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	 Since Bacillus subtilis species are generally regarded as safe (GRAS), they are widely 
exploited for diverse applications in the food and feed industries. The current study focuses 
on the purification and biochemical characterisation of phytase from B. subtilis BGS3 and 
further evaluates its potential to enhance the nutritional quality of food and feed products. The 
enzyme was purified to homogeneity, yielding an apparent molecular weight of 51 kDa. The 
purified enzyme exhibited maximum catalytic activity at 50 °C and pH 6.0. Among the tested 
metal ions, Ca²z , Mg²z , and Mn²z  caused a slight enhancement in phytase activity. Enzyme 
kinetic studies revealed a V of 651.83 µM min{ ¹ and a K of 0.086 mM. The in vitro efficacy 
of phytase on pearl millet flour hydrolysis resulted in the release of inorganic phosphate (Pi) 
and free amino acids up to 18 hours, while soluble protein content increased and phytic acid 
levels decreased up to 24 hours. The release of mineral ions occurred in the order Fe > Mg > 
Ca > Zn up to 24 hours. The dephytinization of phytic acid from food and feed products by 
the purified phytase revealed that maximum dephosphorylation occurred in the experimental 
diet, followed by brown bread, the standard diet, and was least in white bread.

Keywords: Amelioration, Characterization, Dephytinization, Phytase, Phytic acid, Purification.

	 Plant-based staple crops such as beans and 
cereals are excellent sources of minerals, proteins, 
and essential amino acids for vegans. Phytic acid, 
which comprises about 5% of the dry weight 
of grains, serves as the primary storage form of 
inositol and phosphorus 1. However, these foods 
also contain antinutritional factors such as phytic 
acid (PA) 2. PA binds to proteins, metal cations, 
and microelements, forming complexes that hinder 
their absorption. 
	 Monogastric animals (pigs, chickens, 
swine, and humans) lack the enzymes required 

to hydrolyse phytic acid 3; as a result, they are 
unable to utilise the bound nutrients efficiently, 
rendering phytic acid an antinutrient 4. Phytase 
enzymes, or the microorganisms that produce them, 
offer a practical way to reduce the antinutritional 
properties of PA. The benefits of phytase include 
an increase in protein and dialysable mineral ion 
content, along with improvements in the yield 
and overall quality of the final product, while 
maintaining the product’s inherent characteristics 
through the hydrolysis of PA 5. Iron and zinc 
deficiencies are widespread in underdeveloped 



1774 Madhvi & Shah, Biosci., Biotech. Res. Asia,  Vol. 22(4), 1773-1792 (2025)

regions. While insufficient dietary intake is a 
major contributing factor, antinutrients found in 
plant-based foods also significantly limit mineral 
bioavailability.6,7 These antinutritional factors are 
a major contributing cause of malnutrition and 
anaemia, particularly among growing children 
and pregnant or lactating women in developing 
countries.8 
	 In the realm of baking, phytase has proven 
effective in enhancing micronutrient availability in 
whole rye and quinoa flours as well as in rye–wheat 
sourdough.9-11 A fungal phytase-based approach 
to processing soybean protein isolates (a common 
ingredient in meat alternatives, infant formulas, 
beverages, etc.) has been proven to release higher 
concentrations of readily available (dialysable) zinc 
and calcium, coupled with a decrease in phytate 
concentration.12 Studies have shown that the 
addition of phytase to sorghum-based foods, either 
before or after processing, leads to a reduction in 
phytate content.13,14 Traditional food processing 
methods such as germination, fermentation, 
soaking, and combined approaches can reduce 
phytic acid and phytate levels to some extent, 
although their effectiveness remains limited.
	 Several probiotic strains belonging to 
the genera Lactobacillus, Bifidobacterium, and 
Enterococcus exhibit notable phytase activity.15 
Specifically, Pediococcus acidilactici BNS5B has 
demonstrated a strong ability to dephosphorylate 
phytic acid, suggesting its potential application 
in cereal-based food and feed products.16 Phytase 
has become a standard additive in animal feed, 
demonstrating its positive impact on the overall 
quality of poultry and pigs, such as increased 
body weight and improved mineral assimilation 
through the hydrolysis of phytic acid and the 
release of bound micronutrients.17  In egg-laying 
hens, phytase supplementation in wheat–soybean–
maize diets have been associated with increased 
egg production, improved shell quality, and 
enhanced egg content, likely due to the enzyme’s 
ability to liberate phytic acid, calcium, and other 
micronutrients.18 In a similar vein, studies have 
shown that phytase supplementation enhances 
laying hen performance and egg quality compared 
with a control group that did not receive phytase.19,20

	 One of the most important aspects of 
the commercial use and understanding of the 
structure–function relationship is the purification 

of the enzyme. Since Bacillus species are generally 
regarded as safe (GRAS), they are frequently 
exploited for the production of phytase.21 

