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Optimization of phytase production by solid substrate fermentation

Received: 12 August 2002 / Accepted: 6 January 2003 / Published online: 27 February 2003
� Society for Industrial Microbiology 2003

Abstract The production of phytase by three feed-grade
filamentous fungi (Aspergillus ficuumNRRL3135,Mucor
racemosus NRRL 1994 and Rhizopus oligosporus NRRL
5905) on four commonly used natural feed ingredients
(canola meal, cracked corn, soybean meal, wheat bran)
was studied in solid substrate fermentation (SSF). A. fic-
uum NRRL 3135 had the highest yield [15 IU phytase
activity/g drymatter (DM)] onwheat bran. By optimizing
the supplementation of wheat bran with starch and
(NH4)2SO4, phytase production increased to 25 IU/g
DM. Optimization was carried out by Plackett-Burman
and central composite experimental designs. Using opti-
mizedmedium, phytase, phosphatase, alpha-amylase and
xylanase production by A. ficuum NRRL 3135 was
studied in Erlenmeyer flask and tray SSF. By scaling up
SSF from flasks to stationary trays, activities of 20 IU
phytase activity/g DM were reproducibly obtained.

Keywords Phytase Æ Solid substrate fermentation Æ
Aspergillus ficuum Æ Optimization Æ Statistical
experimental design

Introduction

An indispensable requirement for sustainable agriculture
is the reduction of the environmental burden caused by

agricultural practices. Large-scale animal production
(pig and poultry farms and cattle feedlots) generates
enormous quantities of potentially hazardous waste.
Phosphorous (P) is an important pollutant in animal
waste. In grains, roughly 60–80% of P is tied up in
phytin, an organic acid that is not digestible by mo-
nogastric animals. Ruminant animals, such as cattle,
sheep, and goats, appear able to digest phytin only
partially. The phytin thus winds up in manure and liquid
effluent and can be degraded by aquatic microorgan-
isms, which causes environmental pollution. In the
European Union, laws limit the P content in animal
waste, and stiff penalties are set for exceeding that limit.
The United States will shortly introduce such regula-
tions, and other countries and regions are also expected
to do so [16, 25]. These regulations prompt farmers to
reduce P pollution by adding phytase to monogastric
animal feed.

Phytase is an enzyme that makes the P from phytin
available for animal digestion [21]. Reduction or elimi-
nation of inorganic phosphate supplementation to ani-
mal feed reduces P in the manure by about 33%, thus
cutting the pollution burden by one-third. The drawback
to the widespread application of phytase as a feed sup-
plement is the current high price of commercial phytase,
which may add US $2–3 per metric ton to the feed cost
[4]. The enzyme is currently produced by conventional
submerged fermentation (SF), a more expensive high
technology process.

An economical alternative for enzyme production
and application would be solid substrate fermentation
(SSF) [13, 20, 22, 32]. Many enzymes and other bio-
chemicals can be produced by SSF at a fraction of the
cost of SF production [29, 31]. Phytase may be produced
directly in SSF by filamentous fungi on selected feed
ingredients, and the crude product may be mixed in feed
rations as a value-added supplement. The fungal prod-
uct contains not only phytase, but also accessory en-
zymes, cellulases, hemicellulases, pectinases, amylases,
fungal protein and organic acids that increase feed di-
gestibility and access to phytin in plant cells [8, 9, 20, 22,
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23]. Phytase production by SSF is described in the lit-
erature without any rigorous studies on optimizing fer-
mentation conditions for maximal phytase production
[8, 9, 20, 21, 23, 26, 27]. Filamentous fungi of the genera
Aspergillus, Mucor and Rhizopus are the best producers
in SSF.

In this paper, SSF optimization and scale-up of
phytase production by selected fungi on selected sub-
strates are described.

