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Optimization of siderophores production from Pseudomonas aeruginosa F2 (GenBank accession 
number, MG210480) and P. fluorescens JY3 (GenBank accession number, KF922490) was 
accomplished using statistical experimental designs. Fourteen physical and chemical factors (variables) 
with two levels according to Plackett- Burman design were chosen for screening of various factors 
significantly influencing siderophores production. The most significant variables affecting siderophores 
production were glycerol, glucose and K2HPO4 for P. aeruginosa F2, whereas for P. fluorescens JY3, 
glutamic acid, sodium succinate and FeCl3 were the most important variables. Based on Plackett-
Burman design, maximum values of siderophores achieved by P. aeruginosa F2 and P. fluorescens JY3 
were 6.0235 and 6.258%, respectively. Box-Behnken design with three-levels was employed to 
complete the optimization where the effect of independent variables was illustrated using the main effect 
chart and the most three effecting variables employed for response surface methodology (RSM). The 
solver function of Microsoft Excel tools and JMP program were used to estimate the optimal levels of the 
three variables that were 20 ml/l, glycerol; 14.5 g/l, glucose and 4.12 g/l, K2HPO4 for P. aeruginosa F2, 
while for P. fluorescens JY3 were 0.5 g/l, glutamic acid; 3.14 g/l, sodium succinate and 1.23 µM, FeCl3. 
Maximum values of siderophores obtained in optimized medium reached 16.62 and 19.85% for P. 
aeruginosa F2 and P. fluorescens JY3, respectively. 
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INTRODUCTION 

Fluorescent pseudomonads are used as 
biocontrol agents from long time and this back to 
their ability for production of antibiotics, HCN and 
siderophores (O'Sullivan and O'Gara, 1992 and 
Tanveer et al., 2016). Siderophores are groups of 
molecules with the ability to scavenge iron from 
the environments (Lankford and Byers, 1973). 
Due to the importance of iron for many biological 
reaction like amino acid synthesis, oxygen 
transport, respiration, nitrogen fixation, 
methanogenesis, the citric acid cycle, 

photosynthesis and DNA biosynthesis (Sandy and 
Butler, 2009), the importance of siderophores is 
appear. Many studies discussed the improvement 
of siderophores production using classical 
optimization methods. The use of statistical 
experimental designs like Plackett-Burman and 
Box-Behnken for optimization gave marvelous 
results. Plackett-Burman design (PBD) is one type 
of two levels screening design positive and 
negative, and suitable for screening large number 
of variables up to n-1 where n is the number of 
trials (Plackett and Burman, 1946), it is preferable 
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to expand the range of values (+1 and -1) to 
discover clearly the effect (Abo-Zaid et al., 2015). 
Results of experimental design can be analyzed 
statistically using JMP program and Microsoft 
excel, and obtain some parameters such as P 
value which is the most common means for 
significance assessing of each factor in the 
process. P value is the probability that magnitude 
of a parameter estimate is due to random process 
variability. As long as P value is low the parameter 
will have a real or significant effect and provides a 
base line for detecting critical or less important. 
Finally Pareto chart is used to judge the relative 
importance of factors simply by magnitude of the 
parameter estimates (Strobel and Sullivan, 1999 
and Abo-Zaid et al., 2015). Box-Behnken and 
central composites are types of response surface 
methodology. They help in evaluating the effective 
factors, building models to study the interaction 
between the variables and selecting the optimum 
condition of the variables or desirables response 
(Abo-Zaid et al., 2015). Box-Behnken is 
independent quadric design that depends on three 
level composite design for fitting second order 
response surfaces (Box and Behnken, 1960).The 
methodology is based on the construction of 
balance designs which are rotatable and enables 
each factor level to be tested several times. Each 
factor or independent variable can be placed at 
one of three equal space coded (-1, 0 and +1). 
Box-Behnken requires fewer experiments and 
provides excellent predictability within the 
spherical design space (Manikandan et al., 2010). 
Production of pyocyanin by P. aeruginosa JY21 
and RS11 enhanced using experimental designs 
of Plackett-Burman and Box-Benkhen (Mabrouk 
et al., 2014 and Abo-Zaid et al., 2015). Shaikh et 
al., (2016) used Plackett–Burman design and 
response surface methodology (RSM) using 
central composite design (CCD) to increase 
siderophores production from P. aeruginosa 
RZS9. 

