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Abstract
The current study aimed to achieve the enhanced phytase production from Aspergillus niger NT7 using the statistical method 
in solid-state fermentation to diminish their cost significantly for commercial purposes. The six different variables — the 
substrate’s amount, temperature, incubation time, pH, the concentration of mannitol, and ammonium sulfate — identified 
as critical parameters from the one variable at a time (OVAT) approach, were further modeled and optimized in solid-state 
fermentation using response surface methodology (RSM). Increased phytase production (521 ± 28.16 Ugds−1) by RSM 
was attained with 5-g wheat bran supplemented with 2% mannitol, 0.5% ammonium sulfate, and pH 4.3 at 35 °C after five 
days of fermentation. The phytase production was enhanced by 6.8- and 2.5-fold after statistical optimization compared to 
unoptimized culture conditions and OVAT methodology, respectively. Further, dephytinization of maize bran using crude 
phytase preparation resulted in ameliorated nutritional status with the release of phosphorous, reducing sugars, proteins, and 
minerals (Mn, Fe, Mg, Zn, and Ca). To the best of our knowledge, this is the first report showing the nutritional enhance-
ment of maize bran and the analysis of released minerals by ICP-MS using crude enzyme preparation. The current study 
successfully demonstrates the potential application of A. niger NT7 phytase for mitigating the antinutrient nature of phytate 
molecules in feed supplementation.

Keywords  A. niger NT7 · Solid-state fermentation · Response surface methodology · Phytase · Nutritional enhancement · 
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1  Introduction

Microbial phytases (EC 3.1.3.8) are promising effective 
candidates for removing antinutrients from plant-based 
foodstuffs due to their natural function of hydrolyzing the 
phospho-monoester bonds present in the phytic acid [1–4]. 
As a result, the market for feed and food enzymes is growing 
at a rate of 6 − 8% each year [5].

Microbial sources for phytase production are much more 
desirable than other plant sources as they are more ther-
mostable, protease resistant, and have broad pH tolerance. 
This proved to be the boom of the food industry [4, 6, 7]. 
However, the global demand for phytase is not met due 
to its higher operational and production costs. Solid-state 

fermentation (SSF)’s simple operational and economic 
nature favors phytase production over submerged fermenta-
tion (SmF) [8, 9]. Among different fungi, Aspergillus spp. 
are the predominant producers of phytase with GRAS (gen-
erally recognized as safe) status with the potential appli-
cation in the animal feed industry [10–17]. The laborious 
steps and time-consuming features are associated with the 
OVAT (one variable at a time). Statistical-based modeling 
and optimization is the ideal approach for enhanced yields 
with the design of experiment (DOE), model development, 
and analysis skills [18, 19].

Moreover, the statistical approach includes implementing 
mathematical and statistical models for significant experi-
mental validation of parameters selected for optimization 
studies. Response surface methodology (RSM) has been 
successfully employed for the multivariate optimizations 
of different biological processes towards enhanced yields 
[19, 20]. Multiple factors for optimization and interaction 
between them could be studied simultaneously by 2-D and 
3-D contour plots with less time consumption [18, 19]. 
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Previous studies also reported that the statistical approach 
resulted in an augmentation in extracellular phytase produc-
tion using SSF methodology [13, 15, 21, 22]. RSM resulted 
in a 2.07-fold enhanced phytase production by Sporotrichum 
thermophile [22], 3.08-fold by Aspergillus niger National 
Collection of Industrial Microorganisms (NCIM) 563 [23], 
10.83-fold by Thermomyces lanuginosus [24], and 11.6-fold 
enhanced production by Sporotrichum thermophile [25].