Materials and methods

Fungi and inoculum preparation

Aspergillus ficuum NRRL 3135, Mucor racemosus NRRL 1994
and Rhizopus oligosporus NRRL 5905 strains were obtained from
the Northern Regional Research Center, (USDA, Peoria, Ill.).
Strains NRRL 1994 and NRRL 5905 are recommended to
produce the fermented foods sufu and tempeh, respectively. The
fungi were grown and maintained on potato dextrose agar
(PDA) slants. Viable spores from 6-day-old fully sporulated
slants were harvested by washing them with 0.1% Tween-80-
containing water, and the spore suspension was adjusted to 106

cfu (colony forming units on PDA plates) per milliliter for
inoculation.

Substrates

The substrates were obtained from the following companies: de-
fatted canola meal (Archer Daniels Midland, Velva, N.D.); corn
meal (local market); defatted soybean meal (Soybean Processors,
Volga, S.D.) and wheat bran (Cortez Milling Company, Cortez,
Colo.). Molasses was a gift from the Western Sugar Company
(Fort Morgan, Colo.). Corn steep liquor was purchased from
Sigma (St. Louis, Mo.).

SSF in Erlenmeyer flasks

Air-dried substrate (10 g) was placed in 500 ml cotton-plugged
Erlenmeyer flasks, supplemented with 5 ml salt solution containing
(g/l): NH4NO3, 23; MgSO4Æ7H2O, 4.6; NaCl, 4.6, and different
moisture levels were adjusted with tap water. The wet substrate was
sterilized at 121�C for 20 min. After it had cooled the substrate was
inoculated with 1 ml spore suspension of the respective fungus at
106 cfu/ml. The flasks were incubated for 3 days (M. racemosus and
R. oligosporus), or 4 days (A. ficuum) at 26±1�C, unless otherwise
noted. All experiments were carried out in duplicate. The results
shown are average values.

SSF in trays

Air-dried wheat bran (1,500 g) was wetted with 2.25 l of a solution
containing 20 g/l starch and 17 g/l (NH4)2SO4, sterilized at 121�C
for 60 min. The cooled substrate was inoculated with 150 ml spore
suspension of A. ficuum NRRL 3135 containing 106 cfu/ml. The
moisture content of the inoculated substrate was 62%. The inoc-
ulated substrate was spread on a separately sterilized aluminum
tray (780·510·80 mm) to about 3 cm thick, covered with two
layers of plastic wrap, and incubated for 5 days at 26±1�C in a
99% relative humidity chamber. The trays were ventilated twice
each day for a few minutes. Samples were taken aseptically each
day from different parts of the trays to obtain representative
composite samples.

Analytical methods

Enzyme activities were determined from the culture extracts (SSF).
SSF samples were extracted with water containing 0.1% Tween-80
(10 ml water/g dry substrate), by shaking them for 1 h at 200 rpm
at room temperature (�25�C). The suspension was centrifuged
(10,000 g, 10 min) and the supernatant was stored at 4�C until
assays were performed.

Alpha-amylase activity was determined as described by Okolo
et al. [19]. The reaction mixture consisted of 1.25 ml 1% soluble
starch (Merck, Darmstadt, Germany) solution, 0.25 ml 0.1 M so-
dium acetate buffer (pH 5.0), 0.25 ml distilled water and 0.25 ml
appropriately diluted crude enzyme solution. After 10 min incu-
bation at 50�C, the liberated reducing sugars (glucose equivalent)
were estimated by the dinitrosalicylic acid method of Miller [17].
One unit of alpha-amylase is defined as the amount of enzyme
releasing 1 lmol glucose equivalent per minute under the assay
conditions.

Phytase activity was assayed by measuring the inorganic
phosphorus released from sodium phytate solution using the
method described by Harland and Harland [11]. The reaction
mixture consisted of 1 ml 0.1 M MgSO4Æ7H2O, 2.4 ml 6.82 mM
phytic acid and 0.6 ml appropriately diluted crude enzyme solu-
tion. The MgSO4Æ7H2O and phytic acid solutions were prepared
with 0.2 M sodium acetate buffer (pH 5.15). The reactions were
carried out at 55�C for 60 min, and were stopped by adding 0.5 ml
10% trichloroacetic acid. The blue color was developed by adding
first 1 ml water and then 2.5 ml Taussky-Schoor reagent. After the
contents were mixed, the absorbance was read immediately at
660 nm. One unit of phytase is defined as the amount of enzyme
releasing 1 lmol inorganic P per minute under the assay condi-
tions.