In this research, it was aimed to optimize and 
maximize siderophores production by P. 
aeruginosa F2 and P. fluorescens JY3 using 
statistical experimental design. 
 
MATERIALS AND METHODS 

Microorganisms 
P. aeruginosa F2 (GenBank accession 

number, MG210480) and P. fluorescens JY3 
(GenBank accession number, KF922490) were 
used in this study. 

Siderophores assay   
Siderophores estimation was done using the 

methods of chrome azurol S (CAS) assay 
developed by Schywan and Naidlands (1987) but 
we estimate siderophores in 10 µl, where the 
siderophores ion scavenges the iron from the dye 
and change the color from blue to orange yellow. 
The quantification of siderophores follows the 
equation: 

Sidrophores % = Ar –As ∕ Ar * 100 
Where: Ar is the absorbance of reference at 630 
nm  
As is the absorbance of sample at 630 nm. 

Plackett-Burman design 
For screening purpose various medium 

components and culture parameters have been 
evaluated. The variables were chosen from media 
used for siderophores production such as King’s B 
medium, succinic medium, glutamic medium, 
asparagine medium and glycerol medium (King et 
al., 1954; Abdel-Fattah, 2002; Tailor and Joshi, 
2012; Sreedevi et al., 2014 and Binduand Prabhu, 
2015). Based on the Plackett–Burman factorial 
design, each factor was examined at two levels: -
1 for a low level and +1 for a high level (Plackett 
and Burman, 1946). This design is practical 
specially when the investigator is faced with a 
large number of factors and is unsure which 
settings are likely to be nearer to optimum 
responses (Strobeland Sullivan, 1999). Table 1 
illustrates the variables and the levels of each 
variable used in the experimental design, whereas 
Table 2 represents the design matrix. 

Multiple regression analysis of the Plackett- 
Burman experiments 

The results of the Plackett-Burman 
experiment were analyzed by multiple regression 
analysis using Microsoft Excel program. From the 
statistical analysis, the main effect chart was used 
to illustrate the significant variables dependent on 
their effect on the siderophores production and 
that’s determined by calculating the p-value 
through standard regression analysis (Abo-Zaid et 
al., 2015). 

Generating 1st order model: 
The model created from the analysis of 

Plackett-Burman factorial design using multiple 
regression analysis is based on the first order 
model: 

Y = βo + ∑ βiXi 
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Table 1: Levels of variables chosen for the Placket and Burman optimization experiment for 
Pseudomonas aeruginosa F2 and Pseudomonas fluorescent JY3. 

 

Number Variables 
Variables 

Code 
Low level High level 

1 PH X1 7 8 

2 Incubation time (h) X2 24 48 h 

3 Temperature (ºC) X3 25 30ºC 

4 Glycerol (ml/l) X4 1 10 

5 Glucose (g/l) X5 1 10 

6 Glutamic acid (g/l) X6 0.1 1 

7 Sodium succinate (g/l) X7 0.4 4 

8 Asparagine (g/l) X8 1 5 

9 Urea (g/l) X9 0.1 1 

10 (NH4)2SO4 (g/l) X10 0.1 1 

11 KH2PO4 (g/l) X11 0.6 6 

12 K2HPO4 (g/l) X12 0.4 4 

13 MgSO4 (g/l) X13 0.1 1 

14 FeCl3 (µM) X14 0 0.5 

 
Where Y is the response (siderophores 

estimation %), βo is the model intercept, βi is the 
linear coefficient and Xi is the level of the 
independent variable (Abdel-Fattah and Olama, 
2002 and Abo-Zaid et al., 2015). 

Verification experiment 
This verification was carried out in triplicates. 

