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Abstract Optimization of process parameters for phytase
production by Enterobacter sp. ACSS led to a 4.6-fold
improvement in submerged fermentation, which was
enhanced further in fed-batch fermentation. The purified
62 kDa monomeric phytase was optimally active at pH 2.5
and 60 °C and retained activity over a wide range of tem-
perature (40-80 °C) and pH (2.0-6.0) with a half-life of
11.3 min at 80 °C. The kinetic parameters K, Vinax> Kcao
and K., /K,, of the pure phytase were 0.21 mM, 131.58
nmol mg ' s7',1.64 x 10° s~',and 7.81 x 10° M~' s,
respectively. The enzyme was fairly stable in the presence of
pepsin under physiological conditions. It was stimulated by
Ca™?, Mg and Mn ™, but inhibited by Zn"?, Cu™?, Fe™?,
Pb*?, Ba™? and surfactants. The enzyme can be applied in
dephytinizing animal feeds, and the baking industry.

Keywords Enterobacter sp. ACSS - Phytase - Thermo-
acid-stable - Feed - Fed-batch

Introduction

Phosphorus (P) is a key mineral element vital for the

growth and development of living organisms. It is required
for the formation of essential building blocks of life and
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instrumental in various metabolic pathways including
glycolysis, gluconeogenesis and cellular signal transduc-
tion [1]. It is primarily stored in the form of phytic acid
(PA) or phytate (myo-inositol 1, 2, 3, 4, 5, 6-hexakispho-
sphate, IP6) in cereals, legumes, oil seeds and nuts, where
it constitutes 3-5 % of the dry weight [2] representing
50-80 % of the stored P [3]. PA has been globally recog-
nized as an anti-nutrient due to its poly-anionic nature that
leads to complex formation with divalent metal cations,
proteins, starch and lipids, and thereby interfering with
their absorption in the gastro-intestinal (GI) tract. Fur-
thermore, the undigested PA is discharged into the envi-
ronment and contributes to phosphorus eutrophication of
water bodies [4].

Ruminant animals digest phytic acid with the help of
microbial phytases produced by the rumen microflora.
Monogastric animals such as pigs, poultry and fishes are
deficient in phytases, therefore, poorly digest phytate
phosphorus. This is a complex two-pronged problem as
phosphate is essential for animal growth and development,
which is excreted in the form of undigested phytate that
leads to environmental pollution. This problem is effec-
tively solved by the supplementation of feed with phytate-
degrading enzymes.

Phytase (myo-inositolhexakisphosphate phosphohydro-
lase) degrades phytates to release phosphate and other
essential ions. It is widespread in nature, found in plants,
animals and microorganisms. The use of phytase reduces P
excretion in monogastric animals and avoids supplemen-
tation of feeds with inorganic phosphate. Animal stomach
is the main functional site for phytase-mediated dephos-
phorylation in the GI tract. Therefore, an ideal commercial
phytase should be active and stable under acidic conditions
prevailing in the gastric environment, and should be
resistant to proteolytic enzymes like pepsin and trypsin.
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Fig. 1 A neighbor-joining tree showing the phylogenetic relation-
ships of Enterobacter sp. ACSS, with type strains of Enterobacter
species. Yersinia enterocolitica ATCC 9610T (AF366378) was used

Despite several reports on phytases, the search for an ideal
phytase is still continuing that can effectively hydrolyse
phytate in the upper digestive tract (acidic) of monogastric
animals and could be resilient at higher temperatures in
feed pelleting.

The present investigation highlights the optimization of
phytase production by Enterobacter sp. ACSS as well as its
purification, characteristics and potential applications.

Materials and methods
Isolation and identification of the bacterial strain

Bacterial isolates, retrieved from soil samples from dif-
ferent locations around Durban (South Africa), were
screened for phytase production on modified solid phytase
screening medium (PSM) [5] [g/l: Na-phytate (Sigma), 1;
glucose, 15; NH4NOs3, 2; KCI, 0.5; MgS0,4-7H,0, 0.5;
MnSO4-4H,0, 0.3; FeSO,4-7H,0, 0.3 and agar, 15; pH 6.5].
To avoid false positives due to microbial acid production,
the plates were also treated with 20 g/l aqueous cobalt
chloride solution. The plates were incubated at room
temperature for 5 min, decanted, and then flooded with a
freshly prepared solution containing equal volumes of a
62.5 g/l aqueous ammonium molybdate solution and 4.2 g/
1 ammonium vanadate solution. The isolate obtained from
the plant rhizosphere soil which showed a larger phytate-
hydrolysis zone was selected and identified as Enterobacter
sp. ACSS (Fig. 1), based on a polyphasic approach. The
16S rDNA sequence was deposited in the NCBI GenBank
nucleotide sequence database under the accession number
KP814680. Stock cultures of the bacterium were main-
tained on refrigerated nutrient agar slants at 4 °C with
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Enterobacter cloacae subsp. dissolvens strain ATCC 23373(NR 118011)
Enterobacter cloacae strain 279-56 (NR 028912)
Enterobacter sp. ACSS
Enterobacter ludwigii strain EN-119 (NR 042349)
Enterobacter kobei strain JCM 8580 (NR 113321)