Concentrating the crude enzyme is the initial 
step in the purification of phytase, and this can 
be achieved through lyophilisation, ultrafiltration, 
or precipitation induced by organic solvents or 
salts, as studies have shown these methods to 
yield a highly purified enzyme. To further purify 
the concentrated protein to homogeneity, more 
than one chromatographic technique is typically 
employed.22 Despite the purification of phytase 
from various microbial sources, none of them 
possesses all the necessary characteristics required 
for commercial exploitation in the food and feed 
industries. 
	 Phytases have been identified in a diverse 
range of microorganisms and are recognised for 
their numerous promising properties suitable for 
industrial applications in food and feed.15,23  Studies 
have shown that lactic acid bacteria producing 
functional phytase have the potential to improve 
phosphorus release from phytate in livestock, 
poultry, and fish diets, suggesting an approach 
to reduce reliance on inorganic phosphorus 
supplementation.24

	 Phytase-produc ing  Pediococcus 
pentosaceus grown on fermented rice bran has 
been used to improve micronutrient bioavailability 
in Nile tilapia and has proven to be a cost-
effective, environmentally sustainable approach for 
aquaculture feed by reducing waste and inorganic 
inputs.25 Another study reported that microbial 
phytase improved the digestibility of phytate 
phosphorus (phytate-P), overall phosphorus 
retention, growth, and feed conversion ratio (FCR) 
compared with the control group without phytase 
in a high plant meal inclusion diet for Atlantic 
salmon.26 In addition, studies have shown that 
supplementation with microbial phytase improves 
amino acid digestibility, mineral retention, 
and bone mineralisation, and also increases 
plasma inositol levels (a breakdown product) in 
monogastric mammals.27

	 However, an ideal phytase that can be 
utilised as both a feed and dietary supplement is still 
lacking. Therefore, continued efforts in enzyme 
purification and biochemical characterisation are 
essential to identify and develop novel phytases 
with desirable properties. Consequently, there 
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is a growing need for novel industrial phytases 
that function more efficiently and reliably in the 
gastrointestinal tract of monogastric animals.17,28 
	 Hence, the present study aims to utilise the 
bacterial strain Bacillus subtilis BGS3 for phytase 
purification and biochemical characterisation. 
The purified phytase was further employed 
to demonstrate its in vitro potential in the 
dephytinisation of pearl millet flour and various 
food and feed products, which may consequently 
enhance the bioavailability of nutrients.

Material and Methods

Microbial strain and preparation of crude 
extract
	 In the present study, the bacterial isolate 
Bacillus subtilis BGS3, previously identified and 
deposited with accession number PQ223664, 
was utilised for the purification of phytase.29 The 
fermentation medium used for phytase production 
consisted of rice bran (1.1 g %), CaCl‚  (0.05 %), 
casein (0.05 %), KH‚ PO„  (0.05 g %), K‚ HPO„  
(0.04 g %), and MgSO„ ·7H‚ O (0.02 g %). The 
initial pH of the medium was adjusted to 7.30 The 
fermentation medium was inoculated with 5% of 
an overnight-grown culture of Bacillus subtilis 
BGS3 and incubated at 37 °C with shaking at 
150 rpm. After 72 hours of incubation, the culture 
was centrifuged at 10,000 rpm for 20 minutes to 
separate the cells, and the resulting supernatant was 
collected and used as the crude enzyme extract.
Purification of enzyme
	 Crude enzyme was concentrated from the 
supernatant by gradually adding finely powdered 
ammonium sulfate to achieve 80% saturation at 
20°C, followed by overnight incubation at 4°C. 
The pellets were harvested by centrifugation at 
10,000 rpm for 15 minutes at 4 °C and resuspended 
in sodium acetate buffer (0.2 M, pH 5.5). The 
suspension was dialysed against the same buffer, 
with the buffer replaced after eight hours. The 
dialysed protein sample was then used for protein 
estimation and phytase assay.30,31 The Q-Sepharose 
anion-exchange column was equilibrated with 20 
mM Tris-HCl buffer (pH 8.0) to obtain an anion 
exchanger at the desired pH. The dialysed sample 
was then passed through the column at a flow rate 
of 0.5 mL/min. The bound proteins were eluted 
using a segmented NaCl gradient ranging from 

0.1 to 1.0 M in 20 mM Tris-HCl (pH 8.0). The 
eluted fractions were collected and analysed for 
protein content (by measuring absorbance at 280 
nm) and phytase activity. The active fractions were 
pooled and further subjected to gel permeation 
chromatography using a Sephadex G-100 matrix, 
eluted with the same buffer at a flow rate of 20 
mL/hr. Fractions of 2 mL each were collected and 
analysed for protein (O.D. at 280 nm) and enzyme 
activity (at 700 nm). The active fractions were then 
subjected to electrophoresis to assess the purity of 
the protein.
Analysis of molecular weight  and purity of 
phytase
	 The purity of the protein was assessed 
using SDS–PAGE with a 12% resolving gel and 
a 5% stacking gel. The molecular weight of the 
protein was estimated by comparing its Rf value 
with those of molecular weight markers on a 
standard graph.32 Additionally, MALDI–TOF 
MS was employed to determine the intact mass 
of the protein by analysing the m/z values of ions 
generated from a protein–matrix mixture.33

