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Abstract The thermostable phytase gene was isolated from Bacillus subtilis ARRMK33
(BsPhyARRMK33). The gene has an ORF of 1152 bp and that encodes a protein of 383 amino
acids. Sequence analysis showed high homology with Bacillus sp. phytase proteins, but no
similarity was found with other phytases. SDS-PAGE analysis exhibited a predicted molecular
mass of 42 kDa. Homology modeling of BsPhyARRMK33 protein based on Bacillus
amyloliquefaciens crystal structure disclosed its β-propeller structure. BsPhyARRMK33 re-
combinant plasmid in pET-28a(+) was expressed in Rosetta gami B DE3 cells and the
maximum phytase activity 15.3 U mg−1 obtained. The enzyme exhibits high thermostability
at various temperatures and broad pH ranges. The recombinant protein retained 74 % of its
original activity after incubation at 95 °C for 10 min. In the presence of Ca2+, the recombinant
phytase activity was maximal where as it was inhibited by EDTA. The optimal pH and
temperature for the recombinant phytase activity is achieved at 7.0 and 55 °C, respectively.
Thermostable nature and wide range of pH are promising features of recombinant
BsPhyARRMK33 protein that may be employed as an efficient alternative to commercially
known phytases and thereby alleviate environmental eutrophication.
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Introduction

Phytic acid is the major storage form of phosphorus in plant tissues, especially grains or seeds
and bran. Plant seeds have 80 % of the phosphorus in the form of phytic acid. The chemical
description for phytic acid is myo-inositol (1, 2, 3, 4, 5, and 6) hexakisdihydrogen phosphate
[1]. This chemical attribute makes phytic acid a strong chelator of several crucial dietary
minerals such as calcium, magnesium, iron, and zinc [2], rendering them inaccessible for
absorption in intestines of monogastric animals, such as human, poultry, fish, and swine [3].
Phytate has been considered the precipitation of metal-binding enzymes and also in the
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reduction of the digestibility of proteins, starch, and lipids [4]. Monogastric animals have
limited ability to digest the phytates in their diet [5]. Hence, unabsorbed phytate, which has
abundant phosphorus content, gets excreted through feces, leading to environmental eutrophi-
cation [6].

Addition of inorganic phosphorus to animal feed as a crucial dietary requirement not only
causes environmental pollution but also expensive and non-sustainable [7, 8]. Introduction of
phytases into animal feed is anticipated to resolve phosphorus pollution [9]. For the past few
years, phytases have been studied extensively due to the potential in using these enzymes for
diluting phosphorus supplements in animal feed and food items. Phytases not only fulfil the
high phosphorus requirements but also help in efficient assimilation of other required dietary
elements [10].

Bioengineering of microbial phytase genes for heterologous expression in edible parts of
food crops, such as sweet potato, rice, and microalgae, improves bioavailability of mineral
nutrients [9, 11, 12]. Scope for nutritional enrichment of animal feed and reduction in
phosphorus pollution opened up vivid aspects for research on phytase. Phytases are ubiqui-
tously present in kingdom of life such as microorganisms, plants, and animals. First-generation
fungal phytases have been commonly employed for use on a commercial scale in feed
industry, due to their activity in acidic conditions. However, researchers are now focusing
on the use of bacterial phytases, as Bacillus phytase exhibits that strict substrate (phytate)
specific activity, which would not disturb other metabolic pathways. These phytases have been
studied intensively due to their unique features and feasible mass production for market and
applicability in animal feed [13–16].

Fungal phytase expressions in bacterial systems cause glycosylation, which may alter the
enzyme activity [17]. Hence, using Bacillus phytase in E. coli would not alter the protein
function, few studies targeted on economically competitive expression and secretion systems
for phytase were accomplished [18]. The present study deals with cloning and molecular,
biochemical characterization of phytase derived from Bacillus subtilis sp. (BsPhyARRMK33).
We performed the molecular characterization of BsPhyARRMK33 and its recombinant pro-
tein. Homology modeling was carried out to reveal its structural role. The recombinant phytase
may serve as an economical ingredient of feed given to monogastric animal.

