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Abstract When the variables (inoculum size, methanol and
yeast extract) identified to affect phytase production by
Bacillus subtilis US417 using Plackett-Burman design were
optimized by RSM, a high enzyme production of 112 U/g
of wheat bran was attained. Overall, a 5-fold improvement
in phytase production was achieved. In SSF, on the other
hand, a 4-fold enhancement in enzyme titer was attained
(85 U/g of wheat bran). Based on these findings, phytase
productivity was higher in SF [2.3 U/(gxh)] than in SSF
[1.2 U/(gxh)].

Keywords Phytase - Response surface methodology -
Submerged fermentation - Solid state fermentation - Bacillus
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Introduction

Phytases are widely distributed in nature and have been
identified in plants, microorganisms and certain animal
tissues. They catalyze the release of phosphate from phytic
acid (myo-inositol-1,2,3.4,5,6-hexakisphosphate) and the
salts of phytic acid (phytates) to generate inorganic
phosphate and myo-inositol phosphate derivatives. Accord-
ing to the carbon in the myo-inositol ring of phytate at
which dephosphorylation is initiated, phytases could be
grouped into 3-phytases (EC 3.1.3.8) and 6-phytases (EC
3.1.3.26) (Sung et al. 2005).
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Phytate represents the primary storage form of organic
phosphorus in plants and accounts for 88% of the total
phosphorus in seeds and cereals (Haefner et al. 2005).
Monogastric animals, such as poultry and pigs, consume
diets that contain high levels of phytate-phosphorus,
which is poorly digested, due to negligible phytase activity
in their digestive tract (Greiner and Egli 2003). For this
reason, monogastric diets have often been supplemented
with large quantities of inorganic phosphorus to meet the
phosphorus needs of the animal. Excess phosphorus is
excreted in manure and poses serious environmental
problems (Xiong et al. 2005a, b). Furthermore, phytates
can chelate several divalent cations of major nutritional
importance, such as calcium, iron, zinc, magnesium, and
manganese, thus making them unavailable (Xiong et al.
2005a, b). Several studies have demonstrated that the
dephosphorylation of phytates reduces the antinutritive
effects of these salts (Greiner and Egli 2003). For this
reason, the supplementation of monogastric diets with
exogenous phytases can improve the availability of
phytate phosphorus, limit the instances of mineral defi-
ciency and, hence, increase the feed nutritional value. It
can also decrease the excretion of phosphorus and,
therefore, reduce environmental problems. Phytases have
also been advocated for several applications and used as
bicatalysts in the production of special isomers of different
lower phosphate esters of myo-inositol (Xiong et al.
2005a, b). In fact, current estimates indicate that the
annual global sales of enzymes described as phytases or
phytate-degrading enzymes have reached about €150
million (Greiner and Konietzny 20006).

Due to their potential for industrial applications, phy-
tases have triggered great interest in the last few decades.
Several bacteria, fungi and yeasts have been reported to
produce phytases. In fact, the commercial production of
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phytases for the animal feed industry has so far focused
primarily on aspergilli and yeasts (Haefner et al. 2005).
Recently, phytases from Bacillus species have been
reported to have the advantage of being naturally thermo-
stable and being strictly specific for phytates (Kim et al.
1998; Choi et al. 1999; Farhat et al. 2008). Nevertheless,
and partly due to inefficient enzyme production methods,
Bacillus phytases have not been applied on a large scale
(Kerovuo and Tynkkynen 2000).

Two major processes have been utilized for the produc-
tion of microbial phytases (Vats and Banerjee 2004),
namely solid state fermentation (SSF) (Ebune et al. 1995;
Krishna and Nokes 2001; Roopesh et al. 2006) and
submerged fermentation (SF) (Nampoothiri et al. 2004).
SSF systems have gained a lot of interest in the last few
years, mainly because they involve less energy, lower
wastewater output, simpler fermentation media, easier
aeration, and reduced bacterial contamination (Vats and
Banerjee 2004). The culture conditions, type of strain,
nature of substrate and availability of nutrients should be
taken into account for the selection of a particular
production technique since they are the most critical factors
affecting the production yield. SF, on the other hand,
continues to be studied at the laboratory scale using new
strains (Ebune et al. 1995) and substrates. The most
economical substrates that have so far been used are wheat
bran (Nampoothiri et al. 2004), full-fat soybean flour
(Krishna and Nokes 2001), canola meal (Ebune et al.
1995), cane molasses (Singh and Satyanarayana 2008) and
oil cakes (Roopesh et al. 2006).