Phosphatase activity against 4-nitrophenyl phosphate was
determined by incubating 1 ml of properly diluted crude enzyme
solution with an equal volume of 0.64% 4-nitrophenyl phos-
phate disodium salt dissolved in 0.2 M sodium acetate buffer
(pH 5.15) [24]. After 15 min of incubation at 37�C the reaction
was terminated by cooling. The color developed by the liberated
p-nitrophenol was measured spectrophotometrically at 420 nm.
One unit of phosphatase is defined as the amount of enzyme
releasing 1 lmol p-nitrophenol per minute under the assay con-
ditions.

Xylanase activity was assayed using a 1% solution of xylan
(4-O-methyl glucuronoxylan from birchwood; Sigma) as a sub-
strate [3]. The release of reducing sugars in 10 min at 50�C was
measured as xylose using the dinitrosalicylic acid method [17]. One
unit of xylanase is defined as the amount of enzyme releasing
1 lmol xylose equivalent per minute under the assay conditions.

Soluble protein was determined spectrophotometrically
according to the method described by Lowry et al. [14].

Optimization studies and statistical analysis

Plackett-Burman screening designs allow the testing of multiple
independent variables within a single experiment [28]. After the
independent variables and their corresponding levels have been
selected, the experiments are performed and the responses, such as
enzyme production, are measured. These experiments were carried
out in flasks using 10 g air-dried wheat bran plus 11 medium
ingredients, including 3 carbon sources, 3 organic nitrogen sources,
4 inorganic nitrogen sources and 1 inorganic phosphate source,
under the conditions described above at constant 60% moisture
content. The effect of each variable upon the measured response
was determined by the difference between the average of the + and
) responses. The significance level of the effect of each variable was
determined by Student’s t test. The effect of a factor is considered
to be significant, if ta/2<t(12). ta/2=2.179 at the probability level of
a £ 0.05 and df=12.

Central composite design was carried out to determine the
optimal concentrations of the two variables previously selected by
Plackett-Burman design [6, 10]. Using this design, each factor can
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be set at five levels, coded )a, )1, 0, +1, +a. Optimizing
two factors includes a full 22 factorial design with four possible
combinations of the two factors at level )1 or +1 augmented with
two replications of the center point and the four star points. Star
points have an axial distance to the center of ±a for one factor,
whereas the other factor is at level 0. The axial distance ‘‘a’’ was
chosen to be 1.414 to make this design rotatable.

Statistica for Windows (StatSoft, Bedford, UK) was used for
regression analysis of the experimental data obtained. To de-
termine the significance of the regression coefficients, a t-test was
applied. All experimental designs were randomized. Experiments
were performed in duplicate in flasks and the average values are
shown.

Results and discussion

Phytase production on common feed ingredients

Phytase was produced by three feed-grade filamentous
fungi on four commonly used natural feed ingredients.
The phytase activities obtained at the optimum moisture
level for each substrate are shown in Table 1. A. ficuum
NRRL 3135 gave the highest yield [15.29 IU phytase
activity/g dry matter (DM)] at 60% moisture level on
wheat bran. Moisture content of the medium in SSF is
very important for the growth of microorganisms, pro-
duction of enzymes and for enzyme activity. The effect
of moisture content on phytase production by A. ficuum,
M. racemosus and R. oligosporus, in four different sub-
strates (canola meal, cracked corn, soybean meal, wheat
bran) was compared in SSF as described in Materials
and methods, using three different moisture levels
(Fig. 1). Moisture content influenced phytase produc-
tion significantly. Each substrate and each fungus had its
own optimal moisture content for phytase production.
With A. ficuum the best relative growth and phytase
production were observed on wheat bran. R. oligosporus
grew well on wheat bran but produced phytase only on
canola meal. The phytase-producing potential of various
filamentous fungi by SSF has been examined in more
detail elsewhere [5]. Among fungi examined, M. rac-
emosus NRRL 1994 produced the best result, 26 IU
phytase activity/g DM on optimized coconut press cake

medium [5]. Others have reported good growth and
phytase production on canola meal, and on a mixture of
wheat bran and soybean meal [1, 8, 15, 23].