Plant-based food materials, mainly pulses and flour, are 
rich protein sources in a vegan diet rich in essential amino 
acids [2]. The major limitation in plant-based food formula-
tion is the presence of antinutrient factors (ANF), majorly in 
the form of phytic acid, oxalates, polyphenols, saponins, and 
enzyme inhibitors [26]. The phytic acid, either as free form 
or as in complex form with salts, metal ions (Fe2+, Zn2+, 
and Ca2+), carbohydrates, tannins, and digestive enzymes, 
proved to be arduous for the digestive system of monogastric 
animals due to deprivation of phytic acid degrading enzymes 
[27]. ANF present in food is one of the major underlying 
causes of malnutrition in children and anemia in women in 
developing countries [28]. ANF contents can be removed 
by conventional methods, such as germination, fermenta-
tion, and soaking, but not to a reasonable extent. Phytase 
formulation is extensively used in the feed and food indus-
tries to remove the phytic acid content and ameliorate the 
nutritional content of feed and food [3, 16]. Phosphorus is 
added to poultry and aquaculture animals’ diets to meet their 
nutritional needs, adding additional cost constraints to the 
livestock industry. Undigested phosphorous is released into 
the environment as such through their excreta, which leads to 
environmental pollution. The phytase application in the feed 
enhances overall nutritional contents (phosphorous content, 
metal ions, total proteins, and carbohydrates) and reduces 
pollution [29, 30].

The present study aimed to enhance the extracellular 
phytase production from A. niger NT7 in SSF using wheat 
bran through a statistical approach. Phytase enzyme could 
be used as a crude form for feed supplementation due to the 
GRAS status of microorganisms. In addition, the dephytini-
zation potential was also investigated against maize bran to 
establish its major application as feed supplements.

2 � Materials and methods

2.1 � Raw material

Wheat bran was collected from local vendors of Solan, 
Himachal Pradesh (H.P.) India. The wheat bran was first 
passed through a sieve with a pore size of 600 microns (BSS 
25 IS46-1962) to obtain medium-sized bran particles dried 
at 55 °C in a hot air oven to remove all the retained moisture. 

This medium-sized, moisture-free bran was then used for 
further experiments [17].

2.2 � Chemicals

Sodium phytate was purchased from HiMedia Private Lim-
ited, Mumbai, India. All other additional chemicals and rea-
gents were of analytical grades.

2.3 � Microorganism and inoculum preparation

The fungal isolate A. niger NT7 was previously isolated 
from the rhizosphere of Zea mays agricultural field of 
Hamirpur, Himachal Pradesh, India, and identified as a 
potential phytase producer [17]. The culture was preserved 
on potato dextrose agar (PDA) slants and stored at 4 °C and 
repeatedly subcultured to maintain viability. Three-day-old 
inoculum harvested in normal saline subsequently counted 
by hemocytometer to a level of 12 × 107 spores per ml to 
carry out fermentation.

2.4 � Phytase production through SSF

SSF was set up on previously optimized parameters car-
ried out with 5-g wheat bran in a 250-ml Erlenmeyer flask 
moistened with a 10-ml distilled water (1 (wheat bran): 2 
(moistening agent)) supplemented with mannitol (0.5%) and 
ammonium sulfate (0.5%). The fermentation was carried out 
for 5 days at a temperature of 35 °C while maintaining the 
medium at pH 5.

2.4.1 � Phytase extraction

Crude phytase from A. niger NT7 was extracted from moldy 
wheat bran by the previously defined method by Kumari 
and Bansal [17]. After fermentation, moldy wheat bran was 
soaked in 0.1% Tween 80 (10 ml per gram of wheat bran) for 
1 h under shaking conditions at 30 °C. A cleared mycelium-
free supernatant was obtained from solid moldy particles 
after filtration through the double-layered muslin cloth fol-
lowed by centrifugation at 7000 rpm for 20 min at 4 °C and 
used as a crude phytase enzyme.

2.5 � Phytase assay

The phytase activity was evaluated spectrophotometrically 
by measuring inorganic phosphorous release from the sub-
strate sodium phytate at 750 nm. The reaction mixture con-
tains 1 mM sodium phytate prepared in 0.1 M acetate buffer 
(pH 5.5) and 50-µl crude phytase enzyme. Liberated phos-
phorous was determined using KH2PO4 as standard [31]. 
One unit was defined as the amount of enzyme required 
to liberate 1 µmol of inorganic phosphorous released per 
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minute under the assay conditions. The phytase production 
was expressed as phytase activity as unit per gram dry sub-
strate (Ugds–1).