93 4'
100 | Enterobacter kobei strain CIP 105566 (AJ508301)

Enterobacter cancerogenus strain LMG 2693 (NR 044977)
94 Enterobacter asburiae (AB004744)
99 | Enterobacter asburiae strain JCM6051 (NR 024640)

Enterobacter aerogenes strain ATCC 13048 (NR 118556)
100 | Enterobacter aerogenes strain NBRC (13534NR 113614)

Yersinia enterocolitica ATCC 9610T (AF366378)

as an outgroup. Bootstrap values are expressed as percentages of 1000
replications and shown at the branch points

periodic revival and also preserved as glycerol stocks at
—70 °C.

Enzyme preparation and phytase assay

The seed culture was prepared by submerged cultivation of
the bacterium in Luria—Bertani broth at 37 °C at 200 rpm for
12 h. Phytase was produced by inoculating 2 %
(CFU =~ 1.5 x 10%) of the seed culture in Erlenmeyer flasks
(250 ml) containing 50 ml of PSM broth [g/l: Na-phytate
(Sigma), 1; glucose, 15; NH4NO;, 2; KCI, 0.5; MgS0O,.7-
H,0, 0.5; MnSO,4.4H,0, 0.3 and FeSO,.7H,0, 0.3; pH 6.5].
Unless otherwise indicated, the fermentation was conducted
at 37 °C for 48 h at 200 rpm. The cells were harvested by
centrifugation at 8800xg for 20 min and the cell-free
supernatant was used to assay phytase by determining inor-
ganic phosphate (Pi) according to the method as described by
Heinonen and Lahiti [6]. One unit of phytase activity is
defined as the amount of enzyme that liberate 1 nmol of Pi
per second under standard assay conditions [3, 7]. The pro-
tein concentration was determined using Bradford reagent
(Bio-Rad) [8] with bovine serum albumin as the standard.

Optimization of process parameters

A variety of carbon and nitrogen sources, inorganic salts,
and cultivation parameters like inoculum levels, incubation
temperatures, incubation periods, agitation rates, initial pH
values and others that may affect the production of phytase
were optimized by the conventional ‘one-variable-at-a-
time’ approach. The variables that significantly affected
phytase production were identified, and these were further
optimized by the statistical software package ‘Design
Expert’ (Version 6.0, Stat-Ease Inc., Minneapolis, USA).
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Plackett Burman methodology

Two-level Plackett-Burman design (PBD) is an efficient
technique to select significant process parameters by
screening n variables in n + 1 experiments. A total of 20
trials with 17 variables and 2 controls or unassigned vari-
ables were screened in the present design (Supplementary
Table 1), which included a variety of carbon and nitrogen
sources, inorganic salts, and cultivation parameters. The
principal effect of each variable was estimated as the dif-
ference between the average of the measurements made at
the high level (41) of that factor and the average of the
measurements made at the low level (—1) of that factor,
which was determined by the following equation:

E(X;) =2(2Ciy — 2Ci_)/N

where E(X;) is the concentration effect of the tested vari-
able. C;; and C,_ are the phytase activities from the trials
where the variable (X;) under study was present at high and
low concentrations, respectively, and N is the number of
experiments. The significance of each variable (p value)
was determined via Student’s 7-test.

Path of steepest ascent

Experiments were carried out along the steep path that
initiated from the origin, as the center of the Plackett-
Burman design, to move rapidly towards the vicinity of the
optimum conditions. Experiments were designed by
increasing or decreasing the concentrations of variables
based on the PBD results until no further increase in
response was observed. The experimental design and
results of the steepest ascent method are shown in Sup-
plementary Table 2.

