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Abstract Phytase can be used in animal’s diets to

increase the absorption of several divalent ions, amino

acids and proteins and to decrease the excessive phos-

phorus release in manure to prevent negative effects on the

environment. This study aimed to enhance the current

submerged fungal phytase productions with a novel fer-

mentation technique by evaluating the effect of the various

microparticles on Aspergillus ficuum phytase production. It

was observed that microparticles prevented bulk fungal

pellet growth, decreased average fungal pellet size and

significantly increased phytase activity in the submerged

fermentation. Microbial structure imaging results showed

that the average fungal pellet radius decreased from 800 to

500 and 200 lm by addition of 15 g/L aluminum oxide and

talcum, respectively, in shake-flask fermentation. Also,

addition of 15 g/L of talcum and aluminum oxide increased

phytase activity to 2.01 and 2.93 U/ml, respectively,

compared to control (1.02 U/ml) in shake-flask fermenta-

tion. Additionally, phytase activity reached 6.49 U/ml

within 96 h of fermentation with the addition of 15 g/L of

talcum, whereas the maximum phytase activity was only

3.45 U/ml at 120 h of fermentation for the control in the

1-L working volume bioreactors. In conclusion,

microparticles significantly increased fungal phytase

activity and production yield compared to control

fermentation.
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Introduction

Phytate is the major phosphate source in plants, which is

especially abundant in legumes, cereals, pollens and nuts.

In plants, phytate is generally used during germination for

ATP synthesis [1]. However, phytate is a very strong

chelating agent, which has several negative effects on

animal and human health. Phytate can bind proteins, amino

acids, and divalent ions such as Ca?2, Mg?2, Zn?2, Cu?2,

Fe?2, and Mn?2 in vivo and create insoluble salt forms. As

a result of this, absorption and utilization of these nutrients

decrease [2]. Because of these reasons, consumption of

phytate-rich diets may have several health problems such

as iron deficiency, bone weakness, tooth decay, and

digestion problems [3, 4]. Several environmental issues

have also been reported about phytate consumption.

Monogastric animals such as chickens and pigs are not able

to break phytate, because they do not have the necessary

microflora in their digestive systems [5]. Since these

monogastric animals are generally fed with phytate-rich

compounds such as wheat, rice, and corn, excessive

amount of phosphorus accumulates in their manure. This

excessive phosphorus secretion causes environmental

problems such as water pollution, algal blooms, fish kills,

and changing of fauna and flora [5]. However, these

problems can be overcome, if the diets are supplemented

with phytase to decrease phytate content in the feed. In
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several studies, a positive effect of phytase application

on animal growth and environment has been shown.

Aspergillus niger phytase was used to pretreat a corn-

soybean diet for broilers and showed that the phosphorus

availability increased by 60 % and decreased phosphorus

in the manure by 50 % [6]. Phytase also helped to

improve body weight of male and female broilers by

13.2 and 5.8 %, respectively, after 21 days on a diet

supplemented with phytase. Another positive effect of

phytase application was that phytase supplementation

increased the relative retention of total P-3, Ca?2, Cu?2,

and Zn?2 by 12.5, 12.2, 19.3, and 62.3 %, respectively,

in broilers [7].

Phytase can be obtained from plants, but more com-

monly from microorganisms. Molds were most commonly

used for phytase production in several studies. Cowieson

et al. [8] used A. niger phytase in animal diets and reduced

phytate content by 35–40 %. In another study, Shah et al.

[9] reported that optimization of the fermentation medium

for phytase production with A. niger NCIM 563 in sub-

merged batch fermentations doubled phytase activity

compared to initial values. Similarly, submerged phytase

production with A. niger NCIM 56 was performed by

Bhavsar et al. [10] and they reported almost sixfold

increase in phytase activity after performing mutations on

the microorganism and modifications on the fermentation

medium. In our previous studies, phytase activity with A.

ficuum was increased from 1.02 to 2.27 U/ml and 3.45 U/

ml in batch fermentations after optimization of growth

parameters and fermentation medium, respectively [11,

12]. However, the cultivation of filamentous microorgan-

isms is commonly accompanied by several problems, such

as clumpy growth and insufficient mass transfer, which

may result in reduced productivity. To overcome these

problems, microparticles can provide a solution. Micro-

particle addition is a novel approach for cultivation of fil-

amentous microorganisms and product formation to

increase the overall yield of the process [13–15]. Addi-

tionally, the morphology of filamentous microorganisms

during fermentation is an important issue for the desired

product formation, supplying substrate, and creating

effective agitation in the bioreactors. Therefore, micro-

particles can provide precise control of filamentous

microorganism morphology during fermentation by pre-

venting bulk fungal growth [15]. To date, microparticles

such as talcum (magnesium silicate), aluminum oxide, and

titanium oxide were used in several studies to increase the

yield in fermentations of filamentous microorganisms.