2.6 � Optimization of phytase production using 
response surface methodology (RSM)

The phytase production through SSF mainly depends on the 
process variables, amount of wheat bran (A), temperature 
(B), incubation time (C), pH (D), the concentration of man-
nitol (E), and ammonium sulfate (F) [17]. In the present 
study, three different levels, i.e., lower, mid, and higher, were 
selected for the design of the experiment (DOE) based on 
the central composite design (CCD) of RSM. The range of 
each SSF variable taken for DOE of RSM was tabulated 
under Table 1. Minitab® version 2016 was used to obtain 
the predicted values of phytase activities of this DOE and 
to develop a polynomial response surface model that was 
further validated experimentally (Table 2).

2.7 � Model validation and optimization

The equation was generated and analyzed for lack of fit 
by R2 and adjusted R2 values. The significance tests and 
analysis of variance (ANOVA) help analyze the indi-
vidual, square, and interactive effects between various 
experimental data set parameters under study. Three-
dimensional contour plots based upon the interaction 
between multiple parameters were generated using 
Minitab® 2016 software. The optimal microbial phytase 
production conditions were drawn through the response 
optimizer function of Minitab® 2016 software and used 
for experimental testing.

2.8 � Amelioration of maize bran by crude phytase 
from A. niger NT7

In addition to secreting phytase enzyme, crude enzyme 
formulation of A. niger NT7 expresses other hydrolytic 
enzymes (amylase, invertase, pectinase, xylanase, and cel-
lulase) in optimized cultural conditions (MS1, Fig. S1). This 
enzyme cocktail aids in the dephytinization activity of the 

phytase enzyme [15, 32]. Dephytinization of maize bran 
occurs when 5-g maize bran is mixed with a 100-ml 0.1 M 
sodium acetate buffer (pH 4.8) and incubated at 50 °C along 
with 10 U of crude A. niger NT7 phytase enzyme. The test 
(with enzyme) and control (without enzyme) samples were 
both incubated under the same constant shaking conditions. 
Two-milliliter samples were withdrawn at regular intervals 
for released nutritional analysis. The amount of phosphorous 
released was estimated by using the standard Fiske and Sub-
barow method [31]. Miller’s method was used to calculate 
the amount of sugar released, and the Bradford method was 
used to estimate total proteins [33]. The amount of liberated 
amino acids was determined using a colorimetric assay with 
ninhydrin reagent [34].

Moreover, dephytinization resulted in the release 
of divalent metal ions, quantified by ICP-MS (induc-
tively coupled plasma mass spectrometry). One gram 
of untreated maize bran was oven dried and then acidi-
cally treated (HNO3:HClO4, i.e., 1:4) at 120 °C until a 
clear solution formed. The cleared untreated maize bran 
is used as a control and is valued at 100%. After a 24-h 
period, test samples were collected from the previously 
mentioned dephytinization setup for metal ion analysis. 
All the experiments were performed in triplicate, and the 
average values are represented along with the standard 
deviation.

3 � Results and discussions

3.1 � Optimization of phytase production using RSM 
in SSF

Previously, A. niger NT7 produced 208.30 ± 0.22 Ugds−1 
of phytase in SSF (5-g wheat bran, distilled water as 
moistening agent (1:2), 0.5% mannitol, and 0.5% ammo-
nium sulfate) optimized by OVAT approach at temper-
ature 30  °C, pH 5.0 after 4 days. Hence, the current 
study was carried out to boost the additional phytase 
production by further optimizing the critical factors 
(medium components, temperature, pH, and incubation 
time) using a statistical approach. Therefore, RSM was 

Table 1   Levels of selected 
parameters for the construction 
of central composite design 
(CCD)

Variables Coded sym-
bols

The optimal range of parameters

Low level (− 1) Mid-level (0) High level (+ 1)

Wheat bran (g) A 2.5 5 7.5
Temperature (°C) B 30 35 40
Incubation time (days) C 2.5 5 7.5
pH D 4 5 6
Mannitol (%) E 1 1.5 2
Ammonium sulfate (%) F 0.25 0.5 0.75
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Table 2   DOE for RSM 
representing experimental and 
predicted phytase production

Run order Wheat bran (g) Tem-
perature 
(°C)

IT (day) pH Mannitol (%) Amm. 
sulfate 
(%)

Phytase activity (Ugds−1)