Optimization of medium composition
for SSF by A. ficuum

The chemical composition of the different feed ingredi-
ents, the quality of the carbon and nitrogen sources and
the phosphate content may regulate phytase production.
In a preliminary study, it was found that, at equivalent
nitrogen levels, ammonium sulfate and ammonium
chloride were better than ammonium nitrate or other
natural nitrogen sources for phytase production by
A. ficuum NRRL 3135 (data not shown). The impor-
tance of the quality of the nitrogen source was also
observed in cellulase and xylanase production by SSF,
possibly by affecting pH regulation [29, 30]. In another
preliminary study it was found that a KH2PO4 level
above 10 mg/g DM substrate inhibited phytase pro-
duction by A. ficuum NRRL 3135 in SSF (data not
shown). Phosphate inhibition of phytase production in
SSF was also observed for M. racemosus NRRL 1994 [5]
and this has been corroborated by other researchers for
A. ficuum [8] and A. carbonarius [2].

In a systematic study aimed at optimizing phytase
production by A. ficuum NRRL 3135 in SSF, wheat
bran was supplemented with 11 ingredients that are very
likely to influence enzyme production. These include
carbohydrates, nitrogen sources and phosphate. The
effect of the selected 11 ingredients was studied in an
11-factor Plackett-Burman design (Table 2). The re-
gression coefficients and t-values for the 11 ingredients
are presented in Table 3. The coefficient of determina-
tion, r2, was calculated to be 0.96. This indicates that the
model explains 96% of the variability in the data.
Starch, urea and ammonium salts constituted positive
effects on the production of phytase by the fungal
culture. Based on these results, starch and ammo-
nium sulfate were chosen for determination of their
optimal concentrations in the SSF medium by central

Table 1 Comparison of relative growth (X) and production of
phytase activity (PA) by three filamentous fungi on natural feeding
redients in solid substrate fermentation (SSF). Fermentation con-
ditions:10 g air-dried substrate in a 500 ml Erlenmeyer flask was
supplemented with 5 ml salt solution containing (g/l) NH4NO3, 23;
MgSO4Æ7H2O, 4.6; NaCl, 4.6; different moisture levels were

adjusted by adding water; inoculum: 105 spores/g substrate; incu-
bation temperature: 26±1�C; fermentation time: 3 days for Mucor
racemosus and Rhizopus oligosporus and 4 days forAspergillus
ficuum. Optimal moisture content for each substrate is shown in
parentheses

Strain Substrate

Canola meal Corn meal Soybean meal Wheat bran

Xa PAb X PA X PA X PA

A. ficuum NRRL 3135 +++ 5.73 (60%) ++ 1.94 (60%) ++ 7.18 (60%) ++++ 15.29 (60%)
M. racemosus NRRL 1994 +++ 5.78 (70%) +++ 0.51 (60%) +++ 1.36 (70%) +++++ 7.91 (75%)
R. oligosporus NRRL 5905 ++ 6.31 (70%) +++ 0.10 (60%) + 1.36 (70%) +++++ 0.78 (70%)

aIntensity of growth by visual observation
bIU/g dry matter (DM)
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composite design. The design of this experiment and the
experimental results are shown in Table 4. Analysis of
variance was performed in order to validate the regres-
sion model. The regression coefficients, t- and P-values
are presented in Table 5. The fit of the model is ex-
pressed by r2, which was calculated to be 0.88. The
model therefore accounts for 88% of the response. The
coordinates of the maximum point were found to be
A=)0.13, B=0.16, corresponding to the optimal sup-
plementation levels for starch and ammonium sulfate of
3.0 and 2.55 g/100 g dry wheat bran, respectively
(Fig. 2). In all further experiments wheat bran was
supplemented with these optimized levels of starch and
ammonium sulfate.