Effect of pH and temperature on phytase 
activity 
	 To study the effect of pH on purified 
phytase, 1 mL of 100 mM buffer solutions of 
varying pH—glycine-HCl (pH 2.0 and 3.0), sodium 
acetate (pH 4.0 and 5.0), sodium citrate (pH 6.0 
and 7.0), Tris-HCl (pH 8.0), and glycine-NaOH 
(pH 9.0)—was mixed separately with 0.1 mL of 
purified phytase. The pH value showing maximum 
enzyme activity was subsequently used to assess 
the relative stability of the enzyme for up to 100 
minutes, with measurements taken at 20-minute 
intervals.
	 To determine the optimal temperature, 
reaction mixtures containing the enzyme and 
substrate were incubated at different temperatures 
(ranging from 30°C to 90°C, at 10°C intervals) for 
20 minutes, followed by enzyme assay. Thermal 
stability was further evaluated for up to 120 
minutes, at 20-minute intervals, using the optimal 
temperature obtained from the above experiment.

Effect of  additives and metal ions
	 To study the effect of additives, 0.1 mL of 
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1% solutions of â-mercaptoethanol, EDTA, Tween 
20, Tween 80, and SDS were each mixed with 
0.1 mL of purified phytase. Similarly, 0.1 mL of 
different metal ions—Naz , Kz , Zn²z , Mn²z , Ca²z 
, Fe³z , Co²z , and Mg²z —at a final concentration 
of 5 mM were added to separate enzyme samples. 
The mixtures were pre-incubated for 30 minutes 
at room temperature, after which the phytase assay 
was performed. The relative enzyme activity was 
then calculated with respect to the control.
Determination of the Michaelis–Menten 
constant (K˜ ) and V˜   “  values
	 Phytase activity was measured by 
incubating 20/ µM of purified phytase with varying 
concentrations of sodium phytate (0.05–0.5/ mM) 
at 50/ °C for 20 minutes. The enzyme’s kinetic 
parameters, Km and Vmax, were determined using 
a Lineweaver-Burk plot.34

Amelioration of pearl-millet flour nutrition 
using purified phytase from B. subtilis BGS3
	 A 10% (w/v) pearl millet flour suspension 
was prepared in sodium acetate buffer (0.1 M, pH 
5.5) and treated with purified phytase at a constant 
ratio of 10 U/g of flour, then incubated at 50 °C 
under shaking conditions. A control was set up 
without the enzyme. Samples were withdrawn at 
fixed intervals of 6 hours up to 24 hours to analyse 
inorganic phosphate, amino acids, and protein 
content during dephytinisation.31,35,36 To analyze the 
phytic acid content release during dephytinization 
wade reagent was used for the colorimetric assay.37 
All experiments represented with bars were 
conducted in triplicate, and the average values 
along with standard deviations (S.D.) are shown 
in the graphs.
	 ICP-MS was used to detect the release of 
divalent metal ions resulting from dephytinisation. 
For metal ion measurement, test samples were 
collected from the dephytinisation apparatus over 
a 24-hour period.38 
Dephytinization of food and feed products using 
purified phytase from B. subtilis BGS3
	 Purified phytase from B. subtilis BGS3 
was utilised for the amelioration of food and feed 
products. The effectiveness of the purified phytase 
obtained from B. subtilis BGS3 was evaluated by 
estimating the amount of orthophosphate present 
in the samples both before and after phytase 
treatment.39 White bread (refined flour), brown 
bread (whole wheat flour), and a standard diet 

(Vetmido cattle booster) were procured from the 
local market in Ahmedabad, India. A modified, 
phytic-acid-rich dough was prepared in the 
laboratory. To analyse the dephytinisation efficacy 
of the purified phytase on various food and feed 
samples, 1 g of each sample was processed. 
A 1000 µL neutralised sample was treated 
with 1 U of phytase for 20 minutes at 50 °C. A 
spectrophotometric method was used to quantify 
the amount of free phosphorus and phytic acid 
released.16

	 All experiments were conducted in 
triplicate, and the average values along with their 
standard deviations are shown in the graphs. 
A one-way ANOVA was used to determine the 
significance of phytase production. Using Tukey’s 
test (post hoc), significance was assessed at the 
95% confidence level with a P-value of 0.05. 
Identical letters in the graphs indicate that the 
corresponding values are statistically similar and 
show no significant variation.