Experimental Predicted

1 2.5 30 7.5 6 2 0.75 49.02 59.68
2 5 40 5 5 1.5 0.5 178.34 193.71
3 5 35 5 5 1.5 0.5 253.23 265.76
4 5 35 5 5 1.5 0.5 256.24 265.76
5 2.5 30 2.5 4 1 0.25 178.03 174.58
6 2.5 40 2.5 6 2 0.75 33.12 29.61
7 5 35 5 5 1.5 0.5 230.17 265.76
8 5 35 5 5 1.5 0.5 250.89 265.76
9 7.5 30 2.5 6 2 0.75 76.02 95.67
10 2.5 40 7.5 4 2 0.75 87.34 87.93
11 7.5 40 7.5 6 1 0.25 49.37 44.85
12 7.5 40 2.5 4 2 0.75 145.89 133.14
13 2.5 30 2.5 6 1 0.75 55.34 57.58
14 5 35 5 5 2 0.5 438.34 419.16
15 7.5 30 2.5 4 1 0.75 130.37 130.39
16 2.5 40 2.5 4 1 0.75 34.29 47.59
17 5 35 5 5 1.5 0.75 234.21 208.41
18 7.5 30 7.5 6 2 0.25 78.98 65.97
19 2.5 40 7.5 6 1 0.75 53.26 43.01
20 5 35 5 4 1.5 0.5 321.07 310.72
21 5 35 5 5 1.5 0.5 289.02 265.76
22 7.5 30 7.5 4 1 0.25 56.02 59.81
23 5 35 5 5 1 0.5 345.02 359.67
24 7.5 35 5 5 1.5 0.5 134.89 135.33
25 7.5 30 7.5 4 2 0.75 189.93 188.11
26 5 35 5 5 1.5 0.5 289.12 265.76
27 5 35 5 5 1.5 0.5 288.07 265.76
28 2.5 30 7.5 4 2 0.25 234.09 237.81
29 2.5 40 2.5 4 2 0.25 189.32 199.85
30 7.5 30 7.5 6 1 0.75 23.02 12.77
31 5 35 7.5 5 1.5 0.5 150.02 162.60
32 5 35 5 5 1.5 0.5 267.02 265.76
33 7.5 40 7.5 6 2 0.75 28.34 32.07
34 2.5 40 7.5 6 2 0.25 134.02 134.29
35 7.5 30 2.5 4 2 0.25 234.04 244.56
36 7.5 40 2.5 6 1 0.75 32.09 28.66
37 7.5 40 7.5 4 1 0.75 56.78 73.18
38 2.5 30 2.5 4 2 0.75 215.08 219.89
39 2.5 30 2.5 6 2 0.25 219.98 203.87
40 5 35 5 5 1.5 0.5 245.45 265.76
41 5 35 5 6 1.5 0.5 239.49 245.31
42 7.5 30 2.5 6 1 0.25 39.98 39.67
43 7.5 40 2.5 4 1 0.25 78.18 67.81
44 2.5 30 7.5 4 1 0.75 130.03 126.45
45 7.5 40 7.5 4 2 0.25 134.31 132.35
46 2.5 35 5 5 1.5 0.5 170.28 165.31
47 2.5 40 2.5 6 1 0.25 123.27 125.38
48 2.5 30 7.5 6 1 0.25 79.45 92.48
49 5 35 5 5 1.5 0.25 230.37 251.64
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used to establish the relationship between multiple pro-
cess variables with obtained responses (phytase activ-
ity) more effectively than a traditional design. A set of 
53 experiments were executed based on CCD using the 
process variables of SSF, i.e., amount of wheat bran 
(g), temperature (°C), incubation time (days), pH, and 
the concentration of mannitol and ammonium sulfate (% 
w/w) as input variables to develop a design of experi-
ments (DOE) (Table 2). The range of each input variable 
was selected using the experimental acquaintance of the 
OVAT approach [17].