Materials and Methods

Isolation and Cloning of BsPhyARRMK33 Gene

Genomic DNA was purified from the Bacillus sp., isolated at the School of Life Sciences,
Hyderabad, India, according to the method of Ausubel [19]. The BsPhyARRMK33 was
amplified with gene-specific primers, i.e., forward 5′-ATACTACATATGAATCATTCAA-3′
and reverse 5′-TAATGCGGC CGCTTATTTTCC-3′ flanked by restriction sites NdeI and NotI,
respectively. The primers were designed based on conserved sequences and used for ampli-
fication of the phytase coding sequence. PCR amplifications of BsPhyARRMK33 was carried
out using 50 ng of genomic DNA as template with 1.5 units of Taq DNA polymerase,
200 mol l−1 dNTP and 1.5 mmol l−1 MgCl2 in Biorad Thermal Cycler. The conditions of
PCR were as follows: 94 °C for 45 s, 56 °C for 45 s, and 72 °C for 70 s for 35 cycles. The
PCR-purified product was cloned into the TOPO TA2.1 vector linearized with NdeI. The gene
was subcloned into the bacterial expression vector pET-28a(+) downstream to the T7 promoter
within NdeI and NotI sites. The recombinant plasmid harboring the full-length B. subtilis
phytase was designated as BsPhyARRMK33 (Fig. 1) and subjected to sequence analysis. The
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deduced amino acid sequence was compared with the NCBI protein database using BLAST
search. The pET recombinant plasmid construct was transformed into the Rosetta gami® B
DE3 cells for protein expression analysis.

Homology Modeling of BsPhyARRMK33

BsPhyARRMK33 molecular model was generated using the homology modeling server
SWISS-MODEL [20] utilizing the Bacillus amyloliquefaciencs 13213 protein crystal structure
as a template (PDB ID 1POO). Pymol and discovery studio (http://pymol.sourceforge.net/)
program was employed to depict the Bsphy ARRMK33 molecular model.

Phytase Expression and Purification of Recombinant BsPhyARRMK333 Phytase

The recombinant Rosetta gami B DE3 cells containing pET-28a(+)-BsPhyARRMK33 were
grown on Luria-Bertani (LB) agar medium containing kanamycin (50 μg ml−1) at 30 °C. A
single colony was picked for culture in 10-ml LB broth containing kanamycin (50 μg ml−1)
and grown for 3 h at 37 °C and 220 rpm. The secondary culture was set up for 18 °C overnight
from the primary culture in 1-l broth. Once the culture reached an optical density of 0.6 (log
phase), the cells were induced with 1 mmol l−1 isopropyl β-D-1-thiogalactopyranoside (IPTG).
Induced culture was harvested after 4 h, and cells were lysed by sonication. Clarified bacterial

Fig. 1 Cloning confirmation of BsPhyARRMK33 gene from protein expression pET-28a(+) vector.bp, base
pairs; lane M, 1-kb gene ruler; lanes 1, 2, 3, 4, and 5, polymerase chain reaction amplification of
BsPhyARRMK33 from pET-28a(+)
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lysates were fractionated on native as well as SDS polyacrylamide gel. Further, SDS poly-
acrylamide gel was stained with Coommassie Blue to visualize protein bands (Fig. 2).
Recombinant phytase protein was purified to near homogeneity on a Ni–NTA column
chromatography following the manufacturer’s instructions (Qiagen, Germany).

Biochemical Characterization of BsphyARRMK33 Recombinant Protein

Phytase Assay

Protein concentration was measured by Bradford method using bovine serum albumin as a
standard [21]. The recorded values were an average of measurements of triplicate samples.
Phytase activity was estimated by incubating 750 μl of recombinant purified phytase enzyme
with 600 μl of 2.0 mmol l−1 sodium phytate in 100 mmol−l Tris–Cl buffer (pH 7.0),
supplemented with and without 2.0 mmol l−1 CaCl2·2H2O. The reaction was carried out at
37 °C for 30 min, and then, 750 μl of 5 % trichloroacetic acid was added to stop the reaction.
The free phosphate was measured at 700 nm by following the production of