In view of the ever increasing demand for Bacillus
phytases, it is necessary to select an appropriate fermenta-
tion technology and to optimize the parameters affecting
phytase production. Statistically based experimental
designs are useful tools in this optimization (Singh and
Satyanarayana 2008). Several studies have applied them for
the optimization, modeling and control of phytase produc-
tion (Singh and Satyanarayana 2008).

Accordingly, the present study combined experimental
design methodologies with statistical optimization tools to
optimize the production of extra-cellular phytase (PHY
US417) by a recently isolated and characterized strain of
Bacillus subtilis US417 (Farhat et al. 2008) in submerged
and solid state fermentation. PHY US417 was chosen
because it is optimally active at neutral pH and shows high
thermal stability and specificity for phytic acids, features
which make this enzyme a strong candidate for application
as a feed additive (Farhat et al. 2008). Various operational
parameters were evaluated in terms of their individual and
synergistic effects on phytase production in SF using a
Plackett-Burman design and the most significant factors
were further investigated and optimized using a Box-
Behnken design. In the case of phytase production in SSF,
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a central composite design was used to optimize the
moisture content (a specific factor of SSF) and the crucial
variables from the investigation. SF and SSF processes
have been compared in terms of their suitability for Bacillus
subtilis US417 phytase production.

Materials and methods
Micro-organism and culture conditions

Bacillus subtilis US417, which was previously described as
a potent producer of phytase (Farhat et al. 2008), was
routinely grown at 30°C on Luria-Bertani (LB) agar, and
was stored at 4°C and —20°C in glycerol.

Substrates and chemicals

Wheat bran (wb), gruel (a by-product of wheat) and glucose
syrup DE 45 (DE: dextrose equivalent in percentage of
reducing sugars) were obtained from local suppliers. Phytic
acid sodium salt hydrate from rice (P0109) was purchased
from Sigma-Aldrich (France). All other chemicals used in
this study were of analytic grade and applied without
further purification.

Submerged fermentation

Prior to optimization, the basal medium used for phytase
production by Bacillus subtilis US417 in SF contained
(% w/v): 2 wb, 0.04 (NH4),SO4, 0.02 MgSO47H,0 and
0.22 CaCl, at pH 6. Cultures of 100 ml, carried out in 250-ml
erlenmeyer flasks, were inoculated at 0.1 ODgg with a 16-h-
old culture grown on LB and incubated under shaking
conditions (210 rpm) at 30°C for 48 h. Experiments relative
to the screening and optimization of the crucial variables in SF
were performed using wheat bran at 5% as a substrate added
to the components of the medium.

Solid state fermentation

The experiments were performed in 250-ml erlenmeyer
flasks with 20 g of wheat bran. The type and concentration
of the nutritional factor in the medium were defined
according to the experimental design. Distilled water was
added to attain the required moisture level. The substrate
was autoclaved for 20 min at 121°C. The flasks were
carried out in a static horizontal position at 30°C for 72 h
with an initial moisture content varying from 65 to 75%
(wet basis) and an inoculum size ranging from 107 to 10®
CFU/ml, previously grown for 15 h in LB broth. All the
experiments were performed in triplicate and average
values are reported.
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Enzyme extraction

In the case of SSF, the crude enzyme was extracted by
mixing the Erlenmeyer content with a quantity of distilled
water (containing 0.1% Tween-80) equal to three times the
weight of the fermented matter. The mixture was homog-
enized on a rotary shaker (210 rpm) for 1 h at 30°C. Then,
I ml of the suspension was centrifuged for 10 min at
7,000 g at 4°C and the supernatant was kept for further use
in subsequent enzymatic assays.

Phytase assay

Phytase activity assays were performed as described by
Engelen et al. (1994). One phytase unit (U) was defined as
the amount of enzyme capable of releasing 1 pumol of
inorganic phosphate from phytic acid per minute under the
reaction conditions cited by Farhat et al. (2008). Phytase
production was expressed in U/ml or U/g of wheat bran.