These responses were examined by feeding data to 
Minitab® software version 16, which also develops a poly-
nomial response surface model. The model was further 
validated experimentally (Table 2). The highest phytase 
production (438.35 Ugds−1) was observed with run order 
number 14 using 5-g wheat bran as substrate supplemented 
with 2% (w/w) mannitol, 0.5% ammonium sulfate, pH 5, and 
incubated at 35 °C for 5 days to carry out SSF. A regression 
equation was obtained for experimental data, which predicts 
the optimal phytase production with selected parameters as 
follows:

Phytase activity (Ugds−1) (Y) =  − 1476.66 + 152.930 × SC 
( g )  +  1 3 4 . 6 8 6  ×  I Te m p  ( ° C )  +  1 2 5 . 3 8 7  ×  I T 
( d a y )  −  1 9 8 . 4 4 5  ×  p H  −  1 1 4 4 . 0 0  ×  m a n n i t o l 
(%) + 782.743 × amm. sulfate (%) − 18.4703 × SC (g) × SC 
(g) − 2.13776 × ITemp (°C) × ITemp (°C) − 14.4111 × IT 
(day) × IT (day) + 12.2509 × pH × pH + 494.608 × mannitol 
(%) × mannitol (%) − 571.810 × amm. sulfate (%) × amm. sulfate 
(%) + 0.477802 × SC (g) × ITemp (°C) − 0.441245 × SC (g) × IT 
(day) − 1.59156 × SC (g) × pH + 4.07652 × SC (g) × mannitol 
(%) + 26.2063 × SC (g) × amm. sulfate (%) + 0.568593 × ITemp 
(°C) × IT (day) + 2.88293 × ITemp (°C) × pH − 3.64606 × ITemp 
(°C) × mannitol (%) − 5.88287 × ITemp (°C) × amm. sul-
fate (%) − 0.216263 × IT (day) × pH − 5.08617 × IT 
(day) × mannitol (%) + 9.00875 × IT (day) × amm. sulfate 
(%) − 22.0579 × pH × mannitol (%) − 31.0886 × pH × amm. sul-
fate (%) − 74.7557 × mannitol (%) × amm. sulfate (%).

Here, SC is the substrate (wheat bran) concentration, 
ITemp the incubation temperature, IT the incubation time, 
and amm. sulfate the ammonium sulfate.

This regression equation represents all linear and inter-
action among parameters under study.

3.1.1 � Analysis of variance (ANOVA) results

Analysis of variance (ANOVA) for the model is presented 
in Table 3. The model’s P value of 0.000 reflects the sig-
nificance of the model and efficacy for optimization. Coef-
ficient of determination (R2) 98.07% and correlation coef-
ficient (adjusted R2) 95.99% also suggest the model’s aptness 
and adequacy. The R2 value approaches 1.0, indicating the 
model’s ability to predict optimization of the parameter 
under consideration. This showed our model’s feasibility 
and suggested the following of our experimental data set. 
The linear and square interactions seemed to be effective 
(P < 0.05) except for the square interaction of pH.

Three-dimensional graphs (3-D plots) were plotted to 
show the interaction between various parameters (Fig. 1a–e) 
where phytase activity was plotted on the y axis and two 
independent variables were plotted on the x axis and z 
axis. The shape and peak of 3-D plots suggest the optimum 
phytase production for two interactive parameters. Figure 1a 
represents an intermediate peak with maximal phytase 
production and suggests the positive interactive effect of 
substrate concentration (wheat bran) with incubation tem-
perature. It showed the maximal enzymatic production at 
35 °C with 5-g wheat bran (Fig. 1a). While going outside, 
these peak values do not increase phytase production levels. 
Wheat bran provides physical support and has all the nutri-
ent ingredients to carry out SSF efficiently. The optimum 
substrate quantity is a must since there may be competition 
for nutrients and physical support while carrying out fer-
mentation. Interaction between incubation days and manni-
tol concentration suggests increasing the mannitol concen-
tration with optimal incubation period, resulting in enhanced 
enzymatic activity (Fig. 1b).

The interaction between pH and incubation temperature 
means that optimal phytase production was recorded at 
35 °C with pH 5. Further, going beyond these optimal val-
ues for parameters brings about dropped enzymatic produc-
tion (Fig. 1c). Interaction between mannitol and pH suggests 
the highest phytase activity achieved at low pH and higher 
mannitol concentration (2%) (Fig. 1d). While increasing the 
mannitol (2%) and (0.5%) decreasing ammonium sulfate 
resulted in an interactive way to have an optimal C/N ratio 
to get maximum phytase production (Fig. 1e).