Fig. 2 SDS-PAGE (12 %) analysis BsPhyARRMK33 protein expression in E. coli BL21 (Commassie blue
staining). Lane M, protein marker (kDa); L1, whole lysate of uniduced BL21 E. coli cells containing the plasmid
pET-28a(+)-BsPhyARRMK33; L2, whole cell lysate of the same cells obtained after 3-h induction with 1 mM
IPTG; L3, purified recombinant BsPhyARRMK33 protein
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phosphomolybdate with 1.5 ml of color reagent (freshly prepared by mixing four volumes of
1.5 % ammonium molybdate solution in 5.5 % sulfuric acid and one volume of 2.7 % ferrous
sulfate solution). The enzyme kinetics of recombinant protein was determined using various
sodium phytate substrate concentrations (0.25, 0.5, 1.0, 2.0, 3.0, and 4.0 mmol l−1).

One unit of phytase activity was defined as the quantity of enzyme required to liberate
1 μmol of phosphate per minute under the assay conditions [22]. Three independent experi-
ments were performed for enzyme activity to check the various parameters influencing
recombinant enzyme activity.

pH Optima

To assess the pH optima of phytase, enzyme-specific buffers were utilized in enzyme activity
assays to examine the pH optima: 100 mmol l−1 Tris–Cl (pH 7.0, 8.0, 9.0), 100 mmol l−1

sodium acetate (pH 5.0, 6.0), and 100 mmol l−1 glycine (pH 3.0, 4.0).

Thermostability

To check the thermal stability of recombinant purified phytase, enzyme were examined in
various temperatures ranging from 75 to 95 °C for 10 min in 100 mmol l−1 Tris–HCl (pH 7.0)
along with 5 mmol l−1 Ca2+, followed by cooling to 28 °C for 1 h before enzyme assay was
carried out at 37 °C.

Proteolytic Resistance

In order to determine the susceptibility of the BsPhyARRMK33 phytase to digestive proteases,
purified enzyme was pre incubated with 0.1 mg ml−1 trypsin and pepsin at 37 °C and activity
was measured after 1 h.

Results

Isolation and Sequence Analysis of Full-Length BsPhyARRMK33

The phytase gene (BsPhyARRMK33) was isolated from B. subtilis with an ORF of 1152 bp
which encodes for protein 383 amino acids possessing a putative signal peptide of 27 amino
acids with a calculated molecular mass of 42 kDa. In silico analysis of the deduced amino acid
sequence revealed only four amino acid differences between BsPhyARRMK33 from existing
source B. amyloliquefacins, i.e., instead of alanine, valine (81), histidine, proline (94), aspar-
agine, aspartic acid (148), leucine, and phenylalanine (331). The nucleotide sequence analysis
BsPhyARRMK33 revealed 99 % identity with phytase gene (phy) of B. subtilis, IDCC1102
strain, and B. amyloliquefaciens strain CC178. At the amino acid level, it showed 99 %
identity with B. subtilis of, AAK97047.1, ABC75080.1, WP_007407926.1, AEN75156.1,
92 % with Bacillus amyloliquefaciens (AAL59320.1). The complete BsPhyARRMK33 cDNA
sequence was deposited in GenBank with accession number EF092835.

Sequence Homology and Molecular Modeling of BsPhyARRMK33

Homology model for BsPhyARRMK33 protein was built on the basis of existing structural
information from a closely related heterologous source. The crystal structure of
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B. amyloliquefacins protein (PDB ID 2POO) [23] was chosen as a template for
BsPhyARRMK33 model building using the homology modeling server SWISS-MODEL
[20]. The BsPhyARRMK33 from B. subtilis and B. amyloliquefacins shared 98 % similarity
at their primary amino acid sequence level with only four amino acids mismatch. Structure of
the BsPhyARRMK33 monomer revealed six Ca2+ binding sites (Fig. 3a) and six ß-stranded
sheets in the active site architecture (Fig. 3b)

Expression and Purification of Recombinant BsPhyARRMK33 Protein

Rosetta gami B DE3 cells containing recombinant phytase plasmid (pET-28a(+)-ARRMK33)
were grown at 37 °C and induced expression with IPTG for 3 h. The major induced portion of