Fig. 1a–d Effect of moisture
content on phytase production
by three filamentous fungi in
solid substrate fermentation on
natural feed ingredients.
Fermentation conditions: 10 g
air-dried substrate in a 500 ml
Erlenmeyer flask was
supplemented with 5 ml salt
solution containing (g/l)
NH4NO3, 23; MgSO4Æ7H2O,
4.6; NaCl, 4.6 and different
moisture levels were adjusted by
adding water; inoculum: 105

spores/g substrate; incubation
temperature: 26±1�C;
fermentation time: 3 days.
Mucor racemosus NRRL 1994
(horizontally shaded bars),
Rhizopus oligosporus NRRL
5905 (vertically shaded bars)
and 4 days Aspergillus ficuum
NRRL 3135 (white bars). a
Defatted canola meal, b corn
meal, c defatted soybean meal,
d wheat bran

Table 2 Plackett-Burman design for 11 wheat bran supplements,
assigned concentrations of factors at different levels and the ex-
perimental results. Fermentation conditions: 10 g air-dried wheat

bran and different additives; moisture level: 60%; inoculum: 105

spores of A. ficuum NRRL 3135/g substrate; incubation tempera-
ture: 26±1�C; fermentation time: 4 days

Trial
no.

Factors and factor levels (g/g dry substrate %) Phytase activity
(IU/g DM)

Starch Glucose Molasses Corn steep
liquor

Soybean
meal

Urea NH4NO3 NH4Cl (NH4)2SO4 KNO3 KH2PO4

1 4.5 0.45 9.0 0 0 0 0.56 0.75 0.93 0 0.75 17.7
2 4.5 4.5 0.9 12 0 0 0 0.75 0.93 1.41 0 12.8
3 0.45 4.5 9.0 0 6.4 0 0 0 0.93 1.41 0.75 6.9
4 4.5 0.45 9.0 12 0 0.43 0 0 0 1.41 0.75 9.0
5 4.5 4.5 0.9 12 6.4 0 0.56 0 0 0 0.75 11.0
6 4.5 4.5 9.0 0 6.4 0.43 0 0.75 0 0 0 11.6
7 0.45 4.5 9.0 12 0 0.43 0.56 0 0.93 0 0 14.0
8 0.45 0.45 9.0 12 6.4 0 0.56 0.75 0 1.41 0 10.4
9 0.45 0.45 0.9 12 6.4 0.43 0 0.75 0.93 0 0.75 15.5
10 4.5 0.45 0.9 0 6.4 0.43 0.56 0 0.93 1.41 0 14.1
11 0.45 4.5 0.9 0 0 0.43 0.56 0.75 0 1.41 0.75 11.7
12 0.45 0.45 0.9 0 0 0 0 0 0 0 0 10.3
13 2.48 2.48 4.95 6.0 3.2 0.21 0.28 0.38 0.47 0.71 0.38 13.6

Table 3 Results of regression analysis for the Plackett-Burman
design. Coefficient of determination, r2=0.96

Term Coefficient t-value P-value

Intercept 12.17 78.29 0.000
Starch 0.61 3.75 0.002
Glucose )0.77 )4.74 0.000
Molasses )0.48 )2.97 0.011
Corn steep liquor )0.03 0.20 0.841
Soybean meal )0.49 )3.06 0.009
Urea 0.56 3.47 0.004
NH4NO3 1.07 6.61 0.000
NH4Cl 1.19 7.41 0.000
(NH4)2SO4 1.4 8.69 0.000
KNO3 )1.27 )7.90 0.000
KH2PO4 )0.11 )0.70 0.497
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Estimation of the economy of phytase production
by SSF

The kinetics of phytase production by laboratory scale
SSF on the optimized wheat bran medium is shown in
Fig. 3. Phytase activity reached 25 IU/g DM in 4 days,
accompanied by significant activities of other hydrolytic

enzymes, such as alpha-amylase, xylanase and phos-
phatase, necessary for the efficient degradation of phytin
in plant cells.