The predicted optimum levels of the independent 
variables were examined and compared to the 
basal condition setting and the average of 
siderophores production was calculated. Proteose 
peptone was added with high level (10 g/l) to 
evaluate its effect on siderophores production. 
Table 3 illustrates the verification experiments of 
Placket-Burman design. 

Response surface methodology (Box-Behnken 
Design) 

Response surface methodology was used to 
optimize the screened variables for enhancing 
siderophores production using Box-Behnken 
design (BBD). After estimating the relative 
significance of independent variables, the most 
significant three variables for each bacterial strain 
(P. aeruginosa F2 and P. fluorescent JY3) were 
selected for further determination of their optimal 
level with respect to siderophores production as a 
response. Modeling and analysis were carried out 
using the JMP program and essential 
experimental design software. This design was 
used to optimize the three studied variables 
represented at three levels (high, medium and 
low) which were denoted by +1, 0 and -1; 
respectively, as shown in Table 4. This 
optimization process involves three main steps: 

performing the statistically designed experiments, 
estimating the coefficients of the structured 
mathematical model and predicting the response 
and checking the adequacy of the model. Table 5 
presents the design matrix, consisting of fourteen 
trials to study the most significant variables 
affecting the siderophores production by both 
stains (Abo-Zaid et al., 2015). 

Multiple regression analysis of the Box-
Benkhen experiment 

Microsoft Excel and JMP programs were used 
for the regression analysis of the experimental 
data obtained. The quality of fit of the polynomial 
model equation was expressed by a coefficient of 
determination, R2. 

Generating 2nd order model: 
The created model was applied using the 

coefficient results of each variable. For three 
variables the following second order polynomial 
structured model: 

Y = 0+ 1X1 + 2X2 + 3X3 + 12X1X2 + 

13X1X3 +23X2X3 + 11X1
2 + 22X2

2+ 33X3
2 

where Y is the predicted response of 
siderophores estimation; β0  is the model intercept; 
X1,X2 and X3 are the independent variables, β1, β2 
and β3 are linear coefficients; β12, β13 and β23 are 
cross product coefficients; and β11, β22and β33 are 
the quadratic coefficients (Abdel-Fattah, 2002 and 
Abo-Zaid et al., 2015). 
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Table 2: Plackett-Burman design for evaluation of factors affecting siderophores production by 

Pseudomonas aeruginosa F2 and Pseudomonas fluorescens JY3. 
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1 1 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 1.98 1.5444 

2 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 1.8972 1.9944 

3 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 1 1.856 1.9426 

4 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 1 1 2 0 

5 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 1 1 1 2 2 

6 1 1 1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 0.7979 1.1982 

7 1 1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1.502 1.5284 

8 1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 0.494 0.1094 

9 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 1 1.712 1.1072 

10 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 1 1 1.4952 1.8104 

11 -1 -1 -1 -1 -1 1 1 1 1 1 1 1 1 -1 1.5024 1.666 

12 -1 -1 -1 -1 1 1 1 1 1 1 1 1 -1 -1 1.645 1.5044 

13 -1 -1 -1 1 1 1 1 1 1 1 1 -1 -1 -1 1.6168 1.5376 

14 -1 -1 1 1 1 1 1 1 1 1 -1 -1 -1 -1 1.6475 1.1392 

15 -1 1 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 1.86 1.4332 

16 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1.52 1.5638 

 

  *Siderophores estimated in 10 µl. 

 
Table 3: Verification experiments of Plackett-Burman design. 
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N = Not added 
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* Siderophores estimated in 10 µl. 

Table 4: Levels of variables chosen for the Box-Behnken optimization experiment for 
Pseudomonas aeruginosa F2 and Pseudomonas fluorescens JY3. 

