variability in the response. The pre-
dicted R* of 0.9915 was in reasonable agreement with the
adjusted R* of 0.9951. The Adequate Precision ratio of
63.768 indicates an adequate signal and that this model can
be used to navigate the design space [39].

In case of biomass, the Model F value of 135.68 implied
that the model is significant. There is only a 0.02 % chance
that a “Model F value” this large could occur due to noise
(P value = 0.0002). In this case, C, D, C? and D? were
significant model terms (Table 6). A low value of CV of
0.72 % was obtained and the fit of the model was expressed
with the R* that was 0.9927, implying that 99.27 % of the
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Fig. 4 Three-dimensional (3D)
surface plots for the effects of
temperature and agitation on

a RL production, b biomass by
isolate P6 (obtained from
Design Expert software)

Table 5 The factorial design
with the actual values of the two
independent factors inoculum
size (C) and pH (D) and the
observed and predicted
responses
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Table 6 The analysis of variance (ANOVA) of the modified response surface quadratic model for factors inoculum size (C) and pH (D) re-

garding RL conc and biomass

Source Sum of square Degree of freedom Mean square F value P value
Prob > F

RL conc Biomass RL conc Biomass RL conc Biomass RL conc Biomass RL conc Biomass
Model 7.869 E—003 0.14 3 4 2.623E—003 0.035 538.18 135.68  <0.0001 0.0002
C 1.708E—003  0.068 1 1 1.708E—003 0.068 350.49 26145  <0.0001 <0.0001
D 3.248E—003 7.350E—003 1 1 3.248E—003 7.350E—003 666.39 28.15  <0.0001 0.0061
c? 6.646E—003 1 6.646E—003 25.45 0.0073
D’ 2.913E-003 0.066 1 1 2.913E—-003 0.066 597.67 25279  <0.0001 < 0.0001
Residual 2437E—005 1.044E—003 5 4 4.874E—006 2.611E—004
Corrected total 7.893E—003  0.14 8

response variability could be explained by this model. The
Pred R* of 0.9630 was in reasonable agreement with the
Adj R? of 0.9854. Adeq precision ratio of 35.702 indicated
an adequate signal and that this model can be used to
navigate the design space [39].

The 3D plots between the input factors are shown in
Fig. 5 and revealed that biomass reached the peak at 5 %
inoculum size and a pH of 7. In case of RL production,
maximum value was reached at 5 % inoculum size and a
pH between 7 and 7.5. Using numerical optimization
function in the Design Expert software, optimized condi-
tions for maximum RL production were found to be
inoculum size of 5 % and a pH of 7.5.

Model Diagnostics To validate our models, graphical
summaries for case statistics were constructed as follows.

(a) Box Cox plots

The Box—Cox plots for power transformations for
the two generated models in case of temperature and
agitation showed that the models were sufficient
with no need for further transformation, where the
current lambda (A = 1) is within the 95 % confi-
dence range of the best lambda value (see supple-
mentary material Fig. Sla and S1b).

Concerning inoculum size and pH, in case of RL
production, a transformation to inverse square root
was recommended (see supplementary material
Fig. S2a). This improved the R? and modified results
are shown in Fig. S2b (supplementary material). In
case of biomass, the model was proven to be
sufficient with no need for further transformation,
where the current lambda (A = 1) is within the 95 %
confidence range of the best lambda value (see
supplementary material Fig. S2c).

(b) Predicted vs actual plots

The plots showed that the points were distributed
near to the straight line which indicated that actual

values were very close to the predicted ones (see

supplementary material Fig. S3a, S3b, S4a and S4b).
(¢) Residuals vs run plots

The points were scattered around the mean for both

responses which indicated that the models fit the data

(see supplementary material Fig. S5a, S5b, S6a and

S6b).

The ANOVA results also showed that all the tested
factors (temperature, agitation, inoculum size and pH) had
a significant effect on RL production and biomass. How-
ever, among these factors, inoculum size and pH had the
most significant effect on RL production since these two
factors showed the lowest P values. An increase in
inoculum size generally improves the growth and growth
related activities of the organism up to a certain limit after
which there could be a reduction in microbial activity due
to nutrient limitations. Lower inoculum size requires a
longer time to grow to optimum number to consume the
substrate and form the required product [41]. In this study,
optimum inoculum size was found to be 5 % v/v.