Table 2   (continued) Run order Wheat bran (g) Tem-
perature 
(°C)

IT (day) pH Mannitol (%) Amm. 
sulfate 
(%)

Phytase activity (Ugds−1)

Experimental Predicted

50 2.5 40 7.5 4 1 0.25 130.78 111.40
51 5 30 5 5 1.5 0.5 250.83 230.92
52 5 35 2.5 5 1.5 0.5 205.89 188.78
53 7.5 40 2.5 6 2 0.25 118.9 122.76
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3.1.2 � Optimized SSF variables for enhanced phytase 
production

The response optimizer suggested a phytase activity of 
442.50 Ugds−1, utilizing the SSF variables of 5-g wheat 
bran, supplemented with 1.97% (w/w) mannitol and 
0.44% (w/w) ammonium sulfate, and pH 4.38 at 35 °C for 
5 days resulted in predicted phytase production. To prove 
the response optimizer’s accuracy, the predicted optimal 
SSF variables have been utilized to execute laboratory 

experiments in triplicates. Experimental authentication 
from triplicate experiments resulted in a phytase activity 
of 521.29 ± 28.16 Ugds−1 phytase production. A 2.5-fold 
enhancement has been brought by utilizing the statistical 
approach compared with the OVAT approach (208.30 ± 0.22 
Ugds−1), whereas 6.8-fold enhanced phytase productiv-
ity with a counterpart of unoptimized cultural conditions 
(76.34 ± 0.99 Ugds−1) [17]. The improved phytase produc-
tion observed in the present study is compared with other 
fungal phytase sources in Table 4.

Table 3   Analysis of variance 
(ANOVA) and regression 
analysis for phytase activity 
(Ugds−1) by A. niger NT7 
(using Minitab® version 16)

Here, SC, substrate (wheat bran) concentration; ITemp, incubation temperature; IT, incubation time; and 
amm. sulfate, ammonium sulfate

Source DF Adj SS Adj MS F value P value

Model 27 48,1392 17,829.3 47.06 0.000
 Linear 6 107,575 17,929.2 47.33 0.000
 SC wheat bran(g) 1 7638 7638.4 20.16 0.000
   ITemp (°C) 1 11,770 11,770.2 31.07 0.000
   IT (day) 1 5825 5824.9 15.38 0.001
   pH 1 36,365 36,365.2 95.99 0.000
   Mannitol (%) 1 30,088 30,088.5 79.42 0.000
   Amm. sulfate (%) 1 15,888 15,888.1 41.94 0.000

 Square 6 338,918 56,486.3 149.10 0.000
   SC wheat bran (g) × SC wheat bran (g) 1 31,781 31,781.5 83.89 0.000
   ITemp (°C) × ITemp (°C) 1 6812 6811.9 17.98 0.000
   IT (day) × IT (day) 1 19,347 19,347.5 51.07 0.000
   pH × pH 1 358 357.9 0.94 0.340
   Mannitol (%) × mannitol (%) 1 36,464 36,464.5 96.25 0.000
   Amm. sulfate (%) × amm. sulfate (%) 1 3046 3046.0 8.04 0.009

 2-way interaction 15 34,899 2326.6 6.14 0.000
   SC wheat bran (g) × ITemp (°C) 1 1141 1141.5 3.01 0.095
   SC wheat bran (g) × IT (day) 1 243 243.4 0.64 0.430
   SC wheat bran (g) × pH 1 507 506.6 1.34 0.258
   SC wheat bran (g) × mannitol (%) 1 831 830.9 2.19 0.151
   SC wheat bran (g) × amm. sulfate (%) 1 8585 8584.7 22.66 0.000
   ITemp (°C) × IT (day) 1 1616 1616.5 4.27 0.049
   ITemp (°C) × pH 1 6649 6649.0 17.55 0.000
   ITemp (°C) × mannitol (%) 1 2659 2658.8 7.02 0.014
   ITemp (°C) × amm. sulfate (%) 1 1730 1730.4 4.57 0.043
   IT (day) × pH 1 9 9.4 0.02 0.876
   IT (day) × mannitol (%) 1 1293 1293.5 3.41 0.077
   IT (day) × amm. sulfate (%) 1 1014 1014.5 2.68 0.114
   pH × mannitol (%) 1 3892 3892.4 10.27 0.004
   pH × amm. sulfate (%) 1 1933 1933.0 5.10 0.033
   Mannitol (%) × amm. sulfate (%) 1 2794 2794.2 7.38 0.012