Results 

Purification of phytase from B. subtilis BGS3
	 Phytase from Bacillus subtilis BGS3 was 
purified using the three-step procedure outlined 
in Table 1. The crude extract exhibited 1.5 U of 
phytase activity and contained 1.143 mg of protein. 
Following ammonium sulphate precipitation and 
dialysis, the dialysed fraction retained phytase 
activity, yielding 0.101 mg of total protein with a 
specific activity of 11.18 U/mg. The precipitated 
and eluted fractions were then applied to an anion-
exchange column and eluted at a concentration 
of 0.5 M NaCl, resulting in a specific activity 
of 41.31 U/mg. Fractions displaying the highest 
phytase activity were subsequently subjected to 
gel filtration chromatography using a Sephadex 
G-100 column to obtain a highly purified enzyme 
preparation.
	 Overall, the three-step purification 
protocol achieved a 46.04-fold purification with 
a final specific activity of 64.12 U/mg protein 
and a yield of 32.22%. Comparable purification 
efficiencies have been reported previously; for 
example, phytase from Bacillus licheniformis 
PFBL-03 was purified in three steps, achieving 
39-fold purification with a 10% yield.40 Similarly, 
phytases from Bacillus cereus (isolated from 
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Table 1. Summary of steps involved in the purification of phytase from B.subtilis BGS3 

Steps	 Protein 	 Enzyme 	 Specific 	 Yield 	 Purification 
	 Conc.	 Activity	 Activity	 (%)	 fold
	 (mg/mL)	 (U/mL)	 (U/mg)

Crude	 1.143	 1.59	 1.40	 100	 1
Partially Purified	 0.101	 1.13	 11.18	 70.98	 8.03
Ion-Exchange Ch.	 0.023	 0.95	 41.31	 59.68	 29.66
Gel permeation Ch.	 0.008	 0.51	 64.12	 32.22	 46.04

Fig. 1. SDS-PAGE of protein sample during various 
steps of purification

M: Protein molecular weight marker; Lane 1: 
Crude extract of  protein; Lane 2: Partially purified 
protein sample; Lane 3: Sample after ion-exchange 
chromatography; Lane 4: Sample after sephadex G-100 
column chromatography.

Achatina fulica), Bacillus nealsonii ZJ0702, and 
Citrobacter freundii have been purified to 12.8-fold 
(1.6% yield), 44-fold (5.7% yield), and 41.3-fold 
(9.3% yield), respectively.41-43

Determination of molecular weight of phytase
	 The purified samples from each step were 
analysed using SDS–PAGE to assess purity and 
estimate molecular mass, and by MALDI-TOF 
MS to determine the precise molecular mass of 
the phytase. SDS–PAGE indicated that the purified 
enzyme is a monomeric protein with an approximate 
molecular mass of 47.25 kDa (Figure 1), whereas 

MALDI-TOF MS analysis revealed a molecular 
mass of 51 kDa (Figure 2). The MALDI-TOF MS 
result suggests a true difference in the actual mass 
of the protein, as this technique typically provides a 
more accurate determination than the approximate 
values inferred from SDS–PAGE. This discrepancy 
may be attributed to protein folding or anomalous 
migration during electrophoresis, which can affect 
apparent mobility in the gel. MALDI-TOF MS, in 
contrast, measures the exact mass-to-charge ratio 
of ionised molecules and therefore provides a 
more precise molecular weight than SDS–PAGE, 
which offers only an estimated mass based on gel 
migration.
	 Phytases, particularly those from Bacillus 
species, typically exhibit molecular masses ranging 
from 37 to 48 kDa. Several studies support this 
observation, phytase purified from the probiotic 
strain B. subtilis P6 showed a molecular mass of 
40 kDa44, while Dan et al. purified a monomeric 
phytase of 40–42 kDa from B. licheniformis 
ONF2.45 Other reported molecular masses include 
43 kDa for phytase from B. nealsonii ZJ070242, 
45 kDa from Bacillus sp.46, 44 kDa from Bacillus 
sp. DS1147 and Bacillus sp. KHU-1048, 47.5 kDa 
from Bacillus sp. MD49, and 46 kDa from B. subtilis 
CF9250. Phytases from non-Bacillus species also 
fall within this range, such as the 45 kDa phytase 
from Klebsiella pneumoniae 9-3B.51

	 However, some Bacillus phytases 
possess lower molecular masses, such as the 38 
kDa enzymes from B. subtilis natto N-7752, B. 
subtilis MJA53, and B. licheniformis PFBL-03.40 
Additionally, low-molecular-mass phytases 
have been reported by Parhamfar et al., who 
identified a 28 kDa phytase from Geobacillus 
stearothermophilus DM1254, and by Patki et al., 
who described phytases in the 16–22 kDa range 
from Bacillus species.55
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Fig. 2. Intact mass analysis of purified phytase

