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Abstract 1. Three bacterial phytases derived from Bacillus, Escherichia coli or Klebsiella were compared
with a phytase derived from Aspergillus niger in vitro and in vivo.
2. The in vitro results indicated that Aspergillus, E. coli and Klebsiella phytase displayed their activity
optima in an acid pH range while Bacillus phytase did so in neutral pH.
3. The trials also revealed that only Bacillus phytase is more resistant to heat treatments, while E. coli
and Klebsiella phytases are more stable against proteolytic inactivation.
4. In vivo phytases derived from Aspergillus, Bacillus, E. coli, Klebsiella or a combination of Bacillus and
E. coli improved the utilisation of phosphorus (P balance) significantly to 0�54, 0�54, 0�55, 0�55 or 0�58,
respectively, compared to 0�42 in the negative control.
5. The phytases used in this study seemed to be equally effective in improving P utilisation regardless of
proposed intestinal site of activity. Combination of phytases acting in the gizzard with phytases acting in
the intestine seems to be a promising way to further improving in vivo efficacy of phytases in poultry.

INTRODUCTION

Cereals, legumes and oilseed crops and their
by-products are the main feed components for
monogastric farm animals. These feedstuffs
provide sufficient total phosphorus (P) required
by non-ruminant animals, but the bioavailability
of this P is quite low, due to 60 to 80% of it being
bound to phytate. Phosphorus in this form is
poorly available to non-ruminant animals,
because intestinal phytases seem to be not
particularly effective (Williams and Taylor,
1985) although they are known to be active in
the intestinal mucosa of non-ruminants (Bitar
and Reinhold, 1972). Therefore, the low bioavail-
ability of dietary phytate-P requires supplementa-
tion of diets with inorganic P to meet the
animal’s P requirement and to ensure high
performance. However, additional supplementa-
tion of inorganic P leads to an increased P
pollution to the environment and does not
diminish the antinutritive effect of phytic acid.

One way to overcome these problems is
the use of microbial phytases as feed additives.
However, most phytases which are currently
available for application as feed enzymes have
shortcomings such as a narrow pH optimum at 5�0
to 5�5. This means the phytases are active only
in the gizzard region. Furthermore, most phytases
are not heat-resistant and most feed manufac-
tured for non-ruminants are pelleted at tempera-
tures between 65 and 80�C, so considerable
phytase activity will be lost under these processing
conditions. In addition, actual phytases in use are
rather susceptible to proteolysis (Rodriguez et al.,
1999; Simon and Igbasan, 2002).

The aim of the present study was the
characterisation of bacterial phytases for their
potential as feed additives as alternatives to
fungal microbial phytases. Some of the enzymes
could only be produced in small quantities at
a laboratory scale. Nevertheless, a sufficient
amount was produced for initial in vivo studies
with chickens.
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MATERIALS AND METHODS

Enzymes

Aspergillus phytase (EC 3.1.3.8)

The commercial Aspergillus phytase Natuphos
(Natuphos, 5000 G, BASF-AG, Ludwigshafen,
Germany) was used. This enzyme is encoded by
the Aspergillus ficuum gene and expressed in an
Aspergillus niger production strain. The declared
activity was 5000 units per g of product.

E. coli phytase (EC 3.1.3.26)

This enzyme was produced by the Faculty of
Technical Sciences, University of Bielefeld,
Germany. The E. coli phytase was produced by
an E. coli recombinant strain. The phytase gene
from E. coli K12 ATCC33965 was cloned on a
multi copy plasmid and was over-expressed
(Miksch et al., 1997a, b). The phytase was
recovered from the fermentation medium, after
lyophilisation, resulting in a powder containing
2000 units phytase activity per g product.

Bacillus phytase (EC 3.1.3.8)