Driouch et al. [14] studied A. niger fermentation in the

presence of 0–50 g/L TiSiO4. They reported that 25 g/L of

TiSiO4 addition increased fructofuranosidase and gluco-

amylase enzymes productions by 3.7- and 9.5-fold,

respectively, compared to control in shake flasks.

Additionally, they studied the effect of microparticles on

microbial morphology and reported that pellet diameter

was reduced from 1.7 to 0.3 mm when 25 g/L concentra-

tion of TiSiO4 was added into the fermentation medium

[14]. In another study, Kaup et al. [13] studied the effect of

aluminum oxide and talcum as microparticles on chlorop-

eroxidase production by Caldariomyces fumago. They

observed that particles around 500 lm diameter did not

make any difference in growth morphology and production

on chloroperoxidase production of Caldariomyces fumago.

On the other hand, particles smaller than 42 lm diameter

dispersed Caldariomyces fumago to single hyphae, which

enhanced enzyme production by fivefold. Driouch et al.

[16] also reported that fructofuranosidase production by A.

niger was enhanced by 3.5-fold in the presence of micro-

particles of either 10 g/L of talcum or 20 g/L aluminum

oxide in the fermentation medium compared to the control.

Currently, there is no study available about the effect of

microparticles on fungal phytase production. Therefore,

this study is undertaken to enhance A. ficuum phytase

activity by evaluating talcum and aluminum oxide as

microparticles.

Materials and methods

Microorganism

Aspergillus ficuum (NRRL 3135) was used as the phytase

producer [12], which was obtained from USDA Agricul-

tural Research Service Culture Collection (Peoria, IL) and

grown on potato dextrose agar (PDA, Difco, Sparks, MD)

slants for 6 days at 30 �C and stored at 4 �C as the working

culture. To maintain viability, A. ficuum was transferred to

sterile fresh agar slant bi-weekly.

Inoculum preparation

A. ficuum spores were prepared by spreading 0.1 ml A.

ficuum solution on each 25 PDA plates and grown for

6 days at 30 �C. After incubation, spores were suspended

by adding 7 ml of sterile 0.1 % peptone water and the

resulting solution (*106 spores/ml) was collected and

used as the inoculum for the fermentations.

Shake-flask fermentation

Shake flasks, containing 100 ml of fermentation medium,

were supplemented with 0, 5, 10, 15, 20, and 25 g/L of

aluminum oxide (Al2O3) or talcum (3MgO�4SiO2�H2O).

Base fermentation medium included 126 g of glucose,

0.5 g of KCl, 0.1 g of FeSO4(7H2O), 0.5 g of MgSO4(7-

H2O), 0.01 g of MnSO4(7H2O), 8.6 g of NaNO3, 3 g
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(NH4)2SO4, 1.1 g CaSO4, and 14 g of Na-phytate (A&Z

Food Additives Co. Ltd., Zhejiang, China) per liter of

deionized water, as suggested by our previous study [11].

The pH was adjusted to 6.8 and flasks were autoclaved for

15 min. Thereafter, flasks were inoculated with 3 % pre-

pared spore suspension and incubated at 33 �C and

200 rpm for a total of 144 h. Aliquot samples were col-

lected from each flask every 12 h and analyzed for phytase

activity.

Microbial imaging of pellets in shake-flask

fermentation

Biomass samples collected from the shake flasks with

various microparticle concentrations at 72 h of fermenta-

tions were rinsed with 0.9 % NaCl solution to remove

excessive microparticles and medium from the pellets.

Thereafter, selected average sizes of pellets from each

sample were visually analyzed using a light microscope

(1242MM, Van Guard, Kirkland, WA). Pellet radius was

measured under the microscope.

Batch fermentations in bioreactors

Batch fermentations with talcum as microparticles were

performed in Sartorius Biostat B Plus bioreactor (Sartorius,

Allentown, PA) equipped with a 2-L vessel with 1-L

working volume. The same base fermentation medium with

shake-flask fermentations were used, but supplemented

with 5, 10, 15, 20, and 25 g/L talcum microparticles. Then,

the reactors were autoclaved for 30 min and inoculated

with 3 % prepared inoculum after cooling. The fermenta-

tions were run at 33 �C, pH 4.5, 0.9 vvm aeration, and

300 rpm agitation as suggested by our previous study [11].

Samples were collected (2 ml) from the reactors every 12 h

for 6 days.