Error 25 9471 378.8
 Lack of fit 17 5795 340.9 0.74 0.714
 Pure error 8 3677 459.6

Total 52 490,863
S R2 R2 (adj) R2 (pred)
19.464 98.07% 95.99% 91.45%
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Earlier studies have already validated an effective eco-
nomic 10.80-fold improved phytase production using the 
Minitab® software package for medium optimization [24, 
46]. Statistical optimization of Pichia anomala phytase 
using CCD enhanced the enzyme yield when 2% glucose 

and 0.5% beef extract concentration were used [47]. Thermo-
myces lanuginosus phytase attained a 10.38-fold increased 
enzyme production using four factors (culture temperature, 
initial pH, aeration area, age of seeding culture) for CCD 
of RSM [24]. RSM tremendously enhances the phytase 

Fig. 1   Response surface plots of phytase activity (Ugds−1) where the 
phytase activity is plotted on the y axis and two independent variables 
plotted on the x axis and z axis: effect of a SC (g) and ITemp (°C), b 

IT (day) and mannitol (%), c ITemp (°C) and pH, d pH and mannitol 
(%), and e mannitol (%) and amm. sulfate (%)

Table 4   Comparison of phytase 
production from A. niger NT7 
after RSM with fungal phytases

Microorganism Substrate Production attained 
by RSM ( Ugds−1)

References

Aspergillus niger NT7 Wheat bran 521 Present study
A. niger FS3 Citric pulp bran 40.25 Spier et al. [35]
A. ficuum NTG-23 Waste vinegar 8.72 Wang et al. [36]
A. ficuum Wheat straw 16.46 Shahryari et al. [37]
A. niger NCIM 563 Wheat bran 154 Bhavsar et al. [38]
A. oryzae Soymeal 58.7 Chen et al. [39]
A. niger Cowpea meal 56.5 Mandviwala et al. [40]
A. oryzae SBS50 Wheat bran 185.75 Sapna [41]
A. niger NRF9 Wheat bran 112.1 Jatuwong et al. [42]
Hypocrea lixii SURT01 Sucrose 87.77 Thyagarajan et al. [43]
Penicillium purpurogenum GE1 Corn cob and corn bran 444 Awad et al. [44]
Pholiota adiposa Water hyacinth 53.66 Jatuwong et al. [42]
Rhizomucor pusillus Wheat bran 8.82 Chadha et al. [45]
Thermomyces lanuginosus Rice bran 3.24 Berikten et al. [24]
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production from a fungal isolate, Hypocrea lixii SURT01 
[43]. RSM significantly boosts the phytase yield of Asper-
gillus ficuum by optimizing three parameters (concentration 
of glucose, ammonium sulfate, and moisture content) [37]. 
Bhavsar et al. testified the improved phytase production, i.e., 
a 3.08-fold enhancement, using 10-g wheat bran as SSF sub-
strate complemented with 3 g glucose, 1.25 g dextrin, 0.2 g 
NaNO3, and 0.3 g MgSO4 moistened with a 20-ml distilled 
water with a 4-day incubation period with the aid of the 
RSM approach [38]. A. ficuum NTG-23 displayed a remark-
able 7.34-fold enhanced phytase production using waste vin-
egar as an energy source [36]. Another concluded that A. 
niger NRF9 showed a 2.9-fold rise in enzyme production in 
SSF using wheat bran as substrate compared to the conven-
tional approach [46]. Recent studies have also employed this 
approach not only for phytase enzyme production but also 
for other hydrolytic enzymes from A. niger [48]. Some cur-
rently carried out studies also explored the RSM approach 
for other potential phytase-producing candidates such as 
Penicillium purpurogenum GE1, Sporotrichum thermophile, 
and Williopsis saturnus NCIM 3298, resulting in 2.6-, 11.6-, 
5.8-fold augmentation, respectively, as compared to the ini-
tial production stage [25, 44, 49]. Aspergillus niger NCIM 
563 phytase production upsurged from 15 to 550 IU/gds by 
statistical optimization [16]. Most recent studies show that 
the statistical optimization of Pholiota adiposa resulted in 
an overall 3.15 improved phytase production using water 
hyacinth as a cheap agricultural substrate in SSF [42].