Bacillus amyloliquefaciens strain DSM7 was
selected for its high extracellular phytase activity.
A single fresh colony of Bacillus amyloliquefaciens
was inoculated in LB medium (containing 10�0 g
tryptone, 5�0 g yeast extract, 5�0 g NaCl per l,
pH adjusted to 7�0 by 2 M NaOH) for 6 h at 37�C
with shaking at 200 rpm as pre-culture. The pre-
culture was inoculated (1:100) in 1C medium
containing 7 g peptone from casein pancreati-
cally digested, 3 g peptone from casein soymeal
papain digested, 5 g NaCl, 5 g starch, 100 ml soil
extract (500�0 g fertile soil in 1 l tap water
autoclaved for 30 min and centrifuged, then
made up to 1 l and autoclaved again).
Incubation was continued for 22 h at 37�C with
shaking at 200 rpm. After fermentation, bacteria
were centrifuged at 10 000 rpm for 20 min.
The culture filtrate of Bacillus amyloliquefaciens
strain DSM7 was directly lyophilised, resulting
in a powder containing 45 units phytase per
g product. The Bacillus product, lyophilised
supernatant of B. amyloliquefaciens, was deter-
mined for its general phosphatase activity, using
p-nitrophenyl phosphate as substrate. The phos-
phatase activity was found to be barely detectable
(lower than 1% of the phytase activity). This is in
agreement with the findings of Kim et al. (1998),
who were unable to detect p-nitrophenyl phos-
phatase activity in a phytase sample prepared
from Bacillus sp. DS11.

Klebsiella phytase (EC 3.1.3.8)

The phytase gene (phyK) from Klebsiella sp. strain
ASR1 was cloned on the plasmid and expressed
in E. coli DH5alpha (Sajidan et al., 2004). A single
colony was inoculated in LB medium (containing
100 mg ampicillin per ml) overnight at 37�C as
pre-culture, then the pre-culture was inoculated
1:20 in 2�TBY medium (containing 20 g pep-
tone from casein tryptonically digested, 10 g
yeast extract, 5 g NaCl, 100 mg/ml ampicillin
and 10 g lactose, pH 7 adjusted by adding 1 M

NaOH to 1 l of medium) then the mixtures were
incubated for 28 h at 37�C. The medium was
supplied by 2 ml of lactose (250 g/l) during
cultivation at an operating time of 12 h. The
phytase was derived from the periplasmic con-
tents. The periplasmic content was directly
lyophilised and resulted in a powder containing
274 units phytase per g.

Unlike Bacillus phytase, the Klebsiella phytase
contained some unspecific activity towards
p-nitrophenyl phosphate. According to our mea-
surements performed with purified phytase
isolated from recombinant E. coli cells, general
phosphatase activity is 22�5% of the activity
towards phytate (Sajidan et al., 2004). In other
words, the Klebsiella enzyme contains as an acid
histidine phosphatase an inherent unspecific
phosphatase activity which is not due to traces
of contamination by other phosphatase enzymes
present in the formulation used.

Biochemical and biophysical properties
of phytases

In vitro characterisation of phytases

All enzymes were analysed for pH profile,
temperature optima and temperature stability
as well as proteolytic stability against pepsin and
pancreatin and for stability in supernatants of
different digestive tract segments (such as crop,
gizzard, duodenum, jejunum and ileum) accord-
ing to Igbasan et al. (2000). Resistance of phytases
to protease inactivation was estimated by pre-
incubation of phytase preparations in solutions
containing pepsin from porcine stomach mucosa
with activity of 3000 units per mg protein and ml
(SIGMA, St Louis, MO, USA) and solution
containing pancreatin (4�81 mg/ml, SIGMA)
from porcine pancreas, respectively. Pepsin was
suspended with 0�1 M HCl (pH 2�0) and pancrea-
tin was dissolved in 0�1 M NaHCO3 (pH 7�0). The
incubations with the proteases were continued
for 60 min at 40�C.

Determination of phytase activity

Phytase preparations and feed samples were
analysed for phytase activity according to the
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method of Engelen et al. (1994). One unit of
phytase is defined as the quantity of enzyme
which liberates 1 mmole of inorganic P per min
from sodium phytate (0�0051 moles/l) at opti-
mum pH of the respective enzyme at 37�C.
Extraction of phytases from feed was made
according to the VDLUFA method (Naumann
and Bassler, 1997).

Determination of temperature optima of phytases

Temperature profiles of different phytases were
measured by incubating the enzymes at 30, 40,
50, 55, 60, 65, 70 and 80�C in a water bath for
60 min. All phytases were incubated in a buffer
solution at the pH optimum of each enzyme. For
E. coli, Klebsiella and Aspergillus phytase a sodium
acetate buffer (200 mmoles) with 1 mmole
calcium chloride (CaCl2 � 2H2O) was used and
the pH was adjusted to 4�5 for E. coli, to 5�0 for
Klebsiella and to 5�5 for Aspergillus. For Bacillus
phytase a Tris—HCl buffer (200 mmoles)
with 1 mmole calcium chloride and a pH of 7�0
was used. The substrate solution (10 mmoles
phytic acid) was adapted to the optimal pH of
each enzyme. The enzyme solution and the
adequate substrate solution were incubated for
60 min and then the reaction was stopped by
an acidic colour stop solution (ammonium
molybdate and ammonium vanadate solution).
Subsequently the absorption of the yellow
coloured complex of released phosphorus and
the molybdate vanadate mix was measured at
415 nm.