  
Organism Variables Variable code -1 0 +1 

P. aeruginosa F2 

Glycerol (ml/l) X1 10 15 20 

Glucose (g/l) X2 10 15 20 

K2HPO4 (g/l) X3 3.5 4 4.5 

P. fluorescens JY3 

Glutamic acid (g/l) X1 0.5 1 1.5 

Sodium succinate (g/l) X2 3 4 5 

FeCl3 (µM) X3 0.5 1 1.5 

 
Table 5: Box-Behnken factorial experimental design of Pseudomonas aeruginosa F2 and 

Pseudomonas fluorescens JY3. 
Variables X1 X 2 X 3 Siderophores estimation (%)* 

P. aeruginosa 
F2 

Glycerol Glucose K2HPO4 P. aeruginosa F2 P. fluorescens JY3 

P. fluorescens 
JY3 

Glutamic 
acid 

Sodium 
succinate 

FeCl3 Measured Predicted Measured Predicted 

1 -1 -1 0 15.26109 15.06502 19.03685 19.41583 

2 1 -1 0 14.70795 14.5098 12.10218 11.84045 

3 -1 1 0 10.01858 10.21672 13.63484 13.89657 

4 1 1 0 13.76677 13.96285 13.71022 13.33124 

5 -1 0 -1 15.50877 14.85139 14.88275 13.74372 

6 1 0 -1 15.52528 14.86997 15.73702 15.23869 

7 -1 0 1 12.19814 12.85346 18.53434 19.03266 

8 1 0 1 15.36842 16.0258 8.257956 9.396985 

9 0 -1 -1 11.53767 12.39112 15.49414 16.25419 

10 0 1 -1 11.3808 11.84004 11.54104 12.41834 

11 0 -1 1 14.57585 14.11662 15.0335 14.1562 

12 0 1 1 10.1259 9.272446 14.72362 13.96357 

13 0 0 0 15.76471 15.71517 17.67169 17.64657 

14 0 0 0 15.66563 15.71517 17.62144 17.64657 
 

*Siderophores estimated in 10 µl. 

Statistical analysis of data 
Siderophores production estimated using CAS 

assay were subjected to multiple linear 
regressions using Microsoft Excel and JMP 
programs to estimate the t-values, P-values, and 
confidence levels expressing the P-values as a 
percentage. Optimal value of siderophores 
production was estimated using JMP program. 
The simultaneous effects of the three most 
significant independent factors on each response 
were visualized using three-dimensional graph 
generated by Statistica7.0 software (Abo-Zaid et 
al., 2015). 

Validation of the model 
The RSM model was validated further for 

predicted versus actual responses. Each 
experiment was carried out in triplicate, and the 
results were compared with the predicted 
responses, as shown in Table 5. 
 

 
 
RESULTS 

Evaluation of factors affecting siderophores 
production 

Plackett-Burman design was applied using 
fourteen different variables that affect 
siderophores production. Values of siderophores 
estimation ranged through trials from 0.494 to 2% 
and from 0 to 2% for P. aeruginosa F2 and P. 
fluorescens JY3, respectively as shown in Table 
2. The main effect of the fourteen studied 
variables on siderophores production were 
estimated and presented graphically (Figs. 1 and 
2). Analysis of the regression coefficients showed 
that incubation time, glycerol, glucose, glutamic 
acid, sodium succinate, asparagine, (NH4)2SO4, 
K2HPO4, MgSO4 and FeCl3 had positive effect on 
siderophores production by P. aeruginosa F2; 
however pH, temperature, urea and KH2PO4 had 
negative effect.  
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Figure 1. Effect of environmental and nutritional factors on siderophores production by 

Pseudomonas aeruginosa F2. 

 
Figure 2. Effect of environmental and nutritional factors on siderophores production by 

Pseudomonas fluorescens JY3. 
 

Also, the analysis of regression coefficients of 
the same variables affecting siderophores 
production by P. fluorescens JY3 showed that  
incubation time, glycerol, glutamic acid, sodium 
succinate, KH2PO4, K2HPO4 and FeCl3 had 
positive effect; while pH, temperature, glucose, 
urea, asparagine, (NH4)2SO4 and MgSO4 showed 
negative effect. The polynomial model describing 
the correlation between the fourteen factors and 
siderophores production is presented as follows 
for P. aeruginosa F2 and for P. fluorescens JY3, 
respectively 