In an attempt to approximate industrial condi-
tions for phytase production, SSF was conducted in a
stationary tray, similar to conditions in traditional Koji
reactors [18]. In this way 3.75 kg crude SSF enzyme was
produced in one batch in a tray, enough for feed eval-
uation. In this first attempt 20 IU phytase activity/g DM
substrate was reached in 4 days, together with substan-
tial levels of other hydrolytic enzymes (Fig. 4). These
results are encouraging for optimization under pilot
scale or industrial scale conditions.

The product of this fermentation is an enriched feed
ingredient that contains phytase and hydrolytic
enzymes that can be easily mixed with other ingredi-
ents in feed. The economy of the SSF enzyme appears
to be favorable. Assuming a modest phytase produc-
tion of 20 IU/g DM substrate, a recommended
400 IU/kg feed supplementation would require only
20 kg crude SSF enzyme (whole SSF culture) to be
added to each metric ton (MT) of feed. By using an
assumed fermentation cost of US $50/MT substrate
(based on comparison with the costs of established
SSF processes, composting about US $6/MT, ensiling
about US $10/MT, malting about US $20/MT), the
estimated cost could be an affordable US $1.00/MT
feed. In the literature, phytase production by SF is in
the range 0.1–15 IU/ml [7, 12, 23], corresponding to
2.0–300 IU/g DM substrate in a 5% slurry. These data
are subject to a large degree of uncertainty, because
different authors use different techniques for phytase
determination. At such production levels the cost of
the crude enzyme would be much higher than the cost
of the SSF enzyme. To have the same economy as
SSF, about 80 IU/ml SF production would be neces-
sary to achieve the same US $1.00/MT enzyme cost.
(assumption: 5 l crude enzyme/MT feed at 400 IU/kg
feed level; at US $200/m3 fermentation cost the 5 l

Table 4 Central composite design, assigned concentrations of
starch and ammonium sulfate at different levels and the experi-
mental results. Fermentation conditions: 10 g air-dried wheat bran
and different additives; moisture level: 60%; inoculum: 105 spores
of A. ficuum NRRL 3135/g substrate; incubation tempera-
ture:26±1�C; fermentation time: 4 days

Trial no. Levels Phytase activity

(g/g dry substrate %) (IU/g DM)

Starch (A) (NH4)2SO4 (B)

1 1.3 0.9 16.7
2 1.3 3.9 17.5
3 5.1 0.9 15.0
4 5.1 3.9 18.3
5 0.5 2.4 22.9
6 5.9 2.4 20.7
7 3.2 0.3 13.1
8 3.2 4.5 18.6
9 3.2 2.4 25.1
10 3.2 2.4 22.6

Table 5 Results of regression analysis of the centralcomposite
design. Coefficient of determination, r2=0.88

Term Coefficient t-value P-value

Intercept 23.83 26.58 0.000
A )0.49 )1.10 0.288
B 1.49 )2.52 0.005
AB 0.62 0.98 0.344
A2 )1.49 3.32 0.025
B2 )4.46 )7.53 0.000

Fig. 2 Contour plot reflecting
the effect of quantity of starch
and ammonium sulfate on
phytase production of A. ficuum
NRRL 3135. Fermentation
conditions: 10 g air-dried wheat
bran supplemented with
different concentration levels of
starch and (NH4)2SO4;
moisture level: 60%; inoculum:
105 spores/g substrate;
incubation temperature:
26±1�C
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enzyme would cost US $1.00). Such a high produc-
tivity may be achieved only with genetically improved
strains. The reported results in SSF, however, were
reached with a natural wild strain, thus the potential
for genetic improvement is very high.