Response surface methodology using central
composite design (CCD)

Four significant parameters (wheat bran, peptone, ammo-
nium sulfate and inoculum size), identified by Plackett-
Burman design, were chosen as independent variables.
Each factor was studied at five different levels (—a, —1, 0,
+1, +a) as per CCD, with a total of 30 experiments and the
experimental design is shown in Supplementary Table 3a.
The behavior of the system was explained by the following
second order polynomial equation:

Y = By + BiA + BB + B3C + ByD + B, A* + BB’
+ B33C* + BuuD’ + B1,AB + B13AC + B, AD
+ B3 BC + BouBD + B34,CD

where Y is predicted value of response, fiy is intercept, 5},

P2, P3, Pa are linear coefficients, f11, f22, P33, Pas are
squared coefficients, B12, B13, P23, P24, P34 are interaction

coefficients and A, B, C, A%, B2, C?, D*, AB, AC, BC, BD,
CD are independent variables.

The conditions predicted by the statistical model was
validated with respect to phytase production in 0.25-2.0 1
shake-flasks, and also in 11 (Multifors) and 5 1 (Minifors)
lab fermenters (Infors, Bottmingen-Basel, Switzerland).
The fermenters were operated at 40 °C, 200 rpm with
1 vvm of aeration. Samples were drawn at the desired
intervals, harvested and cell-free supernatants were used in
phytase assays.

Batch and fed-batch production

Batch and fed-batch fermentations were conducted in a 5 1
glass fermenter (Minifors, Infors HT, Switzerland) con-
taining 2.51 of optimized medium with 4.14 % (v/v)
inoculum at 37 °C. Dissolved oxygen (DO) in the fer-
menter was maintained at 30 % air saturation using aera-
tion in cascade mode controlling the agitation speed
(maximum, 700 rpm) and airflow. Batch fermentation was
carried out for 36 h, while fed-batch fermentation contin-
ued up to 96 h. Feeding was done at every 12 h with
concentrated (10x) optimized medium to maintain the total
reducing sugar concentration under 20 g/l. However, in
order to reduce the clogging of feed-pipe due to wheat
bran, its concentration was kept at 16.2 g/l in the feed.

Purification, PAGE and zymography

The crude extract (21) was subjected to 55-85 %
ammonium sulfate precipitation and the precipitate was
suspended in 0.1 M sodium acetate buffer (pH 5.5). It
was desalted through Hi-Prep™ 26/10 column (GE
Healthcare, Sweden) against 20 mM sodium acetate buf-
fer (pH 5.5) using an AKTA purifier system (GE
Healthcare, Sweden). The concentrated and desalted
sample was loaded onto a HiTrap™ DEAE FF (GE
Healthcare, Sweden) anion-exchange column previously
equilibrated with 20 mM Tris—HCI buffer (pH 8.0). The
column was eluted with a linear gradient of 0—1 M NaCl
in 20 mM Tris—HCI buffer (pH 8.0) at a flow rate of
1 ml/min. Active fractions were pooled and applied to
Superdex™ 200 increase 10/300 column (GE Healthcare,
Sweden), and eluted with 50 mM sodium acetate buffer
(pH 5.5) at 0.75 ml/min. Elution of the protein was
monitored at 280 nm. The active fractions were then
pooled and concentrated using Biomax Mr. 10,000 cut-off
Millipore membrane (Millipore, USA).

SDS-PAGE was carried out on a Mini PROTEAN gel
electrophoresis unit (BioRad Laboratories, USA) according
to Laemmli [9] using 12 % cross-linked polyacrylamide
gel. For zymography, the samples were electrophoresed on
12 % native-PAGE and activity stained according to the
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method of Bae et al. [10]. A clear zone of hydrolysis
confirmed phytase activity.

Enzyme characterization
Effect of pH on activity and stability

The effect of pH on phytase activity was studied over a
pH range between 1.0 and 11.0 in different buffer systems
[HCI-KCI buffer (1.0-2.0), Citrate buffer (pH 3.0), Na-
acetate buffer (pH 4.0-5.0), Citrate buffer (pH 6.0) Tris—
HCI buffer (pH 7.0-8.0) and glycine-NaOH (9.0-11.0].
The pH stability of the enzyme was determined by pre-
incubation of phytase with buffers of different pH and the
residual enzyme activity was determined at an interval of
30 min up to a period of 6 h under standard assay
conditions.

Effect of temperature on activity and stability

The effect of temperature on phytase activity was assessed
over a temperature range of 30-90 °C. The thermostability
of the enzyme was determined by pre-incubation at dif-
ferent temperatures and determining the residual enzyme
activity at 30-min intervals up to a period of 6 h.

Substrate specificity and kinetic parameters

The substrate specificity of purified phytase was tested
against Na-phytate, p-nitrophenyl phosphate, sodium
pyrophosphate, glucose-1-phosphate, glucose-6-phosphate
and ATP by incubating the enzyme separately with the
substrates (5 mM) and measuring the residual phytase
activity. Enzyme without any agent acted as control while
activity with Na-phytate was regarded as 100 %. The K,
and V..« of phytase was determined using Lineweaver—
Burk plot and by applying the Michealis—Menten equation
(Eq. 1) using different concentrations (0.125-2 mM) of
substrates. The catalytic constant (K.,) was determined
from the V,.x recorded for each substrate by applying
Eq. (2) while -catalytic efficiency was calculated by

applying Eq. (3).