Phytase activity analysis

Collected samples from shake flask to bioreactors were

centrifuged at 5,2009g for 15 min (Galaxy 5D, VWR,

Radnor, PA) to remove the biomass. Then, the supernatant

was used for phytase activity analyses. Enzyme assay was

performed under the determined optimum temperature

and pH as described by Kim et al. [17] with minor mod-

ifications. Cell-free broth (0.125 ml) was mixed with

0.125 ml of 1.5 mM Na-phytate in 0.1 M sodium acetate

solution, which yielded a final pH of 5.5. Then, the mix-

ture was incubated in the water bath at 55 �C for 30 min.

After incubation, the reaction was stopped by adding

0.25 ml of 15 % trichloroacetic acid solution into the

tubes. Then, 2 ml of color regent was added, which was

prepared freshly with 2:1:1:1 ratio of water:2.5 %

ammonium molybdate:6 N H2SO4:10 % ascorbic acid,

and tubes were incubated at 55 �C for 30 min. After

cooling down to room temperature, absorbances were

measured at 700 nm by using a spectrophotometer

(Beckman Coulter, Fullerton, CA). Uninoculated fer-

mentation medium was used as the blank for the mea-

surement. The obtained data were used to calculate the

activity unit of phytase (U/ml), which was defined as the

lmole of phosphorus liberated from 1.5 mM phytate per

minute under the set assay conditions.

Statistical analysis

MINITAB Statistical Software package was used for sta-

tistical analyses. Two sample t test was used to show if

there was a significant (p\ 0.05) difference between fer-

mentation results. Additionally, Tukey’s method was used

to compare shake-flask and reactor fermentation results.

All analyses were replicated with three fermentations.

Results

Effect of aluminum oxide and talcum microparticles

on phytase activity in shake-flask fermentation

Shake-flask fermentation demonstrated that both aluminum

oxide and talcum addition increased phytase activity until

15 g/L of microparticles (Fig. 1). It was calculated that

addition of 15 g/L of aluminum oxide and 15 g/L of talcum

increased the phytase activity to 2.01 U/ml (97 % increase)

and 2.93 U/ml (185 % increase), respectively, compared to

control, which yielded only 1.02 U/ml. Therefore, these

results suggested that talcum was a better microparticle for

phytase production than aluminum oxide. However, a

concentration higher than 15 g/L microparticle decreased

the maximum phytase activity. Addition of 20 g/L alumi-

num oxide or talcum in shake-flask fermentation decreased

Fig. 1 Maximum phytase activities in shake flasks with microparticle

addition and control fermentation (three replications)
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the maximum phytase activity to 1.58 and 1.69 U/ml,

respectively. Similarly, 25 g/L talcum or aluminum oxide

addition decreased phytase activity to almost control fer-

mentation level (Fig. 1). This can be explained as follows:

concentrations higher than 15 g/L microparticle resulted in

very small fungal structural growth, which increased the

viscosity of the fermentation broth. This high viscosity

negatively affected the mass transfer and consequently

microbial growth during the fermentation. Similarly, Kaup

et al. [13] also reported that the presence of 0.5–10 g/L

talcum enhanced chloroperoxidase production in their

studies; however, higher concentrations decreased the

maximum enzyme activity.

Additionally, it is important to note that maximum

phytase activities were obtained at 96 h of fermentation

with addition of aluminum oxide and talcum at all levels

except for 5 g/L concentration, whereas the control phytase

fermentation provided the maximum phytase activity at

120 h of fermentation in shake-flask fermentation (data not

shown). Therefore, it is also shown that microparticles do

not only increase activity, but also productivity by

decreasing the time to reach the maximum phytase activity.

Additionally, the highest phytase activities obtained in

aluminum oxide- and talcum-added shake-flask fermenta-

tion were compared by conducting two-way t test and the

result showed that there was a significant difference

between phytase activity on addition of 15 g/L of alumi-

num oxide and talcum in shake-flask fermentations (p value

\0.05).

Effect of aluminum oxide and talcum microparticles

on fungal morphology in shake-flask fermentations

Fungal pellet size decreased by an increase in microparticle

concentration in shake-flask fermentations (Fig. 2). The

average fungal pellet radius was measured as 800 ± 65 lm

for control fermentations. It was also observed that addition

of 5 g of talcum or aluminum oxide did not change the

pellet size remarkably. On the other hand, 15 g/L of alu-

minum oxide and talcum additions decreased the average

fungal pellet radius to 500 ± 45 and 200 ± 20 lm,

respectively. It was also determined that addition of the

same amount of talcum provided smaller fungal pellets

compared to aluminum oxide-added shake-flask

Fig. 2 Effect of microparticles on A. ficuum morphology. Control (a). Addition of aluminum oxide: 5 g/L (b), 10 g/L (c), 15 g/L (d), 20 g/L (e),