Determination of thermostability of enzymes

The thermostabilities of the different phytase
preparations were measured in aqueous solu-
tions at the pH optimum of each enzyme.
Therefore, the same buffer solutions and sub-
strate solutions were used as described above.
The analysis of temperature stability was done in
a water bath at 50, 60 and 70�C and for each
temperature and enzyme a heat treatment of 0,
10, 20, 40, 60 and 120 min was applied. After heat
treatment the samples were cooled in ice water
for 30 min and were than re-incubated at 37�C
for estimation of residual enzyme activity as
described before.

Animal experiments

Three bacterial phytase preparations derived
from Bacillus amyloliquefaciens strain DSM7,
E. coli and Klebsiella sp. strain ASR1 were
compared with a fungal commercial phytase
enzyme (Natuphos, 5000 G, BASF-AG) in broiler
chickens. The phytase-supplemented diets
were formulated to contain adequate levels

of all nutrients but P according to the recom-
mendations of the German Society for Nutrition
Physiology (GfE, 1999) and are shown in Table 1.
A P-adequate diet was included as a positive
control. A P-deficient diet (negative control) was
mixed and one portion was included without
phytase addition. Other portions of the
P-deficient diet were supplemented with phytases
with calculated phytase activity of 700, 500, 500,
(350þ 250) and 500 units per kg from Bacillus,
E. coli, Klebsiella, (BacillusþE. coli) and
Aspergillus, respectively. The higher dosage of
the Bacillus phytase takes into account the
inactivation of this enzyme during the passage
through the gizzard, which was observed by
incubation with gizzard contents. Based on the
pH profiles of phytases it was supposed that
the Bacillus phytase may act predominantly in the
intestinal segment while all other phytases pre-
dominantly in the gizzard. The intention of the
correction of Bacillus phytase was to provide
similar activities for all enzymes at the expected
site of action.

Each diet was fed to 10 male broiler Cobb
chicks obtained from Avimex GmbH,
Regenstauf, Germany, in individual cages. For
the balance assay 15-d-old birds were fed for
5 d (adaptation period) prior to a 3-d collection
period. During this period, feed intake was
measured and all excreta voided were collected
and stored at �20�C, frozen excreta samples
were freeze-dried, weighed, finally ground to pass
a 0�5 mm screen and pooled for chemical
analysis.

Table 1. Composition and nutrient content of experimental
diets (g/kg)

Ingredient
Phosphorus-

adequate diet (A)
Phosphorus-

deficient diet (B)

Maize meal 689�6 693�7
Soybean meal 237�0 237�0
Limestone 11�5 11�0
Premix1 12�0 12�0
Soybean oil 30�0 30�0
Monocalcium phosphate 18�0 14�4
DL-Methionine 1�9 1�9
L-Lysine 1�0 1�0
Total 1000�0 1000�0

Calculated (analysed) nutrient content
MEN (MJ/kg) 12�71 12�76
Crude protein 185�1 185�5
Calcium 8�20 (10�6) 8�20 (9�7)
Total phosphorus 7�60 (8�2) 6�10 (6�7)
Available phosphorus 4�60 3�10

1Content per kg: 137�6 mg retinol (acetate), 1 mg cholecalciferol,

4000 mg �-tocopherol, 200 mg menadione, 200 mg thiamine, 250 mg

riboflavin, 3500 mg niacin, 400 mg pyridoxine, 3 mg vitamin cobalamin,

20 mg biotin, 1�5 g pantothenic acid, 150 mg folic acid, 80 g choline

chloride, 5 g Zn, 2 g Fe, 5 g Mn, 1�2 g Cu, 50 mg I, 40 mg Co, 35 mg Se,

125 g Na, 50 g Mg.
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Chemical analysis

Phosphorus was determined colorimetrically in
diets and excreta samples using the vanadomo-
lybdate procedure of Tayssky and Shorr (1953).
Calcium (Ca) was measured using atomic absorp-
tion spectrophotometry according to AOAC
(1984).