I(Km>(l>Jr 1 (1)
VO Vmax [S] Vmax
Vmax
Ko = —o 2
at [E]T ( )
. . . _ Kcat
Catalytic efficiency = X (3)

m

where V, is the initial velocity, V. is the maximum
velocity, K, is the Michaelis—Menten constant and [E]r is
the total enzyme concentration.
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Effect of metal ions, surfactants and reducing agents

The effect of metal ions and surfactants was studied by pre-
incubating the enzyme for 30 min at 37 °C, 100 rpm with 1
and 5 mM concentration of various metal ions including
BaC12-2H20, CaC12~2H20, COC12'2H20, CU.SO4'5H20,
FeSO,4-7H,0O, MgSO,-7H,0O, MnCl,-4H,0, PbCl, and
ZnCl,, and 0.1-1.0 mM concentration of non-ionic (triton
X-100, tween-20, tween-80), anionic (SDS) and cationic
(CTAB) surfactants. In addition, the effect of 1 and 5 mM
concentration of EDTA, and DTT was also investigated.
Enzyme without any agent served as the control. The
residual enzyme activities were thereafter determined.

Applications of phytase

Phosphate liberation from animal feed and simulated
gastric fluid (SGF)

Finley milled wheat bran, chicken feed and fish feed were
autoclaved (121 psi, 15 min) and 2 g (dry weight) of each
was suspended in 50 ml of 0.1 M acetate buffer (pH 5.5).
Phytase (50 U) was added to each suspension and incu-
bated at 37 and 50 °C. Aliquots (1 ml) were removed at
desired time intervals and centrifuged at 10,620xg for
2 min at 4 °C. The supernatants were collected for esti-
mating Pi liberated as described earlier [7]. Pi released
from animal feed was determined by adding 1 g of feed-
stock (wheat bran, chicken feed and fish feed) to 9 ml
simulated gastric fluid (SGF) (250 mM Glycine-HCl
containing 2.0 mg/ml NaCl and 3.2 mg/ml pepsin). The pH
was adjusted with HCI or NaOH to 1.5, 2.0, 2.5, 3.5, 5.5, or
6.5 as required. Phytase (10 U) was added to pre-incubated
solutions (37 °C, 30 min) and incubated with agitation at
37 °C for 60 min. The amount of released phosphorus was
determined using standard phytase assay [11].

Hydrolysis of insoluble metal-phytates

Hydrolysis of insoluble metal-phytates was studied accord-
ing to the method as described by Sapna and Singh [12].
Briefly, stock solutions of metals ions (Ca®", Co**, Cu®™,
Fe?*, Mg?", Mn>" and Zn**, 100 mM each) were prepared
by dissolving CaCl,-2H,0, CoCl,-2H,0, CuSO,4-5H,0,
FCSO47H20, MgSO47H20, MHC124H20 and ZHC127H20
in Milli-Q water. Equal volumes of 100 mM salt solution and
10 mM sodium phytate were mixed and incubated overnight
at 4 °C for precipitation. The precipitated salts were sepa-
rated next day by centrifugation at 425x g at 4 °C for 1 min.
The pellets were washed thrice with Milli-Q water followed
by re-suspension in 0.5 ml of 0.1 M Na-acetate buffer (pH
5.5). The metal-phytates were hydrolysed by incubating with
10 U of phytase at 50 °C for 12 h and aliquots were taken
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every 3 h to determine the amount of Pi in the supernatant
after centrifugation. The substrate and enzyme controls were
also run simultaneously and values were deducted from the
test value [12].

Application in improvement of bread making performance

Basic bread dough was prepared by mechanical mixing of
brown bread flour (400 g) with dry yeast (8 g), sugar (15 g),
ascorbic acid (3.75 mg), water (275 ml), fat (10 g) and NaCl
(5 g) for 5 min. Phytase (0.2, 0.6 and 1.0 U/g) was added
prior to mixing of separate bread doughs, while the con-
trolled experiment lacked this enzyme. It was left for
proofing for 45 min, followed by baking at 25 °C for 25 min.
The breads were then assessed for soluble Pi. Shelf life of the
bread was estimated by Weibull hazard method [13].