Identification of critical culture variables in SF
using Plackett—-Burman design

A Plackett-Burman design was used to determine the
significant culture variables affecting phytase production by
Bacillus subtilis US417. A total of 15 variables (n) were
studied at two levels, high and low, denoted by (+) and (-),
respectively (Table 1). These variables were screened in 16
trials (n+1). The effect of each variable represented the
difference between the measurement averages of the high
and low levels of each factor, which was determined using
the following equation:

203 Yie =3 Vi)
N

where E(X;) is the concentration effect of the tested variable. ¥;
+ and Y, are the phytase activities from the trials where the
measured variable (X;) was present at the high and the low
concentration, respectively, and N is the number of trials.
Standard error (SE) of the concentration effect was the square
root of the variance of an effect and the significant level
(p-value) of the effect of each concentration was determined
using Student’s? test as given by the following equation:

E(xi)
SE

where Ey; is the effect of variable X; and #(X;) is the variance
of the estimator.

E(X:) =

(i) =

Optimization of screened variables in SF using RSM

The Box-Behnken design under a Response Surface
Methodology (RSM) was applied to find the optimum

levels of the significant variables identified by the
Plackett—-Burman design as affecting phytase production
in SF [i.e. inoculum size (I), yeast extract (YE) and
methanol (M)]. A total of 13 experiments were con-
ducted (Kammoun et al. 2009). Upon completion of the
experiments, phytase production was taken as the response
(Y). The data were subjected to multiple regression
analysis and the following empirical second order poly-
nomial equation was used to relate the measured response
to the independent variables:

Y :ﬂ0+2ﬁixi+2ﬁiix? +Zﬂy-x,»xj

where Y is the predicted response, (3, the intercept, 3;, (3>,
and (; the linear coefficients, 3;;, (5,5, and (33 the squared
coefficients, 3,5, (3»3 and ;3 the interaction coefficients
and x; and x; the independent variables.

Optimization of phytase production in SSF using RSM

An RSM methodology based on central composite design
was then applied to further enhance phytase production in
SSF. It aimed to optimize four variables: the three critical
variables so far identified in the investigation of SF (I, YE
and M) and a fourth factor specific to SSF, namely moisture
content (H). The minimum and maximum values of the
variables investigated are listed in Table 4 and a total of 28
trials was carried out. Phytase production at the end of the
fermentation was taken as the response (Y). The data were
then subjected to a multiple regression analysis to obtain an
empirical model that related the measured response to the
independent variables. A second order polynomial equa-
tion, similar to that generated for the SF, was obtained for a
four-factor system.

Validation of the experimental model

For SF, the statistical model was validated with respect to
phytase production under the optimized conditions pre-
dicted by the model in 0.25- to 0.5-1 shake-flasks. The
fermentation was operated at 30°C and 210 rpm, with pH=6.
The culture supernatants were used for the determination of
phytase activity.

Software tools

The Statistical Package for Social Sciences (SPSS, v.11.0.1
2001; LEAD Technologies, USA) was used in order to
analyze the experimental data and EXCEL (v.2003; Micro-
soft, USA) was employed to generate the response surface
curves that determine the optimum values of the variables
selected and support maximum enzyme titres.

@ Springer



158

Ann Microbiol (2012) 62:155-164

Table 1 Levels of variables to be screened using Plackett-Burman design

Variable Name Abbreviation Unit Low level (-) High level (-) Phytase Production
Effects t test Prob. > F

A Temperature T °C 30 40 —0.256 —1.538 0.0609
B pH pH - 6 7.5 —0.087 —0.521 0.1701
C Agitation R rpm 150 250 0.184 1.105 0.1049
D Log;o (Inoculum size) I CFU/ml 6.5% 7.5% 0.388 2.330 0.0166
E Phosphorus P % 0 0.0005" —0.255 —1.533 0.0612
F Methanol M % 0 0.5° 0.429 2.576 0.0105
G Glycerol GL % 0 0.5° —0.307 —1.845 0.0382
H Galactose GA % 0 0.5° 0.135 0.809 0.1395
I Urea U % 0 0.5° 0.166 0.997 0.1175
J Casein hydrolysate C % 0 0.5° 0.207 1.242 0.0897
K Yeast extract YE % 0 0.5° 0.504 3.027 0.0043
L (NH4),SO4 AS % 0 0.1° -0.129 -0.777 0.1431
M Triton X-100 TR % 0 0.5° —0.458 —2.752 0.0075
N Phytic acid PY % 0 0.0005° —0.043 —0.260 0.1893
o Corn steep liquor CSL % 30 40 0.209 1.253 0.0885