4 � Dephytinization of maize bran

Maize bran is the major byproduct formed after processing 
maize grains and used as feed. The phytic acid content of 
maize bran undergoes successful hydrolysis with phytase 

of A. niger NT7. The process resulted in the liberation of 
inorganic phosphate and reaches a maximum after 24 h 
(1723.04 ± 45.32 µg/ml) of treatment afterwards, gradually 
downfalls probably due to protein denaturation or end-prod-
uct inhibition/inhibitory effects [22]. Previous studies also 
showed the successful dephytinization potential of phytase 
from A. niger NCIM 563 [40], A. niger NT7 [17] against 
wheat bran, and A. oryzae [15] against maize bran, result-
ing in the liberation of phosphorous. In our study, maximum 
liberation of bounded reducing sugar (3210.9 ± 56.35 µg/
ml), total proteins (956.4 ± 4.30 µg/ml), and amino acids 
(250.87 ± 10.04 µg/ml) from phytate were detected after 24 h 
of treatment (Fig. 2). Afterwards, a progressively declining 
phase was observed because of the inhibitor actions of end 
products of reactions and denaturation of released proteins 
and amino acids [25]. The findings reported in the present 
study are corroborated in previous phytase studies of Rhiz-
opus oligosporus MTCC 556 [50], Aspergillus aculeatus 
APF1 [51], recombinant phytase (rSt-Phy) of thermophilic 
mold Sporotrichum thermophile [52], and Hemicola nigresc-
nes [50, 51, 53], showing the release of bound nutrients 
(phosphorous, reducing sugar, protein).

ICP-MS analysis revealed that dephytinization results in 
the significant release of various minerals in the ascend-
ing order of Ca < Zn < Mn < Mg < P < Fe as compared to 
untreated maize bran (Fig. 3). More than 100% mineral 
release was observed in Mg, P, and Fe, whereas ≤ 50% 
release was detected in Mn and Zn compared to untreated 
maize bran. The current study showed that the lowest per-
cent release was observed in Ca (Fig. 3). According to one 
study, phytase from Aspergillus niger NCIM 563 releases 
more than 50% of minerals from soybean flour [16]. Phytic 
acid content proved to be declined after the dephytiniza-
tion activity of A. niger NT7 phytase, therefore, resulting in 
the liberation of all bound nutrients. The crude mixture is a 

Fig. 2   Dephytinization of maize 
bran using crude enzyme prepa-
ration from A. niger NT7
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cocktail of hydrolytic enzymes and helps to synergistically 
enhance the nutritional status of feed [32, 54]. The current 
results represent the applicability of A. niger NT7 for ame-
liorating nourishment of maize bran and auxiliary; it could 
be used on a commercial scale as a feed supplement.

5 � Conclusions

A. niger NT7 has been proven to be a potential candidate for 
high phytase activity through the SSF with the aid of statisti-
cal modeling and optimization. Overall, the RSM approach 
with the validated nonlinear regression model resulted in 
2.5- and 6.8-fold enhanced phytase production when com-
pared to OVAT and unoptimized cultural conditions, respec-
tively. Supplementation of crude enzyme preparation of A. 
niger NT7 in maize bran improved the significant release 
of reducing sugars; soluble proteins; and various minerals, 
including phosphorus. Also, the crude formulation demands 
no purification step, which further keeps the feed additive 
cost at a lower side. Therefore, the crude preparation of 
A. niger NT7 appears to be a promising feed additive to 
improve the nutritional properties.

Abbreviations  SSF: Solid-state fermentation; ANF: Antinutrient fac-
tor; GRAS: Generally recognized as safe; OVAT: One variable at a 
time approach; RSM: Response surface methodology; CCD: Central 
composite design; DOE: Design of experiment; ANOVA: Analysis of 
variance; ICP-MS: Inductively coupled plasma mass spectrometry
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