Results and discussion

Plant rhizosphere is a highly dynamic environment that
harbors diverse microorganisms actively involved in
nutrient cycling. Isolation of a high phytate-hydrolysing
bacterium in this study, from the rhizosphere of sugarcane
indicates its possible involvement in mobilization of P
from recalcitrant phytate molecules in soil. The bacterium
is Gram-negative, rod-shaped, non-spore forming faculta-
tive anaerobe that grows optimally at 37 °C in Luria—
Bertani broth. The carbohydrate utilization profile on
Omnilog-Biolog identification system (Biolog, Inc, CA)
indicated it to be a species of Enterobacter which was
further confirmed by 16S rDNA sequence analysis. Inter-
estingly, though the 16S rDNA sequence of Enterobacter
sp. ACSS displayed high identity with E. cloacae and E.
ludwigii strains, it formed outgroup in the phylogenetic tree
(Fig. 1) indicating its unique characteristics.

Response of the PBD (Supplementary Table la) was
observed with high variability in phytase production
(0.41-29.81 U/ml), indicating the importance of opti-
mization by statistical approaches. Five variables (wheat
bran, peptone, tween-20, ammonium sulfate and inoculum
size) were identified as the most significant factors
(»p < 0.05) out of 17 nutritional and cultural variables
(Supplementary Table 1b). However, we continued with
wheat bran, peptone, ammonium sulfate and inoculum size
for further optimization. Although tween-20 has a marked
effect on phytase production but it was omitted as it shows
interference during purification steps. The production of
phytase is reported to be inducible or constitutive [14]. In
the present study, the positive signal of wheat bran indi-
cated that phytase production by Enterobacter sp. ACSS
was induced in the presence of phytate containing sub-
strates. Wheat bran has a high phytate content [15, 16];

therefore, it may act as an inducer for enhanced production
of phytase by the bacterium. The enzyme production was
further improved to 55.68 £ 3.06 U/ml using path of
steepest ascent/descent (Supplementary Table 2).

RSM using CCD was applied to determine the optimal
levels of the four selected variables and their interaction
was studied for enhanced phytase production. The results
of CCD experiments are presented along with the mean
predicted and observed responses (Supplementary
Table 3a). It was analyzed by standard ANOVA (Supple-
mentary Table 3b).
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Fig. 2 Three dimensional response surface graph showing interaction
between a wheat bran and ammonium sulfate and b peptone and
inoculum size
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The model F values of 1550.42 and ‘Prob > F value’ of
<0.0001 implied the model was highly significant. There
was only a 0.01 % chance that the model F value could
occur due to noise. All four linear coefficients (A, B, C and
D) and the quadric terms (A%, B, C* and D?) were sig-
nificant for phytase production. The interaction of A with
C and D, and D with B and C were significant model terms.

Response surfaces with contour plots (at the base) were
generated to represent the interaction of two variables
while keeping another variable fixed at ‘0’ level. Figure 2
presents the three dimensional response surface curves
established for phytase production in this study. Figure 2a
shows increase in phytase production with increase in the
wheat bran and ammonium sulfate concentration up to 18.3
and 2.6 g/l, respectively. Any further increase in these two
variables repressed the enzyme production. Similarly,
increase in peptone concentration up to 15.5 g/l had a
favorable impact on phytase production (Fig. 2b), and thus,
15.5 g/l peptone and inoculum size of 4.14 % were optimal

for maximum phytase production. Peptone was also shown
to be a critical factor for the production of biohydrogen
using Enterobacter sp. MTCC 7104 [17].

The experimental model and its predictions were vali-
dated for all four variables within the design space by five
random sets of experimental combinations as suggested by
Design Expert software. The predicted response for phy-
tase production was in good agreement with the actual
response, confirming the suitability of the model. Use of
statistical models to improve enzyme production is a rou-
tine practice and it has been used to enhance the production
of phytase from several microorganisms [3, 4, 11].

There was a slight decrease in the batch production
levels (79.2 U/ml) in the fermenter as compared to shake
flasks (83.2 U/ml) but the fermentation time was reduced
by 4 h. Phytase production was growth-dependent and after
24 h phytase as well as biomass production declined during
batch cultivation (Fig. 3a). Fed-batch fermentation was
carried out to achieve higher biomass for improved and

Fig. 3 Production of phytase 3.5 r85
by Enterobacter sp. ACSS in a
5 1 laboratory fermenter under L 3.0 r8o
a batch and b fed-batch =
conditions g L s r7.s
: S i
g 4 :
k51 20 £
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B § res =
= L5 M ¢
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Table 1 Summary of purification steps for Enterobacter sp. ACSS phytase

Purification Steps Total activity (U) Total protein (mg) Specific activity (U/mg) Yield (%) Fold purification
Crude filterate 41,156 726 56.68 100 1