?log 10 of CFU/mL
o4 (wiv)

Results

Selection of basal substrate for phytase production prior
to statistical optimization

A Bacillus subtilis US417 strain has been reported to
produce an extracellular phytase activity (PHY US417)
at only 0.64 U/ml in SF when grown for 20 h with
wheat bran at 2% as a substrate (Farhat et al. 2008). In
order to become competitive with currently commercial-
ized ones, enzyme production levels must be maximized
and production costs minimized. With this concern in
mind, the present study involved a series of preliminary
assays that aimed to identify the best type and concentra-
tion of basal substrate prior to the statistical optimization
of Bacillus subtilis US417 phytase production. Three
substrates, namely wheat bran, gruel and glucose syrup,
were assayed at 2%. The maximum titre of phytase
production (0.78 U/ml) was achieved with wheat bran
after 24 h fermentation (data not shown). Further assays
were performed with the aim of optimizing the wheat bran
content of the culture and the highest phytase production
yield of 1.10 U/ml (equivalent to 22.0 U/g of wheat bran)
was achieved after 48 h fermentation when wheat bran
was used at 5% (data not shown). This level of phytase
production was, therefore, retained as an analytical value
of reference against which all subsequent experimental
data were compared.
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Screening of critical culture variables in SF

A set of 15 variables, namely temperature, initial pH,
inoculum size, agitation speed and a total of 11 culture
components (Table 1), were evaluated in terms of their
effects on PHY US417 production in SF using the Plackett—
Burman design as described by Kammoun et al. (2009). A
total of 16 trials were conducted. The results showed a wide
variation in the levels of phytase production, ranging from
0.001 to 3.454 U/ml (equivalent to 0.02—-69 U/g of wheat
bran). The values of the contrast coefficients were calcu-
lated based on the enzyme content in terms of all the
variables tested (Table 1). The results from statistical
analysis showed that phytase production was higher in
cultures having large inoculum sizes (I: log;o CFU/ml) and
yeast extract levels (YE: g/l) and, to a lesser extent, high
methanol levels (M: ml/l). Accordingly, these factors were
further optimized by RSM using Box-Behnken design.
Further investigations were performed wherein the temper-
ature (30°C), initial pH (6.5) and agitation (210 rpm)
parameters were maintained constant.

Optimization of the selected variables for maximum
phytase production in SF

Following screening, RSM was applied using the Box-
Behnken design described by Kammoun et al. (2009) to
find the optimal levels of the most significant variables
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Table 2 Box-Behnken matrix
with the coded and experimen- Runs I M YE Y: Phytase production (U/g of wheat bran)
tal values of the critical varia- -
bles and the observed and Observed Predicted
predicted values for three-level—
three-factor response surface 1 -1(7 —1(0.25) -1 (0.25) 75.1 79.4
analysis in SF 2 1(8) -1 (0.25) -1 (0.25) 67.3 62.4
3 -1(7) 1 (0.75) -1 (0.25) 96.9 71.4
4 1(8) 1 (0.75) -1 (0.25) 48.1 51.4
5 -1 (7) 0 (0.5) 0 (0.5) 110.3 87.8
R>=09157; R=0.9569. Values i~ © L®) 005 005 705 69.3
the parentheses indicate un-coded 7 =1(7) 0(0.5) 1 (0.75) 109.5 100.2
values (in log 10 of CFU/mL for I 8 1(8) 0 (0.5) 1 (0.75) 77.9 81.7
and in % w/v for M and YE). 9 0 (7.5) -1 (0.25) 0(0.5) 109.6 86.0
Experimental values are mean of
triplicates within +5 to+8% stan- 10 0(7.5) 1 (0.75) 0(0.5) 83.7 88.9
dard error 11 0(7.5) -1 (0.25) 1 (0.75) 95.0 92.2
I Amount of inoculums, M 12 0(7.5) 1 (0.75) 1 (0.75) 106.0 107.5
amount of methanol, YE amount 13 0 (7.5) 0 (0.5) 0 (0.5) 81.6 874

of yeast extract

affecting SF PHY US417 production (I, YE and M). The
mean values predicted by the model and observed exper-
imental responses are presented in Table 2. The phytase
production level varied from 48.1 to 110.3 U/g of wheat
bran. The regression model and significance of each term
were determined (data not shown). The data were then
subjected to analysis of variance (ANOVA) and the
following regression equation was obtained to describe
the level of phytase Y (U/g of wheat bran ) produced as a
function of inoculum density and yeast extract and
methanol contents:

Phytase (Y) = —1800.39 + 518.23 [-35.59 [°—5.84 IM
+99.16 MYE

The coefficient of determination R* was 0.916 for
phytase production. The coefficient of determination
(Adjusted R*), the proportion of variation in the indepen-
dent variable that can be explained by the predictors in the
regression model, was 0.874 for phytase production. The
statistical testing of the model was performed using Fisher’s
test for the analysis of variance (ANOVA) (Table 3). The F
value corresponding to phytase production was 21.7, which
was greater than the tabulated F value at the 0.0002 level of
significance, and the null hypothesis (i.e. that the factors are
not affecting enzyme production) was, therefore, rejected.

This indicated that the probability to accept the null
hypothesis was of 0.0002.

A Student’st test was performed to determine the
significance of the coefficients (Heck et al. 2006). The
coefficients of I and I* were highly significant (p<0.038
and p<0.034, respectively). Using the submerged process,
an increase in inoculum concentration, at a level of 1.6 -107
CFU/ml, had a positive effect on enzyme production. The
model revealed significant interactions between I and M
(»<0.003) and between M and YE (p<0.0002).

Phytase production was linked to inoculum size and
methanol level interaction especially at an inoculation
density level ranging from 1 x 107 to 3.16 x 10" CFU/ml.
Fig. 1 shows that the yield of phytase increased as the YE
content increased from 0.25 to 0.75%. At high levels of
YE, phytase secretion became more abundant with the
increase of the M content from 0.25 to 0.75%. Similarly,
the contour plot of the calculated response surface, for the
interaction between inoculum size (I) and methanol (M)
while keeping the yeast extract (YE) variable at its ‘0’ level,
showed that, at each level of inoculum size, a moderate
linear increase in phytase titer with increase in methanol
concentration of up to the “+1’ level (0.75%) (RSM not
presented). In addition, the contours were slightly inclined
to the horizontal, indicating a limited interaction between
the two variables.

Table 3 ANOVA for the selected

quadratic model in SF Sources Sum of squares Degrees of freedom Mean squares F value Prob. > F
enzyme production
Regression 2,811.633 4 702.908 21.734 0.0002
Residual 258.725 8 32.3406
Total 3,070.358 12

@ Springer



160

Ann Microbiol (2012) 62:155-164

@ 100-110
W 90-100
080-90
070-80

Fig. 1 Phytase production (U/g of wheat bran) observed as a response
to the interaction of methanol and yeast extract as variables and
inoculum size at the central point

Optimization of the PHY US417 production in SSF

RSM was used to optimize phytase production in SSF.
Three of the independent variables were those that were
identified in the SF investigation (namely, I, YE and M)
and the fourth one was the moisture content (H: ml/l), a
specific factor for SSF. This phase of the study involved the
application of a 2% factorial design with eight star points
and four replicates at the central points. The values of the
independent variables are given in Table 4. The production
yield varied from 14.4 to 78.11 U/g of wheat bran,
depending on the culture conditions. The regression
equation obtained after the analysis of variance (ANOVA)
provided the levels of phytase produced as a function of the
initial values of H, I, M and YE.

Y =1430.58 —415.92 1 +137.42 YE + 233.85 M

+0.0092 H* +27.95 I* — 283.85 MYE

The coefficient of determination R* was calculated as
0.93 for phytase production indicating that the statistical
model can explain 93% of the variability in the response.
This is also supported by data generated from the analysis
of variance (ANOVA) (data not shown). The computed
model F value of 46.38 was higher than the tabulated value
of Fy05(6,21)=2.57, demonstrating that the validity of the
model was significant at a confidence level of 5%.