Yactivity= 1.5954 - 0.3285X1 + 0.11551X2 - 
0.34276X3 + 0.2429X4 + 0.257X5 + 0.1137X6 + 
0.0112X7 + 0.161X8 - 0.3885X9 + 0.0093X10 - 

0.3581X11 + 0.257X12 + 0.1857X13 + 0.1101X14 
Yactivity= 1.3799 - 0.5286X1 + 0.1253X2 - 

0.1868X3 + 0.4133X4 - 0.6033X5 + 0.4488X6 + 
0.4492X7- 0.1274X8 - 0.1274X9 - 0.0217X10 + 
0.0124 X11 + 0.3967X12 - 0.5225X13 + 0.5209X14 

On the basis of the calculated coefficients, t-
values, P-values and confidence level (%) 
illustrated in Table 6, glycerol, glucose and 
K2HPO4 were found to be the most significant 
variables affecting siderophores production from 
P. aeruginosa F2 however, glutamic acid, sodium 
succinate and FeCl3 were the most significant 
variables for P. fluorescens JY3. Analysis of 
variance for both strains using ANOVA test was 
generated and summarized in Table 7 which gives 
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P = 0.5330 and 0.3251, respectively.  
Table 6: Statistical analysis of Plackett-Burman design showing coefficient values, t-statistics, P-
values and confidence level (%) for each variable on siderophores production by Pseudomonas 

aeruginosa F2 and Pseudomonas fluorescens JY3. 

 
Variables 

P. aeruginosa F2 P. fluorescens JY3 

Coefficient t-statistic P-value 
Confidence 

level (%) 
Coefficients t-statistic P-value 

Confidence 
level (%) 

Intercept 1.595  1.380  

PH -0.328 -1.586 0.358 64.193 -0.529 -3.126 0.197 80.291 

Incubation 
time 

0.116 0.558 0.676 32.393 0.125 0.741 0.594 40.588 

Temperature -0.343 -1.655 0.346 65.402 -0.187 -1.105 0.468 53.171 

Glycerol 0.243 1.173 0.449 55.059 0.413 2.444 0.247 75.274 

Glucose 0.257 1.241 0.432 56.824 -0.603 -3.568 0.174 82.604 

Glutamic acid 0.114 0.549 0.680 31.969 0.449 2.654 0.229 77.059 

Sodium 
succinate 

0.011 0.059 0.962 3.752 0.449 2.910 0.211 78.929 

Asparagine 0.161 0.851 0.551 44.904 -0.127 -0.825 0.561 43.919 

Urea -0.388 -1.876 0.312 68.824 -0.584 -3.455 0.179 82.064 

(NH4)2SO4 0.009 0.045 0.972 2.845 -0.022 -0.129 0.919 8.141 

KH2PO4 -0.358 -1.729 0.334 66.624 0.012 0.073 0.954 4.644 

K2HPO4 0.257 1.241 0.432 56.824 0.397 2.346 0.257 74.346 

MgSO4 0.186 0.897 0.535 46.541 -0.523 -3.090 0.199 80.076 

FeCl3 0.110 0.532 0.689 31.113 0.521 3.081 0.200 80.019 

 
Table 7: ANOVA test of Plackett-Burman experiments. 

P. aeruginosa F2 

 
Degree of freedom Sum of Square Mean Square F-ratio Significance F 

Regression 14 2.5056 0.1789 1.7887 0.5330 

Residual 1 0.1001 0.1001 
  

Total 15 2.6056 
   

P. fluorescens JY3 

Regression 14 5.0890 0.3635 5.4482 0.3251 

Residual 1 0.0667 0.0667 
  

Total 15 5.1557 
   

R-squared (P. aeruginosaF2) = 0.961601 
R-squared (P. fluorescensJY3) = 0.987059

 The R-squared statistic indicates that the 
model as fitted explains 0.961601 and 0.987059 
of the variability in siderophores production from 
P. aeruginosa F2 and P. fluorescens JY3, 
respectively. 