Fig. 3. Effect of pH on purified phytase

	 Conversely, several high-molecular-mass 
phytases have also been documented. Abdolshahi 
et al. purified a 73 kDa phytase from Bacillus sp. 
strain LA1256, while Neira-Voelma et al. reported 

a phytase of 89 kDa from Aspergillus niger.57

Effect of pH 
	 Phytase activity peaked at pH 6, and 
within the pH range of 5 to 7 the purified enzyme 
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Fig. 6. Thermal stability of phytase at 50 °C

Fig. 4. Relative stability of purified phytase at pH 6

Fig. 5. Relative activity  of phytase at different  temperatures
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Fig. 7. Effect of metal ions on purified phytase

Fig. 8. Effect of different additives on purified phytase

Fig. 9. Lineweaver-Burk plot for phytase kinetics
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Fig. 10. Dephytinization of pearl millet flour by purified phytase from B. subtilis BGS3 resulting in the release of 
(a) phosphorus, (b) amino acids, (c) proteins, and (d) reduction in phytic acid. The reaction was carried out at 50 

°C and pH 6

Superscript letters (a–d) above the columns indicate significant differences among the values. Statistical significance 
was determined using Tukey’s post-hoc test.

Fig. 11. Amount of mineral ions released during dephytinization using purified phytase

retained at least 80% of its maximal activity. 
However, activity decreased sharply below pH 5 
and above pH 7 (Figure 3). These findings indicate 
that the purified phytase is most stable and active 
under mildly acidic conditions. Time-dependent 
stability analysis at pH 6 showed that the purified 
phytase maintained up to 50% relative stability for 
100 minutes (Figure 4).  

	 Phytases exhibiting optimal activity 
within the pH range of 3.5 to 6 are classified as 
acidic phytases.58 Phytases from microorganisms 
belonging to the genera Bacillus, Aspergillus, 
Lactobacillus, and Pseudomonas have been shown 
to possess a broad pH activity range, with optimal 
pH values between 2.5 and 6.5 for Bacillus spp., 
Enterobacter spp., and Lactobacillus plantarum.59 
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The present findings agree with earlier reports, 
as phytase from B. subtilis BGS3 also performed 
optimally at pH 6. Similar observations have been 
reported for B. subtilis P6, which exhibited an 
optimum pH of 6 and maximal activity between 
pH 5 and 7.35

	 Further studies have documented 
comparable results, including purified phytase 
from B. cereus EME48 with a pH optimum of 5.5.60, 
Bacillus sp. DM12 with an optimum of pH 4.554, 
Mitsuokella jalaludinii with an optimum range 
of pH 4.0–5.061, and Selenomonas ruminantium 
JY35 with an optimum of pH 4.0–5.5.62 Additional 
studies on Bacillus phytases have reported 
moderately acidic pH optima, such as pH 6.5 for 

B. subtilis (natto) N-77,52 and pH 7.0 for B. subtilis 
VTT E-68013 and Bacillus sp. DS11.47

Effect of temperature 
	 As shown in Figure 5, the purified phytase 
exhibited maximal activity at 50 °C. However, the 
thermal stability analysis conducted over a period 
of 120 minutes at 50 °C (Figure 6) demonstrated 
that the enzyme remained relatively stable for 
up to 100 minutes at this temperature, retaining 
approximately 50% residual activity. These 
findings are consistent with earlier reports on 
purified phytases from Enterobacter and Serratia 
species 63, B. megaterium 46, B. subtilis BS4664, 
and Geobacillus sp.65. In contrast, M. jalaludinii 
has been reported to exhibit a higher optimum 
temperature of 55–60 °C.61 

Fig. 12. Inorganic phosphorus released before and after phytase treatment, per cent reduction in phytic acid after 
treating with purified phytase