Fig. 3 The predicted 3D structure of BsPhyARRMK33. a BsPhyARRMK33 protein model showing six beta-
propeller sheets; each blade is shown in different colors. b Six Ca2+ binding sites within the active site showing
Ca1, Ca2, and Ca3 ions responsible for high thermal stability, whereas Ca4, Ca5, are Ca6 are for catalytic activity
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protein was observed in inclusion bodies. A temperature-course study was executed to analyze
the protein releasing into cytosol at different temperatures (18, 25, 30, and 37 °C). Soluble
fraction of recombinant protein was noticed at 18 °C. The recombinant protein was purified to
near homogeneity from clarified E. coli lysate by passing through Ni–NTA agarose beads as
the N-termini of the recombinant proteins possessed a 6× His tag. Molecular weight of the
BsPhyARRMK33 protein was estimated by SDS-PAGE, as approximately 42 kDa (Fig. 2).
The recombinant purified phytase protein was used for all the enzyme assays, which showed a
specific activity of 13.5 U mg−1. The recombinant strain activity was found to be 43 U ml−1 in
shake flask conditions at 220 rpm. The predicted pI and molecular weight of the enzyme was
estimated by Expassy Compute PI/Mw tool as 4.97 and 41.8 kDa, respectively.

Substrate Specificity and Enzyme Kinetics

Observations with purified phytase protein revealed a maximum enzyme activity of
(13.5 U mg−1) at pH 7. Recombinant phytase enzyme activity was tested using various
concentrations of sodium phytate as the substrate. The Km and Vmax values were 0.95 mM
and 15.3 μmol l−1 (Fig. 4). Enzyme was more active in the presence of Ca2+ and showed
hydrolysis of the phytate, where as it failed to hydrolyse the p-nitrophenylphosphate. It has not
been detected activity with other substrates like (2 mmol l−1) ATP, ADP, and glucose-6-
phosphate. Addition of (2 mmol l−1) EDTA to the reaction mix resulted in complete inhibition
of the enzyme activity.

Effect of pH and Temperature

The recombinant enzyme was found active at 37 °C between pH 5.0 and 8.0 with maximum in
activity at pH 7.0. Although the enzyme exhibited activity at various temperatures ranging
from 25 to 70 °C, an optimum activity has been observed at 55 °C and pH 7.0. The enzyme
showed a recovery of 30 % activity when it was preincubated at pH 3.0 and 37 °C for 6 h prior
to phytase assay. The enzyme upon denaturation for 10 min at 75, 85, and 95 °C, followed by
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Fig. 4 Kinetic analysis of the recombinant BsPhyARRMK33 protein. X-axis: various substrate concentrations of
sodium phytate effect on BsPhyARRMK33 activity. Y-axis: represents liberated phosphate in micromoles per
liter. The Km and Vmax values were 0.95 mM and 15.3 μmol l−1. The optimum pH and temperature for the
phytase activity was 7 and 55 °C, respectively. Data represent mean±SD (n=9)
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1-h renaturation at the room temperature (28 °C, in the presence of 5 mmol l−1 Ca2+), restored
the phytase activity by 74, 52, and 28 % respectively.

Proteolysis Resistance

The recombinant purified phytase from BsPhyARRMK33 showed resistance to proteases, and
the activity retained 80 % after 1-h incubation in the presence of pepsin and trypsin.

Discussion

The global phytase market value as estimated by the first international summit in 2010 is $350
million annually sharing 60 % of the total feed enzyme market. Currently, 70 % of the swine
and poultry feed includes phytase enzyme [24]. Such a tremendous application of phytase has
tempted researchers to attempt economical strategies to synthesize this enzyme in the bacterial
system. Although several phytases from fungi, yeast, and bacteria have been characterized,
commercial production of phytase from Aspergillus niger was started in 1990 and extending to
several microbial phytases. However, these enzymes are not thermostable at elevated temper-
atures, as well as they have broad substrate specificity which could alter the other metabolic
pathways [25, 26]. Incidentally, BsPhyARRMK33 phytase is an ideal substitute that has a
great potential to replace other commercial phytases due to its higher thermostability, strict
substrate specificity, and resistance to proteolysis [27].