Statistical analysis

For the animal experiments, one-way analysis of
variance (ANOVA) was performed, using the
Duncan multiple range test to separate means
(SPSS, 1999, version 10.0) appropriate for a
completely randomised design.

RESULTS

Biochemical characteristics

pH behaviour of phytases

The pH optima of phytases from E. coli, Klebsiella
or Aspergillus were found in the range of 4�5 to
5�5 (Figure 1). The highest activities of E. coli
and Klebsiella phytases were measured at pH 4�5
and 5�0, respectively, while the optimum for
Aspergillus phytase was at pH 5�5. In contrast to
those phytases, Bacillus phytase displayed its pH
optimum between 7�0 and 7�5.

Temperature optima of phytases

Temperature profiles of different phytases were
measured by incubating the enzymes at different
temperatures for 60 min (Figure 2). The results
indicated that some of the bacterial phytases
exhibit their maximum activities at higher tem-
peratures than their fungal counterpart. The
Bacillus and E. coli phytases displayed the highest
activity at 55�C, while Aspergillus and Klebsiella
phytases were most active at 50�C.

Thermostability of phytases

The thermostability of phytase preparations was
measured in aqueous solutions at the optimum
temperature of each enzyme, after pre-incuba-
tion for different periods at 50, 60 or 70�C.
The results obtained after pre-incubation at 60�C
are presented in Figure 3. After one hour of
incubation at 60�C, the thermostable Bacillus
phytase maintained 90% of its original activity,
while Aspergillus and E. coli phytases lost about
50% of their original activity under the same
conditions. Klebsiella phytase was found very
sensitive to heat treatment, only 6% of its initial
activity still being present after 60 min at 60�C.

Resistance to protease activity

Treatment by pepsin and pancreatin showed that
the Aspergillus phytase was inactivated to a high
degree by both proteases. The reduction of
Aspergillus phytase activity caused by incubation
in pepsin amounted to 40�8% and by incubation
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Figure 3. Residual enzymatic activity of phytase prepara-
tions after exposure for different periods at 60�C. Data are
expressed relative to activity before heat treatment determined
at 37�C for 60min.
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Figure 2. Temperature profile of phytase preparations. Data
are expressed relative to the maximal activity.
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Figure 1. pH behaviour of phytase preparations. Data are
expressed relative to the maximal activity.

BACTERIAL PHYTASES FOR CHICKENS 67



D
ow

nl
oa

de
d 

B
y:

 [H
um

bo
ld

t U
ni

ve
rs

ita
t] 

A
t: 

15
:4

4 
13

 F
eb

ru
ar

y 
20

08
 

in pancreatin to 34�2%. Bacillus phytase was
found susceptible to pepsin inactivation (32�4%
residual activity), but was nearly completely
resistant to pancreatin (98�2% residual activity).
E. coli and Klebsiella phytase proved to be more
resistant to pepsin and pancreatin inactivation
(Table 2) compared to the other enzymes.

Effect of digesta supernatant on phytase activity

The stability of the phytase samples was mea-
sured by incubating with supernatant of digestive
tract segments (Table 2). The most pronounced
effects on the activity of enzymes were observed
by incubation with gizzard content. Only E. coli
and Klebsiella phytases were found to be nearly
stable in gizzard contents, while Bacillus and
Aspergillus phytases were inactivated by 30%.
E. coli and Klebsiella phytases and Bacillus phytase
displayed high stability in digestive supernatant
from various segments of the small intestine.
These results confirmed the stability ranking
obtained from resistance to protease inactivation
as well as pH behaviour, however, the absolute
inactivation rates differ from protease incuba-
tions probably due to the different incubation
media.

Animal experiments

Determination of within-feed phytase activity in
experimental diets indicated slightly different
values than expected but values were within
an acceptable range. In diets A and B (which
represented the positive and negative control,
without phytase supplementation) phytase activ-
ity was found to be 62 and 59 units per kg,
respectively. The Bacillus phytase activity in diet
C was 741 units per kg. In diets D and E Klebsiella
and E. coli phytase activities were found to be
563 and 561 units per kg, respectively. Diet F
(containing Bacillus and E. coli phytases) had a
phytase activity of 647 units per kg. Diet G
containing 500 units per kg Aspergillus phytase
had a within-feed phytase activity of 442 units
per kg.