Fig. 13. Per cent reduction in Phytic Acid after treating with purified phytase
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Effect of metal ions and additives
	 The study evaluated the effect of various 
metal ions (as sulphate and chloride salts) on the 
activity of purified phytase. Phytase activity was 
inhibited by Zn²z , Kz , Naz , Co²z , and Fe³z , but 
enhanced by Ca²z , Mg²z , and Mn²z . Metal ions are 
known to improve thermal stability and stimulate 
phytase function, and the presence of zinc, iron, 
and calcium in food and feed may significantly 
influence the efficacy of phytase supplements.4 
Therefore, it is critical to investigate their inhibitory 
and synergistic effects when phytase is added.66 
Moreover, it is challenging to ascertain whether 
the inhibitory action of certain metal ions results 
from direct binding to the enzyme or from the 
formation of poorly soluble complexes with phytic 
acid, which reduces the quantity of available active 
substrate.
	 Negative regulation may also occur 
through the direct interaction of metal ions 
with the substrate or with insoluble metal–
phytate complexes, preventing the enzyme from 
functioning effectively.67 Similarly, studies on the 
influence of various additives on purified phytase 
indicate that the presence of Tween 20 and Tween 
80 enhances relative activity compared to the 
control, whereas â-mercaptoethanol (âME), SDS, 
and EDTA were found to reduce enzymatic activity 
(Figure 8). These findings are consistent with 
previous reports, Jain et al. observed that phytase 
activity increased in the presence of Tween 20, 
Tween 80, Ca²z , and Co²z , while Mg²z , Al³z , 
and Fe²z  inhibited it.68 These results align with 
the present study, which also found that certain 
metal ions can either enhance or inhibit phytase 
activity. Wang and Tong (2010) reported that EDTA 
had a stimulatory effect,69 while phytase from M. 
jalaludinii was strongly inhibited by Cu²z , Zn²z 
, Fe²z , and Fe³z , but slightly stimulated by Ca²z  
and Mn²z  51, in  contrast, B. subtilis (natto) N-77, 
enzyme activity was strongly suppressed by EDTA, 
Cu²z , Zn²z , Fe²z , Ba²z , Cd²z , and Al³z .52 These 
results suggest that the impact of metal ions and 
additives on phytase activity varies depending on 
the source organism. 
Determination of the Michaelis–Menten 
constant (K˜ ) and V˜   “  values
	 The phytase assay data for the purified 
enzyme from B. subtilis BGS3 at varying substrate 
concentrations (0.05–0.50 mM) indicate that 

the enzyme follows a typical Michaelis–Menten 
pattern (Figure 9). By plotting the Lineweaver–
Burk reciprocal graph, the Km and Vmax values 
for B. subtilis BGS3 phytase were determined to 
be 0.086 mM and 651.83 µM/min, respectively.
	 Enzyme kinetics for various Bacillus 
species have been studied and revealed Km values 
ranging from 0.08 to 10 mM, indicating differing 
affinities for phosphorylated substrates. Lower 
Km values correspond to higher substrate affinity, 
while higher Vmax values indicate greater catalytic 
efficiency.54 The kinetic parameters of phytase 
enzymes vary across bacterial strains. For B. 
tequilensis Dm018, Km and Vmax were reported 
as 61 ìmol and 585 ìmol/min, respectively.70 
In comparison, the Vmax values for B. subtilis 
(natto) and Bacillus sp. DS11 were 500 ìM 
and 550 ìM, respectively.47,52 For Geobacillus 
stearothermophilus DM12, the Km and Vmax for 
sodium phytate were 0.177 mM and 1.126 ìmol/
min, respectively.54 In B. subtilis subsp. subtilis 
JJB250, the reported Km and Vmax values were 
0.293 mM and 11.49 nmol/s.68 These variations 
reflect strain-specific differences in substrate 
affinity and catalytic efficiency.
Amelioration of pearl-millet flour nutrition 
using purified phytase from B. subtilis BGS3
	 Millets exhibited phytate concentrations 
ranging from 7.13 to 7.20 mg/g dry matter. Despite 
their high nutritional value, the formation of 
insoluble metal–phytate complexes at physiological 
pH is considered a primary cause of nutritional 
deficiencies.71 Pearl millet flour is one of the most 
important staple foods for human consumption. 
To address this nutritional deficit, purified phytase 
from B. subtilis BGS3 was employed, and the 
release of essential nutrient elements was analysed.
	 The results indicated that phytase 
efficiently released inorganic phosphate (Pi) from 
millet flour, with an estimated value of 2143 ± 10 
µg after 18 hours of incubation. Beyond 18 hours, 
no further significant increase in Pi release was 
observed (Figure 10a). Phytase treatment also 
released 315 ± 15 µg/mL of free amino acids after 
18 hours compared to the control (Figure 10b). 
A slow decline in amino acid levels was noted 
thereafter, likely due to enzyme instability at 
elevated temperatures. Total soluble protein content 
increased to 2612 ± 110 µg/mL after 24 hours of 
treatment at 50 °C (Figure 10c). While nutritional 
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components increased over time, phytic acid 
content declined to 0.62 ± 0.19 µg/mL, resulting 
in the release of free phosphorus (Figure 10d).
	 Previous studies support these findings, 
Shivanna and Venkateswaran demonstrated the 
ameliorative efficacy of lactic-acid-derived phytase 
in various cereals and pulses, in agreement with 
the current study.72 Similarly, Humicola nigrescens 
has been reported to release inorganic phosphate 
from wheat flour and gram flour at 50 °C, with 
a positive correlation observed between soluble 
protein and inorganic phosphate release over time.73 
Phytase from the thermophilic mould Sporotrichum 
thermophile has been shown to effectively 
dephytinize soymilk, wheat flour, and sesame oil 
cake.74 Additionally, phytase from Aspergillus 
oryzae dephytinized wheat bran, releasing 
inorganic phosphate while simultaneously reducing 
sugars and soluble protein.75