Verification experiments 
According to the results shown in Table 3, a 

medium of the following composition is expected 
to be near optimum for P. aeruginosa F2 (g/l): 10, 
glucose; 1, glutamic acid; 4, sodium succinate; 5, 
asparagine; 0.1, urea; 1, (NH4)2SO4; 1, KH2PO4; 
4, K2HPO4; 1, MgSO4; 0.5 µM, FeCl3 and 20ml 
glycerol, with physical factors of pH 7 and 
temperature 25°C for 48 h. The siderophores 
estimation in this medium was 6.0235%. The near 
optimum medium for siderophores production by  

P. fluorescens JY3 consisted in (g/l): 1, glucose; 
1, glutamic acid; 4, sodium succinate; 1, 
asparagine; 0.1, urea; 0.1, (NH4)2SO4; 6, KH2PO4; 
4, K2HPO4; 0.1, MgSO4and 0.5 µM, FeCl3 and10 
ml glycerol, with physical factors of pH 7 and 
temperature 25°C for 48 h. The estimated 
siderophores in this medium was 6.258%. 

Optimization of the culture condition using 
Box-Behnken 

Based on Plackett-Burman design, the three 
most significant variables affecting siderophores 
production were determined that were glycerol, 
glucose and K2HPO4 for P. aeruginosa F2, 
whereas for P. fluorescens JY3 were glutamic 
acid, sodium succinate and FeCl3 after that they 
explored at three levels with fourteen trials to 
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complete response surface methodology (RSM).  
Table 8: Statistical analysis of Box-Behnken design showing coefficient values, t-statistics, P-

values and confidence level (%) for each variable on siderophores production from Pseudomonas 
aeruginosa F2 and Pseudomonas fluorescens JY3. 

 

 
Variables 

P. aeruginosa F2 P. fluorescens JY3 

Coefficient t-statistics P-value 
Confidence 
 level (%) 

Coefficients t-statistics P-value 
Confidence 

level (%) 

Intercept 15.715  17.64657  

x1 0.798 2.327 0.081 91.945 -2.035 -4.619 0.010 99.011 

x2 -1.349 -3.934 0.017 98.295 -1.007 -2.283 0.084 91.576 

x3 -0.211 -0.614 0.572 42.758 -0.138 -0.314 0.769 23.054 

x1x2 1.075 2.218 0.091 90.915 1.753 2.813 0.048 95.181 

x1x3 0.788 1.626 0.179 82.072 -2.783 -4.466 0.011 98.889 

x2x3 -1.073 -2.213 0.091 90.872 0.911 1.462 0.218 78.239 

x1x1 0.234 0.432 0.688 31.206 -1.435 -2.060 0.108 89.159 

x2x2 -2.511 -4.631 0.010 99.020 -1.590 -2.283 0.085 91.547 

x3x3 -1.299 -2.397 0.075 92.537 -1.858 -2.668 0.056 94.405 

 
Data were analyzed using linear multiple 

regression analysis method, coefficients, t-values, 
P-values and confidence level (%) were 
calculated (Table 8).  

The analysis of variance using ANOVA test 
was generated and summarized in Table 9 where 
P = 0.0415 in case of P. aeruginosa F2 and 
0.0330 for P. fluorescens JY3. Since the P-value 
indicated in the ANOVA table is less than 0.05, it 
is concluded that there is a statistically significant 
relationship among the studied variables at 95% 
confidence level (P = 0.05). At the model level, the 
correlation measures for the estimation of the 
regression equation are the multiple correlation 
coefficients R and the determination coefficients 
R2. The closer the value of R is to 1.0, the better is 
the correlation between the measured and the 
predicted values. The value of the determination 
coefficient R2 = 0.9376 for P. aeruginosa F2 and 
R2 = 0.9449 in case of P. fluorescens JY3, being a 
measure of fit of the model, indicates that about 
6.2 and 5.5% of the total variations are not 
explained for siderophores estimation (%) 
produced by P. aeruginosa F2 and P. fluorescens 
JY3, respectively. The multiple linear regression 
models describe the relationship between 
siderophores production and three independent 
variables. Three dimensional and contour plots 
(generated by Statistica 7.0 software) were drawn 
to know the interaction between different variables 
affecting siderophores production. These show 
that higher levels of siderophores estimation were 
attained with increasing of glycerol and K2HPO4 
concentration however, lower levels of glucose 
support high level of siderophores estimation in 
case of P. aeruginosa F2 (Fig. 3). Lower levels of  