In silico analysis of the phytase structure analysis revealed, β-propeller confirmation with
six stranded blades with six Ca2+ binding sites; Ca1, Ca2, are Ca3 are responsible for
thermostability, whereas Ca4, Ca5, and Ca6 are responsible for catalytic activity (Fig. 3).
The purified enzyme exhibited a wide range of pH (5–8), with optimal pH 7, and is active in
the small intestine where the micronutrient’s absorption takes place. In the neutral pH
conditions, phytic acid easily combines with divalent cations especially with Ca2+ and makes
insoluble Ca-phytate, which is a strict substrate of B. subtilis phytase [28]. This enzyme is
particularly beneficial for layers whose diet includes high calcium concentration due to its
strict substrate-specific activity for Ca-phytate [29]. Further, it would be beneficial for aquatic
animals due to alkaline pH. We found that the activity of the purified recombinant phytase is
highest at 55 °C, and the enzyme was stable up to 95 °C for 10 min. The enzyme showed
maximum activity at 55 °C in the presence of Ca2+ probably due to increase in enzyme
stability in the presence of Ca2+. Heterologous expression of the BsPhyARRMK33 phytase in
the E. coli showed a maximal activity of 13.5 U mg−1. However, in the presence of calcium,
the recombinant purified phytase showed maximum activity of 15.3 U mg−1.

Michaelis–Menten kinetics principle reveals phytase activity and phosphorus liberation is
dependent on the concentration of substrate. BsPhyARRMK33 enzyme showed metal depen-
dency for its activity. While on addition of EDTA, enzyme inhibition occurred due to metal
depletion. Phytase activity inhibition of metal-depleted enzyme proves the metal dependency
for its stability and integrity [26].

The phytase activity almost doubled at 55 °C in comparison to the activity at 37 °C.
However, when it was exposed for elevated temperatures like 75–95 °C, it exhibited a
declined activity. Our study reveals that BsPhyARRMK33 is Ca2+-dependent at higher
temperatures, and this is in conformation in the reports [30]. However, the animal feed
undergoes a feed pelleting process and the ideal phytase added should be stable at up to 80–
85 °C. Among all phytases, B. subtilis phytase would be suitable due to its virtue of thermal
stability even at 95 °C for 10 min. The phytase BsPhyARRMK33 belongs to alkaline
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phytase, which has a great resistance to papain and pancreatin, thus compatible with the
intestinal pH.

Hence, BsPhyARRMK33 is an ideal ingredient for animal feed due to higher
thermal stability, strict substrate specificity, and neutral pH, which are the conditions
in the small intestine, where phosphate absorption takes place. The phytase
BsPhyARRMK33 did not show activity with p-nitrophenylphosphate, thus indicating
no phosphatase activity. Therefore, BsPhyARRMK33 has been considered the best
candidate for transgenic expression in plants whereas fungal phytase expression in
plants may disturb other metabolic pathways due to their additional phosphatase
activity and broad substrate specificity. In addition, this phytase has an ability to
degrade 3-inositol ring from 6-inositol ring which would help for signal transduction
[8, 26]. In the present investigation, reproducible protocols for cloning and expression
of Bacillus phytase enzyme from the recombinant E. coli have been successfully
developed.

Conclusion

Phytases are crucial ingredients of diets given to monogastric animals that include poultry,
fish, and swine. Animal feed preparation involves feed pelleting that requires high
temperatures (80–85 °C). We propose that our BsPhyARRMK33 would be a suitable
candidate for animal feed as it is thermostable at extreme temperatures required in the
pelleting process. Moreover, being strictly substrate-specific for phytate and alkaline pH is
particularly beneficial for poultry, transgenic plant expression, and aquaculture, respec-
tively. Expression of BsPhyARRMK33 in plants would enable a cost-effective and
propitious strategy for livestock industry. Thus, all the above characteristic making it an
ideal feed supplement.
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