	 In the present study, the efficacy of 
purified phytase in releasing metal ions from pearl 
millet flour was further validated using ICP-MS. 
Phytase treatment resulted in the release of metal 
ions in the following order: highest for Fe, followed 
by Ca and Zn, with the least release observed for 
Mg (Figure 11).
Dephytinization of food and feed product using 
purified phytase from B. subtilis BGS3 
	 The effect of purified phytase was 
evaluated on various food and feed products, 
including white bread, brown bread, standard 
diet, and an experimental phytic-acid-rich diet 
prepared in the laboratory. The experimental 
diet used in the current study was based on 
Indian food and differed from the standard diet 
in terms of caloric content, proteins, lipids, and 
carbohydrates, with the exception of a high fibre 
content primarily composed of phytic acid.76,77 
The efficacy of phytase purified from B. subtilis 
BGS3 was assessed by analysing the phytate 
content before and after treatment, as well as the 
amount of inorganic phosphate released in each 
product (Figure 12). Among all products tested, 
the highest dephosphorylation was observed in the 
experimental diet (94.24%), followed by brown 
bread (68.00%), standard diet (43.45%), and the 
lowest in white bread (41.67%) (Figure 13). 
	 Treatment with purif ied phytase 
significantly enhanced the release of free 

phosphorus in the products compared to the 
control, demonstrating the efficacy of the purified 
enzyme and underscoring its potential as a feed 
additive for poultry and as a functional ingredient 
in human food products. Previous studies have 
reported that increased in vitro dephytinization 
results in enhanced phosphorus availability and 
a concomitant reduction in phytic acid content 
in food and feed.78 Other studies have shown 
that pretreatment with phytase from E. coli and 
Citrobacter braakii enhances calcium availability 
in soybean-based basal diets.79

	 Since phytase hydrolyses phytic acid, 
it consequently improves the bioavailability 
of chelated cations, including calcium, zinc, 
magnesium, sodium, potassium, and iron. This 
process can also reduce the need for inorganic 
phosphate supplements, thereby preventing 
environmental pollution and limiting phytate 
excretion.80 Currently, recombinant or in vitro-
produced phytases are used to hydrolyse phytic 
acid, however due to the high cost, bioengineered 
strains could be preferred as bioreactors for phytase 
production.81,82 Moreover, recombinant phytases 
are expensive and involve legal complexities, 
making alternative food supplements a viable 
option.
	 Monogastric animals fed on plant-based 
diets often exhibit limited phosphorus assimilation, 
and inorganic phosphorus is frequently added 
to their diets to meet nutritional requirements. 
Interestingly, exogenous phytase supplementation 
has been shown to increase body mass, as dietary 
phytase effectively dephytinises phytic acid, 
reducing phytic acid content and decreasing 
phosphorus excretion in faeces.83,84 Studies 
have also demonstrated that endogenous wheat 
phytase increases phosphorus levels and nearly 
completely degrades phytic acid in fonio porridge. 
Additionally, weight gain has been reported in 
broilers, chicks, catfish, rainbow trout, and Labeo 
rohita fed plant, microbial, or commercial phytase, 
or recombinant phytase-producing Lactobacillus 
gasseri TDCC65.85–87 Furthermore, researchers 
have also shown that enzymatic, physical, or 
chemical degradation of phytic acid enhances 
the bioavailability of phosphorus, iron, zinc, and 
calcium in broiler chickens, fish, and poultry.88
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Discussion

	 The present study successfully purified, 
characterised, and evaluated the nutritional 
enhancement potential of phytase derived from 
Bacillus subtilis BGS3. The multistep purification 
protocol, comprising ammonium sulphate 
precipitation, ion-exchange chromatography, and 
gel filtration, resulted in a 46.04-fold purification 
with a final specific activity of 64.12 U/mg and a 
recovery of 32.22%. This purification efficiency 
is comparatively higher than values reported for 
several other microbial phytases, such as those 
from B. licheniformis PFBL-03 (39-fold; 10% 
yield) and B. cereus isolates (12.8-fold; 1.6% 
yield).40,58 The elevated purification fold and yield 
obtained in the present study suggest that the 
purification steps were efficient and well-optimized 
for B. subtilis BGS3 phytase.
	 SDS–PAGE and MALDI-TOF MS 
analyses revealed that the purified enzyme is 
monomeric, with a molecular mass of ~47.25 kDa 
by SDS–PAGE and 51 kDa via MALDI-TOF MS. 
The slight variation in molecular mass is expected, 
as SDS–PAGE provides only approximate values 
due to migration anomalies, whereas MALDI-
TOF MS allows precise mass determination.89 The 
mass of BGS3 phytase aligns well with the typical 
molecular weight range (37–48 kDa) reported 
for most Bacillus phytases. Similar molecular 
masses have been reported for phytases from B. 
subtilis P6 (40 kDa), B. nealsonii ZJ0702 (43 
kDa), and Bacillus sp. MD (47.5 kDa).42,44,49 The 
consistency in molecular mass further supports the 
classification of this enzyme within the â-propeller 
phytase family commonly found in Bacillus 
species.90