Conclusions

Phytase may be produced efficiently on natural feed in-
gredients by different filamentous fungi in SSF, most
efficiently by A. ficuum on wheat bran. By nutrient op-
timization—selecting the most appropriate carbon and
nitrogen sources—the production level was increased by
50%. Scale-up in simple tray reactors produced ade-

quate results, but advanced bioreactors that provide
accurate moisture and temperature control, as well as
optimized O2 mass transfer, promise further process
improvement. SSF appears to be a more efficient, less
costly, more directly applicable process than currently
available SF technology. The accessory hydrolytic en-
zymes represent a bonus value, and greatly increase the
feed value, digestibility and accessibility of plant phytin
to phytase attack. The SSF enzyme would compete fa-
vorably with the best available commercial phytase
preparations.
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Fig. 3a, b Kinetics of solid substrate fermentation by A. ficuum
NRRL 3135 in 500 ml Erlenmeyer flasks. a pH and soluble protein,
b enzyme activities. Fermentation conditions: 10 g air-dried wheat
bran was supplemented with 15 ml nutrient solution containing
20 g/l starch, 17 g/l (NH4)2SO4; inoculum: 105 spores/g substrate;
incubation temperature: 26±1�C

Fig. 4a, b Kinetics of solid substrate fermentation by A. ficuum
NRRL 3135 in a tray (koji) bioreactor. a pH and soluble protein, b
enzyme activities. Fermentation conditions: 1,500 g air-dried wheat
bran on an aluminum tray (780 · 510 · 80 mm) was supplemented
with 2.25l nutrient solution containing 20 g/l starch, 17 g/l
(NH4)2SO4; inoculum: 105 spores/g substrate; incubation temper-
ature: 26±1�C

188



References

1. Al-Asheh S, Duvnjak Z (1995) Phytase production and
decrease of phytic acid content in canola meal by Aspergillus
carbonarius in solid-state fermentation. World J Microbiol
Biotechnol 11:228–231

2. Al-Asheh S, Duvnjak Z (1995) The effect of phosphate con-
centration on phytase production and the reduction of phytic
acid content in canola meal by Aspergillus carbonarius during a
solid-state fermentation process. Appl Microbiol Biotechnol
43:25–30

3. Bailey MJ, Biely P, Poutanen K (1992) Interlaboratory testing
of methods for assay of xylanase activity. J Biotechnol 23:257–
270

4. Balander R (1998) Egg production and egg specific gravity in
laying hens fed reduced phosphorous diets supplemented with
phytase. In: Lyons TP, Jaques KA (eds) Proceedings of All-
tech’s 14th Annual Symposium. Passport to the year 2000,
biotechnology in the feed industry. Nottingham University
Press, UK, pp 411–422

5. Bogar B, Szakacs G, Pandey A, Sabu A, Linden JC, Tengerdy
RP (2002) Phytase production by Mucor racemosus in solid
state fermentation. Biotechnol Prog (in press)

6. Box GEP, Hunter JS (1957) Multifactor experimental design
for exploring response surfaces. Ann Math Stat 28:95–241

7. Chelius MK, Wodzinski RJ (1994) Strain improvement of
Aspergillus niger for phytase production. Appl Microbiol Bio-
technol 41:79–83

8. Ebune A, Al-Asheh S, Duvnjak Z (1995) Production of phytase
during solid state fermentation using Aspergillus ficuum NRRL
3135 in canola meal. Bioresour Technol 53:7–12

9. Ebune A, Al-Asheh S, Duvnjak Z (1995) Effect of phosphate,
surfactants and glucose on phytase production and hydrolysis
of phytic acid in canola meal by Aspergillus ficuum during solid-
state fermentation. Bioresour Technol 54:241–247

10. Haltrich D, Laussamayer B, Steiner W (1994) Xylanase for-
mation by Sclerotium rolfsii: effect of growth substrates and
development of culture medium using statistically designed
experiments. Appl Microbiol Biotechnol 42:522–530

11. Harland BF, Harland J (1980) Fermentative reduction of
phytate in rye, white, and whole wheat breads. Cereal Chem
57:226–229

12. Kim DS, Godber S, Kim HR (1999) Culture conditions for a
new phytase producing fungus. Biotechnol Lett 21:1077–1081

13. Lonsane BK, Ghildyal NP (1993) Exoenzymes. In: Doelle HW,
Mitchell DA, Roltz CE (eds) Solid state cultivation. Elsevier,
Amsterdam, pp 191–210

14. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951)
Protein measurement with Folin phenol reagent. J Biol Chem
193:265–275