The significance levels of the coefficients are determined
by P values and the Student’st test (data not shown).
Phytase production was significantly (»<0.05) affected by
L, I>, YE, M and the interaction between M and YE. The
quadratic term of moisture content (H?) had a lesser effect.
Within the range of the values tested, moisture content also
had a limited effect on phytase production. When the
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moisture content was maintained at a low level, phytase
production endured a decrease of about 15%.

Similar to Fig. 1., response surface curves plotted to
evaluate the interaction between the variables and to
determine the optimum level required for each variable
shows that the contours were diagonal to both axes,
suggesting a significant interaction between the two
parameters (response curve not included). As in the case
of SF, phytase production was maximized in the presence
of high levels of methanol. This behavior was similar to
that observed in SF (Fig. 1). However, unlike SF, at a low
level of YE, phytase production increased by increasing the
M content from 0.25 to 0.75%.

SF and SSF comparison

The RSM optimization of phytase production was achieved
by using the SF and SSF production processes. Our results
showed that both were function of I (I, I?) and the
interaction between M and YE. Also, yeast extract and
particularly methanol play a crucial role in phytase
production. Besides, SSF was governed by YE, M and to
a less extent by the quadratic term of moisture content (H?).
On the other hand, SF was slightly controlled by the
interaction between I and M. It should be noticed that the
phytase productivity was higher in SF [112 U/g of wb; 2.33
U/(g * h)] than in SSF [85 U/g of wb; 1.18 U/(g x h)].
According to our results, SF seems more convenient for
abundant enzyme production.

Validation of the optimum conditions

To validate the results predicted by the experimental
methodology, fermentation experiments were conducted
using the optimized culture conditions. For SF, the
optimum combination was found to be: I of 1.6 x 10’
CFU/ml, M and YE at 0.75 g/g of wheat bran. For SSF, on
the other hand, it was: H of 75%, I of 1 x 10® CFU/ml, M
of 0.75 g/g of wheat bran and YE 0.25 g/g of wheat bran.
Table 5 shows the comparison between the yield of phytase
from original and optimized media under the experimental
conditions. The yields obtained, of 112 and 85 U/g, were
very close to the predicted ones of 115 and 92 Ulg,
respectively. These results indicated a close agreement
between the predicted and the experimental responses.

Discussion

In the present study, statistically based experimental designs
were employed to optimize the culture medium and to assess
the effectiveness of SF and SSF processes for phytase
production. This approach allowed us to attain a relatively
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Table 4 Central composite design matrix for the optimization of variables in SSF

Runs Variables Phytase production (U/g of wheat bran)
H (%) I (log 10 of CFU/mL) YE (% w/v) M (% w/v) Observed Predicted
1 =1 (65) -1 (7) =1 (0.5) -1 (0.25) 17.6 17.3
2 1(75) -1 (7) =1 (0.5) -1 (0.25) 28.0 30.2
3 =1 (65) 1(8) =1 (0.5) -1 (0.25) 18.8 20.6
4 1(75) 1(8) -1 (0.5) -1 (0.25) 37.0 335
5 =1 (65) -1(7) 1(1) -1 (0.25) 51.3 49.6
6 1(75) -1(7) 1(1) -1 (0.25) 67.7 62.5
7 =1 (65) 1(8) 1(1) -1 (0.25) 57.6 52.9
8 1(75) 1(8) 1(1) -1 (0.25) 56.6 65.8
9 -1 (65) -1(7) -1 (0.5) 1(0.75) 58.1 58.0
10 1.(75) -1(7) -1 (0.5) 1(0.75) 71.5 71.0
11 -1 (65) 1(8) -1 (0.5) 1 (0.75) 62.1 61.3
12 1 (75) 1(8) -1 (0.5) 1 (0.75) 73.8 74.2
13 -1 (65) -1 (7) 1 (1) 1 (0.75) 17.0 19.3
14 1.(75) -1 (7) 1(1) 1(0.75) 32.0 323
15 —1 (65) 1(8) 1(1) 1(0.75) 22.5 22.6
16 1(75) 1(8) 1(1) 1(0.75) 42.0 35.5
17 -1 (65) 0 (7.5) 0 (0.75) 0 (0.5) 27.7 28.5
18 1(75) 0(7.5) 0 (0.75) 0 (0.5) 40.0 41.4
19 0 (70) -1(7) 0 (0.75) 0 (0.5) 39.0 423
20 0 (70) 1(8) 0 (0.75) 0 (0.5) 41.6 45.6
21 0 (70) 0(7.5) =1 (0.5) 0 (0.5) 33.0 36.3
22 0 (70) 0(7.5) 1(1) 0 (0.5) 33.0 33.1
23 0 (70) 0(7.5) 0 (0.75) -1 (0.25) 32 32,1
24 0 (70) 0(7.5) 0 (0.75) 1(0.75) 37 37,3
25 0 (70) 0(7.5) 0 (0.75) 0 (0.5) 35,7 34,7
26 0 (70) 0(7.5) 0 (0.75) 0 (0.5) 48, 34,7
27 0 (70) 0(7.5) 0 (0.75) 0 (0.5) 40,5 34,7
28 0 (70) 0(7.5) 0 (0.75) 0 (0.5) 42,3 34,7