 
glutamic acid and sodium succinate on the 

other hand higher levels of FeCl3 achieved higher 
levels 
 
of siderophores estimation in case of P. 
fluorescens JY3 (Fig. 4). For predicting the 
optimal point, a second order polynomial function 
was fitted to the experimental results (linear 
optimization algorithm) for siderophores 
production by P. aeruginosa F2 and P. 
fluorescens JY3, respectively 

Y = 15.7152 + 0.7977X1 – 1.3488X2 – 
0.2105X3 + 1.0753 X1X2 + 0.7884X1X3 – 
1.0732X2X3 + 0.2342X1

2 – 2.5108X2
2 – 1.2992 X3

2 
Y = 17.64657 - 2.0352X1 -1.0071X2 - 

0.1382X3 + 1.7525 X1X2 - 2.7827X1X3 + 
0.9108X2X3 - 1.4353 X1

2 - 1.5902X2
2- 1.8582 X3

2 
The optimal levels of the three factors as 

obtained from the maximum point of the 
polynomial model, were estimated using the 
solver function of the Microsoft Excel tools and 
JMP program, and found to be 20 ml/l, glycerol; 
14.5 g/l, glucose and 4.12 g/l, K2HPO4 with the 
predicted siderophores estimation equal to 
16.84% in case of P. aeruginosa F2. On the other 
hand, in case of P. fluorescens JY3 the optimal 
levels of the three factors were found to be 0.5 g/l, 
glutamic acid; 3.14 g/l, sodium succinate and 1.23 
µM, FeCl3 with predicted siderophores estimation 
equal to 19.94% (Fig. 5). Based on the results 
obtained from the Plackett-Burman and Box-
Behnken designs the expected medium 
composition for optimum siderophores production 
by P. aeruginosa F2 was in g/l: 14.5, glucose; 1, 
glutamic acid; 4, sodium succinate; 5, asparagine; 
0.1, urea; 1, (NH4)2SO4; 1, KH2PO4; 4.12, 
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K2HPO4; 1, MgSO4; 20 ml, glycerol and 0.5 µM, 
FeCl3 with physical factors of pH 7 and 
temperature 25°C for 48 h. While that of P. 
fluorescens JY3 was in g/l:, 1, glucose; 0.5, 
glutamic acid; 3.14, sodium succinate; 1, 

asparagine; 0.1, urea; 0.1, (NH4)2SO4; 6, KH2PO4; 
4, K2HPO4; 0.1, MgSO4; 10 ml, glycerol and 1.23 
µM, FeCl3 with physical factors of pH 7 and 
temperature 25°C for 48 h. 

 

 
 

Figure 3. A) Three dimensional response surface and B) contour plots representing the interaction 
of different variables and its effect on siderophores production by Pseudomonas aeruginosa F2. 

 

 
Figure 4. A) Three dimensional response surface and B) contour plots representing the interaction 
of different variables and its effect on siderophores production by Pseudomonas fluorescens JY3. 
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Figure 5. JMP profile showing the predicted optimal levels for each variables, A, the 
predicted levels of X1, glycerol; X2, glucose and X3, K2HPO4 for siderophores estimation 
(%) by Pseudomonas aeruginosa F2. B, the predicted levels of X1, glutamic acid; X2, 
sodium succinate and X3, FeCl3 for siderophores estimation (%) by Pseudomonas 
fluorescens JY3. 
 

Table 9: ANOVA test of Box-Behnken experiments. 