25 g/L (f). Addition of talcum: 5 g/L (g), 10 g/L (h), 15 g/L (i), 20 g/L (j), 25 g/L (k) (three replications)

Fig. 3 Effect of microparticles on A. ficuum pellet size (three

replications)
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fermentations (Fig. 3). This can be explained by the dif-

ferences in mean particle sizes of these two microparticles;

since talcum has a smaller diameter compared to aluminum

oxide particles, it provides better mass transfer in the fer-

mentation medium (Fig. 4). The average diameter sizes of

talcum and aluminum oxide were reported as 10 and

63–200 lm, respectively, by the manufacturers. Driouch

et al. [16] also mentioned that the physical properties of the

microparticles play an important role in fermentation yield

and fungal morphology. They also mentioned the average

talcum and alumina they used as *6 and *14 lm,

respectively.

It was also determined that higher than 15 g/L of

microparticle addition negatively affected microbial

growth in the fermentation. This was also supported by pH

changes based on the different levels of fungal growth in

the shake flasks. The initial pH was adjusted to 6.8 in shake

flasks and pH decreased to 3.29 in the control flask at 72 h

of fermentation. On the other hand, pH values were

decreased to 3.49, 3.76, 4.08, 4.39, and 4.60 for 5, 10, 15,

20, and 25 g/L of talcum-added shake-flask fermentations,

respectively. Similarly, the pH values were measured as

4.07, 4.64, 4.82, 4.93, and 5.02 for 5, 10, 15, 20, and 25 g/L

of aluminum oxide-added shake flask, respectively, at 72 h

of fermentation. Therefore, it can be concluded that while

microparticles provide smaller pellet size and higher pro-

ductivity, on the other hand in higher concentrations they

can limit microbial growth and decrease the yield of

fermentations.

Fermentations in bench-top bioreactor with talcum

addition

Since higher phytase productions were obtained with

addition of talcum compared to aluminum oxide in shake-

flask fermentations, only talcum was studied for batch

fermentations in bench-top bioreactor (Fig. 5). The highest

phytase activity was measured as 6.49 U/ml in batch fer-

mentations with 15 g/L of talcum addition, whereas phy-

tase activity in the control was only 3.45 U/ml. The

maximum phytase activities were obtained as 4.32 and 5.00

U/ml in 5 and 10 g/L talcum additions, respectively.

Similar to the shake-flask fermentation, higher than 15 g/L

talcum addition decreased phytase production. The highest

phytase activities were obtained as 4.00 and 3.56 U/ml in

20 and 25 g/L of talcum additions, respectively, in the

bioreactors. Therefore, the maximum phytase activity

increased in the bioreactor by 88 % by 15 g/L of talcum

addition compared to the control. Additionally, the maxi-

mum phytase activity in the bioreactor was 2.2-fold higher

than the maximum phytase activity in shake-flask fer-

mentation, which can be explained by the maintenance of

pH at 4.5 and more effective agitation and aeration pro-

vided in the bioreactors compared to shake-flask fermen-

tations. It was also calculated that the maximum production

rate of phytase (steepest slope of the phytase activity curve

Fig. 4 Size differences between two microparticles (a aluminum oxide, b talcum)

Fig. 5 Effect of addition of talcum on phytase activity in batch

fermentation (three replications)
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between 36 and 96 h of fermentation) increased to 0.08 U/

ml/h for 15 g/L of talcum addition compared to 0.036 U/

ml/h for the control in the bioreactors. Similar to the shake-

flask fermentation, the highest phytase activities were

obtained at 96 h for all levels except for 5 g/L of talcum

addition, while it was observed at 120 h of fermentation for

the control (Fig. 5).

Conclusion

In this study, the effects of aluminum oxide and talcum

were studied on phytase production with A. ficuum. Phytase

activity remarkably increased by the addition of 15 g/L of

aluminum oxide and talcum to 2.01 and 2.93 U/ml,

respectively, compared to the control (1.02 U/ml) in shake-

flask fermentations. Also, microparticle addition prevented

bulk fungal growth in the fermentations. Additionally, it

was determined that addition of talcum provided smaller

fungal pellets compared to aluminum oxide because of

smaller particle size. The highest phytase activity was

measured as 6.49 U/ml by the addition of 15 g/L of talcum

in bioreactors. Additionally, it was found that microparticle

addition decreased the time needed to reach the highest

phytase activity from 120 to 96 h. In conclusion, this study

clearly demonstrated that the application of microparticles

in fungal phytase productions was a novel approach, which

could significantly enhance fungal phytase production in

fermentations.
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