The pH of the medium greatly influences many enzy-
matic and secondary metabolites production. It was pre-
viously reported that RL production in different
Pseudomonas spp. is at its maximum at a pH range from 6
to 7, depending on the strain used [42-44]. Moreover,
Mulligan et al. reported that optimum pH for RL produc-
tion by P. aeruginosa was 6.2 and that it stops producing
RL at a pH higher than 7.5 [45]. Another recent study also
reported that RL concentration declined and reached its
lowest point at a pH of 8 [46]. In contrast to these reports,
maximum RL production in this study was obtained at an
initial pH of 7.5, and could still be produced at a pH of 8,
but in lower concentrations. A pH lower than 7 also
decreased RL production, which suggests that the bacterial
isolate was highly sensitive to pH for RL production.

Temperature is also one of the critical factors that affect
the production of RL. Wei et al. measured RL production

&) Springer AOCS &



952

J Surfact Deterg (2016) 19:943-955

Fig. 5 Three-dimensional (3D)
surface plots for the effects of
inoculum size and pH on a RL
production, b biomass by isolate
P6 (obtained from Design

Design-Expert® Software
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between 25 °C and 47 °C and found that the optimum
temperature was between 30 °C and 37 °C [21]. Therefore,
these two values were tested and result revealed that the
production of RL reached a maximum at 30 °C, however
biomass reached a maximum at 37 °C.

The speed of agitation was previously reported to be a
significant factor affecting RL production rate [46]. Wei
et al. reported that increasing the agitation rate from 50 to
200 rpm increased the RL production by P. aeruginosa J4
about 80 %. However, further increasing the agitation rate
decreased the transfer efficiency of oxygen into the liquid
medium, giving rise to inadequate conditions for the RL
production [21]. The effect of agitation on the RL

€\ Springer ANOCS &
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concentration and biomass in this study was tested at 200
and 250 rpm and the results obtained showed that the
velocity of 250 rpm resulted in an increase in RL production
over a velocity of 200 rpm. These results were in agreement
with previous studies which showed that at 250 rpm, the RL
biosynthesis reached its maximum value [47].

Experimental Verification Test RL production using the
recommended optimal levels of the four factors (30 °C,
250 rpm, 5 % v/v and pH 7.5) reached 7.54 g/L. This value
is close to the value predicted by the model which was
7.30 g/ which demonstrates the validity of the model. As
depicted in Fig. 6, the optimal levels used resulted in a 1.2-
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Biomass

RL conc and Biomass (g/L)

unoptimized media and
culture conditions

optimized media and culture optimized media and
conditions unoptimized culture conditions

Fig. 6 Comparison of growth and RL production by isolate P6 using
optimized and unoptimized conditions

fold increase in RL production over that obtained using
optimized media but unoptimized culture conditions (6.3 g/
L), and a threefold increase in RL production over that
obtained using unoptimized media and unoptimized culture
conditions (2.5 g/L).

Conclusion

In conclusion, these results showed that experimental design
and response surface methodology are successful tools for
optimizing culture conditions leading to a higher RL con-
centration. Application of RSM enhanced the RL production
threefold and a maximum RL concentration of 7.54 g/L was
reached using MSM containing 2 % v/v glycerol as the
carbon source. The optimum recommended conditions were
found to be a temperature of 30 °C, agitation rate of
250 rpm, inoculum size of 5 % v/v and a pH of 7.5. The
maximum RL concentration obtained in this study is greater
than most of the comparable data cited in the literature,
which used glycerol as a carbon source. Santa et al. [25]
obtained 3.16 g/LL RL (expressed as rhamnose), using P.
aeruginosa PA1 and glycerol as the sole carbon source (3 %
v/v). Da Rosa et al. reported a maximum RL concentration
of 4.15 g/L [27]. In 2010, Silva et al. reported a RL con-
centration of 8 g/L using 3 % glycerol as the carbon source
[4], which is close to results obtained in this study. There-
fore, isolate P6 can be considered to be a promising bacterial
isolate for further industrial exploitation.
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