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Abstract
Microbial degradation of myo-inositol hexakisphosphate (IP6) is crucial to deal with nutritional problems in monogastric 
animals as well as to prevent environmental phosphate pollution. The present study deals with the degradation of IP6 by micro-
organisms such as Sporosarcina spp. pasteurii, globiospora, psychrophila, Streptococcus thermophilus and Saccharomyces 
boulardii. These microbes were screened for phytase production under laboratory conditions. The specificity of the enzyme 
was tested for various phosphorylated substrates such as sodium phytate (IP6), sodium hexametaphosphate, phenyl phosphate, 
α-d-glucose-6 phosphate, inosine 5′ monophosphate and pyridoxal 5′ phosphate. These enzymes were highly specific to IP6. 
The influence of modulators such as phytochemicals and metal ions on the enzymatic activity was assessed. These modulators 
in different concentrations had varying effect on microbial phytases. Calcium (in optimal concentration of 0.5 M) played an 
important role in enzyme activation. The enzymes were then characterized based on their molecular weight  41~43 kDa. The 
phytase-producing microbes were assessed for IP6 degradation in a simulated intestinal setup. Among the selected microbes, 
Sporosarcina globiospora hydrolyzed IP6 effectively, as confirmed by colorimetric time-based analysis.
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Introduction

Myo-inositol hexakisphosphate (IP6) aka phytic acid is the 
principal storage form of phosphorus in plants. The salt form 
of phytic acid (also referred to as phytate) forms insoluble 
complexes with divalent and trivalent metal ions, thereby 
limiting mineral bioavailability and causing environmental 
phosphate pollution (Bohn et al. 2008). Monogastric animals 
such as swine, poultry, and fish produce a meager amount of 
endogenous phytases that is insufficient for phosphate uti-
lization (Cowieson et al. 2016). To overcome this problem, 
phytases can be supplemented externally in animal feeds 

to hydrolyze IP6 into inositol and free phosphates (Kim 
et al. 2017). However, application of microbial phytases 
in commercially available animal feeds is associated with 
certain limitations such as high operation cost, proteolytic 
digestion, enzyme instability at varying pH and temperature 
(Bryden and Li 2010). Till date, there are only a few reports 
on phytase-producing probiotics (Lee et al. 2013; Askel-
son et al. 2014). Recently, a compilation of such probiotics 
including their characteristics and beneficial aspects was 
published (Priyodip et al. 2017).

Microbial phytases are of interest due to high substrate 
specificity, thermostability, catalytic efficiency, phosphate 
hydrolysis and low production cost (Chen et al. 2015). The 
structure information of the enzyme is vital for its func-
tional role. Based on the available crystal structures, micro-
bial phytases are classified into four, they are histidine acid 
phosphatases, β-propeller phytases, purple acid phytases 
and protein tyrosine phosphatases (Lei et al. 2013). The 
first class is commonly found in bacteria (Escherichia coli). 
These enzymes require EDTA as a cofactor for its activa-
tion. The second group of enzymes belonging to Bacillus 
amyloliquefaciens contains six Ca2+ ions in the active site 
for enzyme stimulation. The third group (homologous to 
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Cyanobacteria) (Schenk et al. 2000) require cofactors such 
as Fe3+, Fe2+, Mn2+, and Zn2+ for its activation. The fourth 
class contains enzymes from Selenomonas ruminantium 
and require Pb2+ for catalysis (Gontia-Mishra and Tiwari 
2013). All these characteristics make microbial phytases, an 
ideal candidate for feed-based applications (Yao et al. 2011).