	 The biochemical characterisation of the 
purified enzyme demonstrates that B. subtilis 
BGS3 phytase is optimally active at pH 6 and 
retains substantial activity across a moderately 
acidic range (pH 5–7). This pH profile is consistent 
with those of other Bacillus phytases, including 
B. subtilis P6 and B. subtilis natto N-77, which 
also show maximum activity near pH 6.42,44,49,52 
The stability of the enzyme at this pH for up to 
100 minutes suggests potential compatibility with 
food processing applications, as many cereal-based 
foods fall within this pH range.2

	 Temperature profiling revealed that 

the enzyme exhibits maximum activity at 50 
°C, and retains 50% of its activity for up to 100 
minutes at this temperature. This is consistent 
with the thermostability profile of phytases from 
B. megaterium, B. subtilis BS46, and Geobacillus 
species.47,54,64 The ability of the enzyme to function 
efficiently at moderately high temperatures 
is particularly advantageous for industrial 
applications such as baking, fermentation, and 
pellet feed processing, where elevated temperature 
conditions are commonly encountered.66

	 The purified phytase exhibited varied 
responses to metal ions and additives. Activity was 
stimulated by Ca²z , Mg²z , and Mn²z , whereas 
ions such as Zn²z , Co²z , Naz , Kz , and Fe³z  were 
inhibitory. These observations are consistent with 
earlier reports indicating that divalent cations, 
especially Ca²z , often play a stabilizing role in 
phytase activity.58 The positive influence of non-
ionic surfactants (Tween 20 and Tween 80) and 
inhibitory effects of â-mercaptoethanol, SDS, 
and EDTA further reflect the enzyme’s structural 
dependence on disulfide bonds and hydrophobic 
interactions. Differences in metal ion sensitivity 
across species underscore the strain-specific 
catalytic properties of microbial phytases.58,91

	 Kinetic analyses demonstrated that BGS3 
phytase follows Michaelis–Menten kinetics, with a 
Km value of 0.086 mM and Vmax of 651.83 µM/
min. The low Km value indicates high affinity 
toward sodium phytate, suggesting effective 
substrate utilization. These kinetic parameters 
compare favourably with those reported for several 
Bacillus phytases, including B. tequilensis DM018 
and Geobacillus stearothermophilus DM12.70,54 The 
high catalytic efficiency highlights the potential of 
BGS3 phytase for applications requiring rapid 
phytic acid degradation.
	 The functional efficacy of the purified 
enzyme was assessed using pearl millet flour, a 
nutrient-rich but phytate-dense staple. The enzyme 
effectively released phosphorus, amino acids, 
and soluble proteins while significantly reducing 
phytic acid levels. These findings align with earlier 
reports on phytases from Humicola, Sporotrichum 
thermophile, and A. oryzae, which demonstrated 
similar nutrient-releasing capabilities in cereal-
based substrates.73-75 The release of essential 
minerals such as Fe, Ca, Zn, and Mg, confirmed 
by ICP-MS, underscores the enzyme’s potential to 
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ameliorate mineral bioavailability in plant-based 
foods—a critical factor for populations reliant on 
cereal-based diets.
	 In food and feed products, BGS3 phytase 
exhibited variable but significant dephytinization 
efficiency. The highest reduction was observed in 
the phytic-acid-rich experimental diet, followed 
by brown bread, standard diet, and white bread. 
This variation may be attributed to differences 
in matrix composition, phytate distribution, and 
intrinsic inhibitors.92 Nonetheless, the substantial 
release of inorganic phosphorus across all products 
demonstrates the applicability of BGS3 phytase in 
both human food processing and animal nutrition. 
Increased mineral release through phytase 
supplementation has been linked to improved 
growth performance in poultry, fish, and mammals, 
reduced environmental phosphorus loading, and 
enhanced nutrient digestibility—all of which 
reinforce the utility of microbial phytases as 
sustainable nutritional enhancers.84,85,87

Conclusion

	 In summary, the application or pre-
treatment of non-ruminant diets with purified 
microbial phytase may serve as an alternative 
to biofortification strategies, not only to address 
phosphorus deficiency but also to alleviate 
hidden hunger caused by micronutrient and trace 
element deficiencies. This is primarily achieved by 
modulating metabolism and physiology, leading to 
increased body weight, enhanced phosphate levels, 
and improved concentrations of micro- and trace 
minerals, particularly in populations consuming 
plant-based diets. Focusing the future studies on 
enzyme immobilization to enhance stability and 
efficacy, comparative evaluation with commercial 
phytases, and in vivo assessment will be critical to 
validate these results and to explore the commercial 
potential of this isolate.
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