(NHy),SO, precipitation 25,804.80 309.7 83.32 62.69 1.47

Anion exchange (DEAE FF) 6757.32 24.73 273.24 16.41 4.32

Gel filtration (Superdex™) 1559.81 1.93 805.98 3.79 14.22

sustained production of phytase. Time course profiles of
phytase production, biomass and total residual sugar during
fed-batch fermentation are shown in Fig. 3b. The total
reducing sugar was utilized fast and 51 % was consumed
during the first 12 h (exponential phase). Its concentration
at the time of converting batch to fed-batch was 10.3 g/l,
and at the end of fed-batch fermentation 5.8 g/l of reducing
sugar was left in the medium. Based on optimization of
feeding time (data not shown) the culture was fed after
every 12 h, which maintained the bacterium in its loga-
rithmic phase until 64 h and the biomass improved by 2.6-
fold with a concomitant 1.9-fold improvement in overall
phytase production (153.2 U/ml) as compared to sub-
merged production in batch mode. Several studies have
confirmed enhancement in enzyme production due to fed-
batch cultivations; however, most of the fed-batch studies
pertaining to the use of Enterobacter family of bacteria
have been focused on exopolysaccharides [18], polyglu-
cosamine [19] and 2, 3-butanediol [20] though Enter-
obacter sp. are known to be potential producers of several
industrial enzymes. Kleist et al. [21] attained high phytase
levels (120 U/ml) using rapid glucose controlling system
for fed-batch cultivation of E. coli, while Verma and
Satyanarayana [22] achieved 47.33 and 36.91 U/ml cell-
bound phytase from Pichia anomala using cyclic fed-batch
and fixed volume fed-batch strategies. The production of
phytase by Aspergillus ficuum was enhanced by 11 and
40 % due to the addition of feed containing glucose and
Na-phytate, respectively [23]. To the best of our knowl-
edge, this is the first report on fed-batch production of an
industrially significant enzyme by any Enterobacter sp.
Phytase from Enterobacter sp. was purified to homo-
geneity, with an overall purification of 14.22-fold and a
yield of 3.79 % (Table 1). The purified enzyme (Fig. 4)
has an apparent molecular mass of 62 kDa on SDS-PAGE
gel (Fig. 4b) and appears to migrate as a monomer during
Superdex™ gel filtration chromatography (data not
shown). The enzyme is active over a broad range of acidic
pH and temperature, and exhibited remarkable stability.
The enzyme was optimally active at pH 2.5 (Fig. 5a) and
fairly stable at pH 2 (Fig. 5b), retaining complete activity
for 120 min. At pH 3 and pH 4 it lost only 10 % of activity
after 120 min. Half-life of the enzyme at pH 2.0, 3.0, 4.0,
5.0 and 6.0 was 577.5, 433.1, 770.0, 247.5 and 91.2 min,

720 kDa
480 kDa

100 kDa
242 kDa

70 kDa

55 kDa

66 kDa 40 kDa

35kDa

20 kDa

(@ (b)

Fig. 4 Purification of phytase from Enterobacter sp. ACSS. a Na-
tive-PAGE and zymogram analysis of the phytase, M/ native protein
molecular weight marker, lane I crude extract, lane 2 the sample after
HiTrap DEAE anion-exchange column chromatography, lane 3 the
sample after Superdex™ gel filtration chromatography, lane 4
zymogram analysis and b SDS-PAGE of the purified phytase, M2
protein molecular weight marker, /ane I purified phytase

respectively. As the pH approached neutrality, stability
decreased at a faster rate. A loss of 60 % of activity was
observed at pH 6 and a complete loss of activity was
observed after 240 min. Thermo-acido-philic enzymes are
of major commercial interest. Although members of the
family Enterobacteriaceae prefer to grow in neutral pH,
they are known to survive the low-pH stress during passage
through the stomach and in the fermented and acidified
fecal material [24]. The role of phosphate transport systems
in acidic habitats [25] and survival of Escherichia coli in
seawater [26] has been already established. Acid-
stable phytase (phyC) from Citrobacter freundii showed
two distinct pH optima at 2.5 and 4.5 with an optimal
temperature at 50 °C [27]. The phytase from Enterobacter
sp. ACSS was active over a temperature range of
30-80 °C, with optimal activity at 60 °C (Fig. 5c). The
relative activities at 60 and 70 °C were 73 and 39 %,
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Fig. 5 Effect of pH and temperature on the activity and stability of phytase. a Effect of pH on enzyme activity, b effect of pH on enzyme
stability, ¢ effect of temperature on enzyme activity and d effect of temperature on enzyme stability