Values in parentheses indicate un—coded values

high production yield (112.0 U/g) when wheat bran was used,
a low-cost phytate source that has been frequently reported in
the literature as a basal medium component for the production
of phytase (Ebune et al. 1995; Nampoothiri et al. 2004). The
activity produced, which was equivalent to 5.60 U/ml, was
actually greater than phytase titers achieved by Bacillus
laevolacticus (2.96 U/ml) (Gulati et al. 2007) and Escheri-
chia coli expressing the phytase gene from Bacillus sp. (4.29
U/ml) (Rao et al. 2008) under optimized conditions. It can
also be considered relatively high compared to other yields
previously attained using other by-products. For instance,
phytase titers of 44.5 and 64 U/g substrate were obtained by
Mucor racemosus NRRL 1994 and Rhizopus oryzae NRRL
1891 using a mixture of wheat bran/sesame oil cake
(Roopesh et al. 2006) and coconut /sesame oil cake
(Ramachandran et al. 2005), respectively.

A wide array of ingredients has previously been reported
in literature to exert significant effects on phytase produc-
tion, including carbon, nitrogen, phosphorus and surfactant
sources. Our results show that supplementation of methanol
in the culture medium, as carbon and energy source,
enhance phytase liberation. Enhancement of phytase pro-
duction in the presence of methanol could be due to the
synthesis of compounds from methanol assimilation which
stimulate the enzyme liberation (Dijkhuizen and Levering
1992). In the case of the present study, several organic and
inorganic nitrogenous sources were tested and the highest
phytase titer, in SF, was attained in the presence of 0.75%
(w/v) YE. This result corroborates the findings of previous
studies using Bacillus strains. Vuolanto et al. (2001) have,
for instance, screened different organic and inorganic
nitrogen sources for phytase production by a recombinant
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Table 5 Comparison of the original and optimized phytase production conditions using wheat bran at 5% as basal substrate

Medium Name

Concentration (%, w/v)

Predicted phytase production (U/g)  Phytase production (U/g)

Original SF medium Ammonium sulphate ~ 0.04

Magnesium sulphate  0.02

Calcium chloride 0.22
Optimized SF medium Inoculum (log I) 7.2
Yeast extract 0.75
Methanol 0.75
Optimized SSF medium  Moisture content 75
Inoculum (log 1) 8.0
Yeast extract 0.25
Methanol 0.75

- 22.0
110.0 112.0
92.0 85.0

Bacillus subtilis BD170. After selecting and further
exploring yeast extract and peptone, the authors concluded
that the growth yields achieved by YE were better than
those by peptone.