There are extensive reports on IP6 degradation in animals 
(Heravi et al. 2016; Li and Shi 2016). However, there are very 
limited reports on in vivo and in vitro models for IP6 degra-
dation (Markiewicz et al. 2016). Besides, there are studies 
to simulate gastrointestinal conditions (Nielsen et al. 2015; 
Nielsen and Meyer 2016). However, these models are ‘static’ 
and are associated with certain disadvantages. In contrast, 
there are ‘dynamic’ models (simulators) that aim at mimick-
ing the gut physiology and operate with a continuous flow rate 
that may run for days or weeks (Aguirre and Venema 2017). 
These laboratory scale simulators are costly, lack technical 
clarity, and require periodic maintenance (Hur et al. 2011; 
Venema and van den Abbeele 2013). Recently, an in vitro 
chicken gut model was proposed to demonstrate the transfer 
of multidrug-resistant plasmids among bacteria (Card et al. 
2017). Nevertheless, there are no models to assess IP6 deg-
radation in an in vitro gut model. Hence, we propose a cost-
effective gut model for assessing microbial IP6 degradation.

Materials and methods

Cultivation of microorganisms

Microorganisms such as Sporosarcina pasteurii 1761, 
Sporosarcina globiospora 2908, and Sporosarcina psy-
chrophila 4776 were procured from Microbial Type Cul-
ture Collection (MTCC), Institute of Microbial Technology, 
Chandigarh, India. Besides, Streptococcus thermophilus 
2412 was obtained from the National Collection of Industrial 
Microorganisms (NCIM), National Chemical Laboratory 
(NCL) Pune, India. Apart from these bacteria, a commer-
cially available yeast—Saccharomyces boulardii, (branded 
as ‘gNorm’ available in 282.5 mg sachet) was purchased 
from Vijaya Medicals, Manipal, India. The bacteria were 
revived in MRS and nutrient medium, whereas the yeast was 
grown in potato dextrose medium (YPD). All the microbial 
cultures were incubated at 37 °C under an agitation speed 
of 200 rpm and allowed to grow overnight. Simultaneously, 
they were also maintained in phytase screening medium 
(PSM).

Phytase screening

PSM proposed by Howson and Davis (1983) was modified in the 
present study by replacing dextrose with IP6 as the sole carbon 
source. The components of the medium per 100 mL is given 

as follows: 0.2% MgSO4 (Himedia, Mumbai), 0.5% (NH4)2SO4 
(Merck, Bangalore), 0.01% NaCl (Merck, Bangalore), 0.01% 
KCl (Loba Chemie, Mumbai), 0.01% MnSO4 (Himedia, Mum-
bai), 0.01% FeSO4 (Loba Chemie, Mumbai) and 0.5% calcium 
phytate (Himedia, Mumbai). A microbial suspension of 100 µL 
was inoculated on PSM agar plates and incubated at 37 °C for 
24 h. The appearance of IP6 hydrolytic zones around the point 
of inoculation is perceived as a positive result. The experiment 
was performed in triplicates and the average diameters of these 
zones were observed and documented.

Total protein estimation

A loop full of inoculum (grown in PSM) was transferred 
to 50 mL of PSM broth and incubated in a rotary shaker at 
200 rpm for 24–48 h. It was then centrifuged at 10000 rpm for 
10 min at 4 °C. The pellet was discarded and the supernatant 
containing crude phytases was subjected to Bradford’s assay 
(Bradford 1976) to estimate the total protein content.

Substrate specificity and enzyme kinetics

The degradation of IP6 was quantitatively estimated by ammo-
nium molybdate method (Bae et al. 1999). The reaction mix-
ture consists of 6.25 mM IP6 as substrate, and the reaction 
was stopped after 30 min. To this, a freshly prepared color 
reagent was added. The resultant color change was estimated at 
700 nm. These experiments were conducted in triplicates and 
their mean absorbance was used for calculating their substrate 
specificity and enzyme kinetics. The specificity of various sub-
strates such as IP6, sodium hexametaphosphate, phenyl phos-
phate, α-d-glucose-6 phosphate, inosine 5′ monophosphate 
and pyridoxal 5′ phosphate were assessed. The extracellular 
enzymes followed Michaelis–Menten kinetics and the corre-
sponding parameters such as Km and Vmax were calculated. 
Where “one unit of phytase is defined as the amount of enzyme 
required to liberate one µmol of phosphate per min”. The influ-
ence of modulators such as sodium, potassium, citrate, and 
tartrate along with other metal ions such as calcium (Ca2+), 
copper (Cu2+), iron (Fe3+), and magnesium (Mg2+) at three 
different concentrations (0.05, 0.1 and 0.5 M) were studied.