15. Mandviwala TN, Khire JM (2000) Production of high activity
thermostable phytase from thermotolerant Aspergillus niger in
solid state fermentation. J Ind Microbiol Biotechnol 24:237–
243

16. McCoy M (1998) Enzymes emerge as big AG feed supplement.
Chem Eng News May 4, pp 29–30

17. Miller GL (1959) Use of dinitrosalicylic acid reagent for
determination of reducing sugar. Anal Chem 31:426–428

18. Mitchell DA, Lonsane BK, Durand A, Renaud R, Almanza S,
Maratray J, Desgranges C, Crooke PS, Hong K, Tanner RD,
Malaney GW (1992) General principles of reactor design and
operation for SSC. In: Doelle HW, Mitchell DA, Rolz CE (eds)
Solid substrate cultivation. Elsevier, Amsterdam, pp 115–141

19. Okolo BN, Ezeogu LI, Mba CN (1995) Production of raw
starch digesting amylase by Aspergillus niger grown on native
starch sources. J Sci Food Agric 69:109–115

20. Pandey A, Selvakumar P, Soccol CR, Nigam P (1999) Solid
state fermentation for the production of industrial enzymes.
Curr Sci 77:149–162

21. Pandey A, Szakacs G, Soccol CR, Rodriguez-Leon JA, Soccol
VT (2001) Production, purification and properties of microbial
phytases. Bioresour Technol 77:203–214

22. Pandey A, Soccol CR, Rodriguez-Leon JA, Nigam P (2001)
Solid state fermentation in biotechnology: fundamentals and
applications. Asiatech, New Delhi

23. Papagianni M, Nokes SE, Filer K (1999) Production of phytase
by Aspergillus niger in submerged and solid-state fermentation.
Process Biochem 35:397–402

24. Pasamontes L, Haiker M, Wyss M, Tessier M, van Loon AP
(1997) Gene cloning, purification, and characterization of a
heat-stable phytase from the fungus Aspergillus fumigatus. Appl
Environ Microbiol 63:1696–1700

25. Pluske JR, Lindemann MD (1998) Enzyme supplementation of
pig and poultry diets. In: Lyons TP, Jaques KA (eds) Pro-
ceedings of Alltech’s 14th Annual Symposium. Passport to the
year 2000, biotechnology in the feed industry. Nottingham
University Press, UK, pp 375–392

26. Sabu A, Sarita S, Pandey A, Bogar B, Szakacs G, Soccol CR
(2001) Coconut oil cake as substrate for the production of
phytase by Rhizopus oligosporus. Poster at International Con-
ference on New Horizons in Biotechnology, 18–21 April 2001,
Trivandrum, India

27. Sarita S, Sabu A, Pandey A, Szakacs G, Soccol CR (2001)
Extracellular phytase of Aspergillus ficuum in solid substrate
fermentation. Poster at International Conference on New
Horizons inBiotechnology, 18–21April 2001,Trivandrum, India

28. Stowe RA, Mayer RP (1966) Efficient screening of process
variables. Ind Eng Chem 58:36–40

29. Szakacs G, Tengerdy RP (1996) Production of cellulase and
xylanase with selected filamentous fungi by solid substrate
fermentation. In: Jeffries TW, Viikari L (eds) Enzymes for pulp
and paper processing. ACS Symposium Series 655, American
Chemical Society, Washington, D.C. pp 175–182

30. Szakacs G, Tengerdy RP (1997) Lignocellulolytic enzyme
production on pretreated poplar wood by filamentous fungi.
World J Microbiol Biotechnol 13:487–490

31. Szakacs G, Urbanszki K, Tengerdy RP (2001) Solid state en-
zymes for fiber hydrolysis. In: Himmel ME, Baker JO, Saddler
JN (eds) Glycosyl hydrolases for biomass conversion. ACS
Symposium Series 769, American Chemical Society, Washing-
ton, D.C., pp 190–203

32. Tengerdy RP (1996) Cellulase production by solid substrate
fermentation. J Sci Ind Res 55:313–316

189