Concerning the effect of phosphorus supplementation,
various studies, particularly those focusing on fungi,
reported that the effect of this element is dose dependent
(Kim et al. 1999; Vats and Banerjee 2004) and that phytase
production was significantly enhanced at low phosphate
levels (0.005-0.02%) and severely inhibited at higher ones
(Kim et al. 1999). Some other studies, however, emphasized
that P supplementation, even at low concentrations, re-
pressed phytase secretion (Singh and Satyanarayana 2008).
The present study showed that the supplementation of the
wheat bran medium with inorganic P, even at low concen-
tration (0.0005% w/v), repressed phytase liberation (Table 1).
This result seems to be inconsistent with some reported
studies. This can be explained by the fact that media
compounds, particularly wheat bran, contain relatively high
inorganic phosphorus (more than 0.1%) (Servi et al. 2008).
Furthermore, Vuolanto et al. (2001), who assayed the
production of the phytase PhyC of Bacillus subtilis VTTE-
68013 in Bacillus subtilis BD170 using a phosphate
depletion inducible pst-promoter, have explained that cells
were probably able to liberate bound phosphate from YE,
which resulted in a lower phytase expression of the
recombinant phytase gene. Similarly, Arxula adeninivorans
CBS 7377 and A. adeninivorans CBS 8335 have been
previously reported to be able to secrete more phytase in the
phosphate-depleted yeast extract medium (Jareonkitmongkol
et al. 1997).

The surfactants have a stimulating effect on fungal
enzyme excretion due to their action on cell permeability
(Ebune et al. 1995). However, our result showed that 0.5 %
Triton X-100 did not have any effect on phytase production
of Bacillus subtilis US417. This finding is in accordance
with the results previously reported by Lan et al. (2002),
which indicated that optimum production could be achieved
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without any surfactant. The conflict in results may be
related to the difference in cell wall structure of fungi and
bacteria.

Furthermore, the current work showed that temperature,
pH and agitation, over the ranges studied, have limited
effects on phytase secretion. A temperature level ranging
from 30 to 40°C can be applied for the strain presented in
this study, which is in agreement with results previously
reported on Bacillus species described to produce phytase
at mesophilic temperature ranging from 37 to 39°C
(Sunitha et al. 1999; Lan et al. 2002). However, higher
temperatures have also been reported such as for Bacillus
laevolacticus (Gulati et al. 2007) and Bacillus DS11 (Kim
et al. 1998), which had an optimal temperature production
of 50°C. A thorough review of the literature concerning
phytase production by Bacillus sp. can lead to the
conclusion that while temperature, in the mesophilic range,
plays a crucial role in strain growth, it has a limited effect
on phytase liberation.

The production of phytase by B. subtilis US417 was not
greatly affected over a pH range of 6-7.5, with a maximal
production at pH 6.5, which is in agreement with other
previously reported results using Bacillus strains. For
example, the production of Bacillus laevolacticus phytase
in the pH range of 3.5-8.5 was not severely affected (Gulati
et al. 2007).

The great importance of the inoculum size on phytase
production by bacteria or fungi is also well emphasized in
the literature. In the case of the present study, RSM helped
demonstrate that production, in SF and SSF, is optimal at
high inoculum sizes. The literature reported that phytase
productions are, mostly cell growth-associated. This was
the case with Bacillus sp., KHU-10 (Choi et al. 1999),
Mucor racemosus NRRL 1994 (Roopesh et al. 2006) and
Aspergillus niger (Krishna and Nokes 2001).

The synergistic effect of the most influential operating
parameters, such as the nitrogen source, phytase production
inducer, salt, inoculum size, on phytase production was
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reported in several statistical optimizations. The present
study also showed a great interaction between YE and
methanol (M), which can be considered as an inducer. In
this respect, Sunitha et al. (1999) studied the production of
Bacillus sp. DS11 phytase in E. coli BL21 and noted a
substantial interaction between YE, NaCl, and tryptone,
respectively. One can conclude that, for most Bacillus sp.,
phytase liberation was related to the interaction between
elements in the culture media, particularly those including
nitrogen sources such as YE.

While comparing the optimized medium with the initial
SF conditions, the factorial experimental designs used in
the present optimization study enabled improvements, in
terms of phytase production by Bacillus subtilis US417 in
SF and SSF by 5- and 4-fold, respectively (Table 5). The
productivity of phytase by this bacterium in the case of SF
[2.33 U/(g x h)] was higher than that of SSF [1.18 U/
(g x h)]. In fact, reports on the comparative production of
phytase by these two fermentation processes are very
scarce, with only one study available in the literature in
which a direct comparison was undertaken, namely that by
Gunashree and Venkateswaran (2008).

Conclusions

The optimization of the factors (inoculum size, methanol and
yeast extract) showed that phytase productivity by Bacillus
subtilis US417 was higher in SF [2,330 U/(kg x h)] than in
SSF [1,180 U/ (kg x h)].
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