Enzyme purification

The extracellular phytases in the supernatant were pre-
cipitated by 90% ammonium sulfate and ultrafiltered using 
membrane (Pellicon XL, Millipore, USA). The samples 
were further purified by passing through a manually 
designed chromatographic column packed with Sepha-
dex-50 beads equilibrated with Tris–acetate buffer. The 
eluted fractions were pooled and subjected to 12% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis 
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(SDS-PAGE). The separated proteins were stained using 
Coomassie brilliant blue R-250.

Simulated intestinal setup

The discarded waste of chicken (gut samples) was col-
lected from the Century chicken shop, Manipal, India. The 
samples were incised carefully with a sterilized scalpel to 
include only the small intestinal segments (of jejunum and 
ileum). These segments were stored in ice packs (Polar 
Brick, Bangalore, India) and transported to the labora-
tory. The samples were thoroughly cleaned with deionized 
water (Millipore purification system, USA) and Gram’s 
staining was performed to infer the microbial population. 
The lumen was cleaned with phosphate buffered saline 
(PBS-0.1 M) (Khambualai et al. 2009), about 5–7 times 
until Gram’s staining revealed sterilized intestinal cav-
ity. The specimens were placed in 0.9% sterilized saline 
solution (Merck, India), as it is better when compared to 
other chemicals such as dimethyl sulfoxide (Shivakumar 
et al. 2016). The sterile chicken gut was suspended (the 
bottom end was sealed with Parafilm) in a sterilized glass 
bottle (working volume 500 mL) filled with saline solution 
(maintained at pH 6.2). The setup was placed in an incuba-
tor maintained at 41 °C for simulating chicken body tem-
perature. The overnight grown microbial cultures (~ 5 mL) 
in respective mediums such as NB, MRS, and YPD were 
inoculated in the gut model and the setup was incubated for 
24 h. To examine IP6 degradation, the saline samples were 
collected periodically for every 30 min, up to 180 min. The 
experiments were performed in triplicates and the model 
does not involve animal handling. Moreover, the samples 
were collected from discarded waste and hence ethical 
approval was not required (Card et al. 2017).

Results and discussion

Microbial morphology

The morphological characteristics of the selected micro-
organisms are summarized in Table 1. The individual 
colonies of bacterial species were spherical, opaque and 
smooth, while for the yeast, the morphology was irregular.

Phytase screening

The IP6 hydrolytic zone diameters range from 18 to 26 mm 
(Fig. 1) after 24 h. This demonstrated that the selected 
microbes produced extracellular phytases, in agreement with 
Sajidan et al. (2015) and Rocky-Salimi et al. (2016). The Ta
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maximum zones obtained were 23 and 26 mm for Strepto-
coccus thermophilus and Sporosarcina globiospora, respec-
tively. These zones are smaller when compared to the one 
reported for Bacillus subtilis DR6 (Singh et al. 2013). How-
ever, in other reported Bacillus spp. the zone diameter was 
11 mm even after 48 h of incubation (Demirkan et al. 2014). 
In the case of yeast, the zone produced is 20 mm, which is 
similar to Pichia kudriavzevii TY13 (Hellstrom et al. 2015). 
It was also observed that IP6 is a better carbon source when 
compared to the other phytase screening media, where glu-
cose is normally used (Demirkan et al. 2014).

Substrate specificity and enzyme characterization

The microbial enzymes followed Michaelis–Menten kinet-
ics. The kinetic parameters for these enzymes are shown in 

Fig. 1   IP6 utilization patterns of a Streptococcus thermophilus, b 
Sporosarcina psychrophila, c Sporosarcina pasteurii, d Sporosarcina 
globiospora, and e Saccharomyces boulardii  Ta
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(Table 2; Fig. 2). They were highly specific to IP6 as indi-
cated by their Km values. However, it also showed marginal 
activity towards other phosphorylated substrates. It was 
observed that the presence of IP6 in optimal concentration 
(6.25 mM) induced enzyme production. The specificity of 
Streptococcus thermophilus and Sporosarcina pasteurii were 
indicated by the Km values 163.01 and 168.27 µM, respec-
tively. This is in contrast with the reported E. coli phytase, 
having higher Km 340 µM (Greiner and Farouk 2007). In 
the case of yeast, the Km value is 259.38 µM. The kinetic 
studies were followed by molecular separation that resulted 
in prominent bands ranging from 41 to 43 kDa (Table 1; 
Fig. 3).