Table 2 Relative activity and kinetic constants for the hydrolysis of phosphorylated compounds using phytase from Enterobacter sp. ACSS

Substrates Relative activity (%) K., (mM) Viax M mol mg™" ™) K 57 Keal Ky M7 57
Sodium phytate 100 + 3.41 021 £0.01  131.58 4+ 4.49 1.64 x 10> £ 6232 7.81 x 10°
p-Nitro phenyl phosphate ~ 46.21 + 1.73 1.16 + 0.04 12.47 4+ 0.37 1.55 x 10> + 4.96 0.13 x 10°
Sodium pyrophosphate 13.63 & 0.46 1.38 + 0.03 10.95 &+ 0.22 1.26 x 10> &+ 5.42 0.10 x 10°
Glucose-1-phosphate 8.27 + 0.28 1.75 &+ 0.04 11.79 + 0.27 1.47 x 10> + 4.65 0.08 x 10°
Glucose-6-phosphate 7.32 + 0.21 1.81 + 0.05 11.82 £ 0.25 1.47 x 10* £ 4.61 0.08 x 10°

The values are the mean of three independent experiments

The hydrolysis rate of sodium phytate was taken as 100 % for comparison

respectively (Fig. 5d). Half-life of the enzyme at 50, 60, 70
and 80 °C was 866.2, 693.0, 37.8 and 11.3 min, respec-
tively. The activity was lost completely at 80 °C after
55 min incubation. E. cloacae produced a thermostable f-
D-galactosidase which was optimally active at 50 °C [28],
while recombinant sucrose isomerase from Enterobacter

@ Springer

sp. FMB1 and lipase from Enterobacter sp. Bn12 showed
optimal activity at 50° and 60 °C, respectively [29, 30].
Enterobacter sp. ACSS phytase acted on sodium phytate
as the most preferable substrate with high catalytic effi-
ciency as compared to other tested phosphorylated com-
pounds (Table 2). This observation is consistent with
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Table 3 Effect of metal ions, reducing agents and surfactants at two
different concentrations on phytase activity

Additives 1 mM 5 mM
Metal ions
Ba>* 71 £ 49 65 + 3.4
Mn>* 110 + 6.0 104 + 5.6
Mg**™ 120 + 6.3 114 + 5.7
Pb>* 60 £ 3.4 47 £3.0
Ca*t 143 + 9.1 120 + 5.9
Fe*™ 40 £ 22 23+ 14
Co** 73 + 4.7 56 + 3.7
Cu*t 48 +2.7 27+ 13
Zn*t 46 + 3.2 18+ 13
Reducing agents
EDTA 88 + 5.9 86 + 4.1
DTT 73 + 4.7 42+ 14
Additives 0.1 mM 1 mM
Surfactants
Triton X-100 72 £5.0 63 + 3.7
Tween-20 78 + 4.7 64 +35
Tween-80 81 +5.9 74 + 44
SDS 18 £ 1.1 07 £03
CTAB 72 £ 3.6 64 + 1.1
Control 100 100

Phytase activity in the absence of additives is regarded as 100 %

Enzyme activity without any additive served as the control

reports on several other phytases including K. pneumoniae
9-3B phytase [2] and Burkholderia sp. strain al3 phytase
[31]. However, phytases may display narrow [32] to strict
[33] substrate specificity. The enzyme in present investi-
gation showed a highest catalytic efficiency (K ../K,,) of
7.81 x 10° M~' 57! with sodium phytate with K, and
Vimax Vvalues of 0.21 mM and 131.58 nmol mg_1 s,
respectively. E.coli phytase had a K, of 0.43 mM [34]
while the calculated K, and V,,,, values for recombinant
Bacillus  subtilis (BSPhyARRMK33) phytase were
0.95 mM and 15.3 pmol 1! [35].

Addition of 1 mM Ca®" to the reaction mixture resulted
in a marked increase (143 %) of enzyme activity. The
activity also increased due to the addition of 1 mM Mg*"
(120 %) and Mn’>* (110 %). Ca** and several divalent
metal-ions form positively charged metal-phytate com-
plexes and reduce the negative charge around the active
site cleft, thereby activating the enzyme. However, when
present in excess, the metal-ions may act as competitive
inhibitors and can also precipitate phytates as insoluble
metal salts [36] as was observed in this investigation when
relatively lower activity was noted with higher concentra-
tion (5 mM) of metal-ions. Most of the transition metal-

jons including Co*", Fe**, Cu*" and Zn*" inhibited the
activity of purified phytase (Table 3). Inhibition of phytase
due to different metal ions is also dependent on the nature
and source of enzyme which demonstrates wide variability
among microorganisms [37]. Interestingly, phytase activity
from Lactobacillus plantarum was significantly activated
by Fe*" while it was reduced due to addition of Cu®™,
Mn*", Co®", Zn>" and Ca®" [38]. All reducing agents and
surfactants tested in this investigation were inhibitory. The
anionic surfactant SDS showed a maximum of 82 %
inhibition in enzyme activity within 30 min.