 
P. aeruginosa F2 

 
Degree of freedom Sum of Square Mean Square F-ratio Significance F 

Regression 9 56.6020 6.2891 6.6869 0.0415 

Residual 4 3.7621 0.9405 
  

Total 13 60.3641 
   

P. fluorescens JY3 

Regression 9 106.5177 11.8353 7.6214 0.0330 

Residual 4 6.2116 1.5529 
  

Total 13 112.7294 
   

R-squared (P. aeruginosa F2) = 0.937677 
R-squared (P. fluorescensJY3) = 0.944898 

Verification of the model  
In order to determine the accuracy of the 

quadratic polynomial, a verification experiment 
was carried out under predicted optimal condition 
as determined previously. To prove the accuracy 
of the model, the % accuracy was calculated from 
the following formula accuracy of the model =(Y 
experiment/ Y calculated) *100 

The estimated siderophores was 16.62% and 
19.85% by P. aeruginosa F2 and P. fluorescens 
JY3 respectively. This means that the calculated 
model accuracy was 98.69% and 99.54% for P. 
aeruginosa F2 and P. fluorescens JY3, 
respectively. In this study the statistical  

 
methodology, a combination of Plackett-

Burman and Box-Behnken designs were shown to 
be effective and reliable in selecting the 
statistically significant factors and finding the 
optimal concentration of those factors. Finally, the 
siderophores production by P. aeruginosa F2 and 
P. fluorescens JY3 have been systematically 
improved during various experimental designs 
compared with basal medium Subsequently, the 
results of this study showed that culture conditions 
can increase siderophores production almost by 
10 fold for P. aeruginosa F2 and P. fluorescens 
JY3 (Table 10). 
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Table 10: Effect of medium optimization on siderophores production. 

 

Siderophores estimation (%)* Basal medium Plackett-Burman Box-Behnken 

P. aeruginosaF2 1.7485 6.0235 16.62 

P. fluorescensJY3 1.7575 6.258 19.85 
 

*Siderophores estimated in 10 µl. 

 
DISCUSSION 

In this study, glucose was more effective in 
siderophores production by P. aeruginosa F2 than 
P. fluorescens JY3. The same result was obtained 
by Bindu and Prabhu (2015) who reported that 
glucose enhanced siderophores production by P. 
aeruginosa, while Tailor and Joshi (2012) found 
that carbon source effect negatively on 
siderophores production by P. fluorescens S-11 
and that close to P. fluorescens JY3. Using 
glycerol was not a good carbon source for 
siderophores production by P. fluorescens 
reported by Rachid and Ahmed (2005). However, 
in this study glycerol was one of the most 
variables affecting siderophores production by P. 
aeruginosa F2 and P. fluorescens JY3 that may 
be referred to the interactions between variables. 
Sodium succinate or succinic acid was reported 
that to enhance siderophores production (Meyer 
and Abdallah, 1978; Tailor and Joshi, 2012; 
Sreedevi et al., 2014 and Binduand Prabhu, 
2015). Similarly, sodium succinate enhanced 
siderophores production by the experimental 
bacteria P. aeruginosa F2 and P. fluorescens JY3. 
Generally, medium supplemented with amino 
acids increased siderophores production as 
reported by many investigators (Rachid and 
Ahmed, 2005; Tailor and Joshi, 2012 and 
Sreedevi et al., 2014). Also, in this study, L-
asparagine and glutamic acid used as amino 
acids stimulated siderophores production. Our 
results revealed that high and low concentrations 
of these amino acids induced siderophores 
production by both bacterial strains. Siderophores 
are iron dependent molecule which secreted to 
chelate iron and its production is affected with iron 
(Villegas et al., 2002). pH is very important for 
siderophores production controlling iron solubility, 
in alkaline medium iron solubility decreases and 
stimulates siderophores production as reported by 
Sreedevi et al., (2014) and Binduand Prabhu 
(2015). In this study, both strains produced 
siderophores at pH 7. This is matching with Tailor 
and Joshi (2012). High production of siderophores 
was achieved at temperature 25°C and 48 h. 

CONCLUSION 
Statistical experimental designs were more 

efficient in maximizing siderophores production 
from P. aeruginosa F2 and P. fluorescens JY3. 
Maximum values of siderophores obtained in 
optimized medium reached 16.62% and 19.85% 
in 10 µl for P. aeruginosa F2 and P. fluorescens 
JY3, respectively. 
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