Effect of modulators

The influence of natural chemicals such as citrate and tartrate 
as well as metal ions on microbial phytases was tabulated 
(Table S1). The presence of minerals in three different con-
centrations had a variable effect on enzyme activities. These 
ions in optimum concentrations act as cofactors stimulating 
catalytic activity, while at increasing concentrations they 
inhibit IP6 degradation due to saturation. The presence of 
modulators such as sodium, potassium, citrate, and tartrate 
(at a lower concentration of 0.05 M) did not have any impact 
on enzyme activity in Streptococcus thermophilus and 
Sporosarcina spp. pasteurii, globiospora and psychrophila. 
Phytase activity in Streptococcus thermophilus was stimu-
lated by Ca2+ ions. This holds true for Sporosarcina spp. 
pasteurii and globiospora for all the three concentrations. 
This may be due to spore formation induced by Ca2+ ions 
during unfavorable environment. Other metal ions such as 
iron and copper at 0.5 M concentration partially stimulated 
enzyme activity in Streptococcus thermophilus, whereas at 
the same concentration citrate inhibited enzyme catalysis. 
However, the enzyme activity in Sporosarcina pasteurii was 
unaffected in the presence of 0.05 and 0.1 M magnesium, 
and potassium at 0.5 M concentration. Similarly, calcium, 
copper, and magnesium at lower concentration (0.05 M) 
failed to show enzyme activity in yeast.

Fig. 2   Substrate specificity studies of selected microorganisms; IP6 
sodium phytate, SHMP sodium hexametaphosphate, PP phenyl phos-
phate, α-d-g-p α-d-glucose-6 phosphate, IMP inosine 5′ monophos-
phate, PYP pyridoxal 5′ phosphate

Fig. 3   SDS-PAGE of enzymes. Lane 1: Streptococcus thermophi-
lus, lane 2: Sporosarcina pasteurii, lane 3: Sporosarcina globios-
pora, lane 4: Saccharomyces boulardii, lane 5: crude enzyme, lane 6: 
Sporosarcina psychrophila, and lane 7: protein marker

Fig. 4   The simulated intestinal setup
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IP6 degradation in a simulated intestinal setup

The setup is shown in (Fig. 4). The selected microbes were 
inoculated in the intestinal lumen, and the subsequent col-
onization was confirmed for Sporosarcina globiospora by 
Gram’s staining (Fig. 5). This also depicts that there is no 
cross-contamination in the intestinal setup. The microbes 
grown in PSM resulted in higher phytase activity due to 
IP6 degradation and in the process liberated free phos-
phates that were quantified from the diffused saline solu-
tion (Table S2, Fig. 6). Time-course analysis showed an 
increased phosphate liberation up to 150 min after which 
there is no additional phosphate release. This may be due 
to enzyme saturation. A similar trend was documented for 
Bifidobacterium spp. (Tamayo-Ramos et al. 2012).

Conclusions

Microbial enzymes from Sporosarcina spp. pasteurii, glo-
biospora and psychrophila, Streptococcus thermophilus, and 
Saccharomyces boulardii were highly specific to IP6. These 
enzymes were characterized based on their specificity and 
molecular masses. It was found that the calcium ion plays a 
key role in stabilization and stimulation of catalytic activ-
ity of the enzyme in optimal concentration. The selected 
microorganisms efficiently degraded IP6 in the simulated gut 
model. Among the microorganisms studied, only Saccharo-
myces boulardii is well known for its commercial probiotic 
applications. Hence, further studies are required to validate 
the probiotic potential of other selected microorganisms.
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