While investigating the effect of proteolytic cleavage on
enzyme resilience under physiological conditions, it was
found to be fairly stable with pepsin and it lost only
10.64 % of the initial activity after 120 min of incubation
(Supplementary Table 4). However, lesser stability with
trypsin corroborated with the earlier findings of phytase
from Aspergillus oryzae [12]. Variation in phytase stability
to different proteolytic enzymes may be attributed to the
difference in protein—protein interactions under different
physiological conditions.

Phytase from Enterobacter sp. ACSS was successfully
used for liberating Pi from animal feeds (Fig. Sla) and
insoluble metal-phytates (Fig. S1b). The amount of Pi
released was higher in chicken feed due to a higher
phytate content (8.2 mg/g) in the bran-soya-corn based
broiler feed as compared to the soya-corn based fish feed
(5.1 mg/g). Highest Pi release at pH 2.5 and its applica-
bility in a wide pH range (1.5-6.5) is in agreement with
the optimum activity and promising acid-stable character-
istics of this enzyme. The amount of Pi released is suf-
ficient to overcome the dietary phosphorus requirement of
broilers that varies from 4.8 to 5.7 mg/g [39] and most
aquaculture-relevant fish species that varies from 4.06 to
6.62 mg/g of diet [40]. Phytase action on Ca-phytate
complex released a maximum of 219.17 pg/ml of Pi,
which corroborates with its Ca™ mediated activation
profile. A plausible reason for the Ca™? mediated acti-
vation of phytases may be the stabilization of the active
site cleft by Ca™?, as reported previously during studies
on alkaline phytase from Bacillus sp. MD2 [41] and
acidic phytase from C. freundii [27]. A marked decline in
phytase activity due to Fe™ and Zn*? and lower
hydrolysis of the respective metal-phytate complexes can
be attributed to the versatile redox properties of Fe™* and
to the orientation problems in Zn™? and phosphate group
in the enzyme cleavage site [42].

Phytase supplementation to the dough increased the
liberation of Pi, and improved reducing sugar and soluble
protein in the bread (Table 4). The bread was softer with
higher moisture content and had an improved shelf-life
than the bread without phytase. This investigation also
indicates a significant reduction in proofing time from 45 to
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Table 4 Effect of phytase

supplementation in different Parameters Control Phytase (U/g)

doses on bread characteristics 0.25 0.50 1.00
Mass (g) 587.51 £ 30.05 590.30 £ 29.08 586.50 £ 29.28 586.50 £+ 29.17
Dough rise (cm) 3.78 + 0.22 4.14 £ 0.29 522 +0.25 5.34 £ 0.25
Proofing time (min) 45.00 £+ 2.21 35.00 + 1.88 30.01 + 1.23 30.02 £ 1.33
Bread moisture (%) 24.60 £ 1.17 28.50 £+ 1.37 33.20 + 1.58 33.80 £ 1.63
Reducing sugar (mg g~ ") 2322 £+ 1.05 27.50 £ 1.41 31.23 £ 1.59 32.00 £+ 1.68
Soluble protein (mg g~") 2.79 £ 0.11 328 + 0.17 3.74 + 1.77 3.84 + 0.22
Pi released (pg/mg) 0.44 + 0.02 20.93 £+ 1.08 20.93 £ 1.07 29.35 £ 1.47
Shelf life (days) 2.00 + 0.092 3.04 £ 0.18 4.00 £ 0.16 3.99 + 0.23

35 and 30 min using 0.25 and 0.5 U/g of phytase, respec- 4. Kumar A, Chanderman A, Singh S (2015) Microbial production

tively, which is in accordance with earlier report [41].

Conclusions

A robust phytase producing bacterium was isolated from the
rhizosphere of sugarcane plant and identified as Enterobacter
sp. ACSS based on Biolog phenotypic characteristics and 16S
rDNA sequence comparison. The purified enzyme is active
over a wide range of pH and temperatures. In addition, the
enzyme is fairly stable in the presence of pepsin at an acidic
pH. This is the first report on the use of statistical optimization
and fed-batch cultivation for phytase production by an En-
terobacter sp., which has an immense potential for application
in food and feed industries. Further work is underway on
cloning and over expression of the enzyme for cost effective
production and understanding its structural characteristics.
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