The effect of phytase supplementation on P
utilisation (P balance) is presented in Table 3.
Phosphorus utilisation was greater (P < 0�05) for
the P-adequate diet than for the deficient diet,
amounting to 0�54 and 0�42, respectively. With
addition of the Aspergillus phytase, the P utilisa-
tion was significantly improved (P < 0�05) com-
pared to the P-deficient diet and was equal to that
for the P-adequate control. When the Bacillus,
Klebsiella and E. coli phytases were added, the P
utilisation was also increased (P < 0�05) in relation
to the P-deficient diet and near to treatments
of Aspergillus and the positive P control. The
Bacillus, Klebsiella and E. coli phytases improved P
utilisation to above 0�54. The numerically highest
P utilisation of 0�58 was found for diet F, which
contained the combined Bacillus and E. coli
phytases. Consequently, relative P excretion was
most reduced by applying the combined addition
of E. coli and Bacillus phytases, but statistically,
the P utilisation for the P-adequate diet was
similar to those diets supplemented with each of
the phytases.

Calcium balance studies indicated that all
sources of the phytase increased the utilisation of
Ca in broiler chicken (Table 3). Relative to the

Table 3. Effect of different phytases on utilisation and relative excretion (balance) of phosphorus (P) and calcium (Ca)1

Treatment2 Phytase Activity (IU/kg) P utilisation Relative P excretion3 Ca utilisation Relative Ca excretion3

A Positive control — 0�539� 0�064b 0�461� 0�064b 0�545� 0�051ab 0�455� 0�051ab

B Negative control — 0�422� 0�043a 0�578� 0�043c 0�528� 0�036a 0�472� 0�036b

C Bacillus 700 0�543� 0�034b 0�457� 0�034ab 0�567� 0�045ab 0�433� 0�045ab

D Klebsiella 500 0�546� 0�036b 0�454� 0�036ab 0�582� 0�059b 0�414� 0�056a

E E. coli 500 0�550� 0�051b 0�450� 0�051ab 0�585� 0�042b 0�415� 0�042a

F E. coliþBacillus 250þ 350 0�583� 0�037b 0�417� 0�037a 0�591� 0�049b 0�409� 0�049a

G Aspergillus 500 0�536� 0�036b 0�464� 0�036b 0�575� 0�050b 0�425� 0�050a

1Data are means of 10 chicks; data were analysed by one-way ANOVA using Duncan’s test of SPSS (SPSS, 1999, version 10�0); significance level P < 0�05.
2Treatments: A¼positive control (diet with adequate P supply); B¼negative control (diet with deficient P supply); C¼ treatment BþBacillus phytase;

D¼ treatment BþKlebsiella phytase; E¼ treatment BþE. coli phytase; F¼ treatment BþE. coli and Bacillus phytase; G¼ treatment BþAspergillus phytase.
3Expressed as proportion of intake.
a,bValues in a column not sharing a common superscript are significantly different at P < 0�05.

Table 2. Proteolytic stability of the different phytase enzymes
after incubation with porcine proteases for 60min at 40�C and

in digesta supernatants from respective segments

Proteolytic stability
(% residual phytase activity)

Phytase

after incubation with: Bacillus E. coli Klebsiella Aspergillus

Pepsin 32�4 89�7 86�7 40�8
Pancreatin 98�2 95�5 94�8 34�2
Digesta supernatants of:

Crop 94�0 96�6 91�3 96�7
Gizzard 68�4 93�6 96�8 70�2
Duodenum 96�4 98�5 96�3 90�6
Jejunum 91�0 87�2 87�7 90�0
Ileum 96�8 97�0 90�0 81�3

68 E.A.I. ELKHALIL ET AL.
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negative control diet (group B), the phytases
improved the Ca utilisation in broiler chicken by
7 to 12%. Calcium utilisation of the adequate
P and deficient diets was 0�53 and 0�55, respec-
tively. With addition of the Bacillus phytase, the
utilisation of Ca increased to 0�57, but this is
again not significantly different to those of
control diets. When Aspergillus, Klebsiella and
E. coli phytases were added, the utilisation of the
Ca was significantly increased to 0�58 by these
enzymes, while slightly higher Ca utilisation was
measured in treatment F, with the combination
of the Bacillus and E. coli phytase.

DISCUSSION

In this study three bacterial phytases were
studied for their in vitro properties in order to
predict their in vivo potential as a feed additive.
Furthermore, a first chicken trial was made to
compare the effects of a commercially available
Aspergillus phytase with three phytases of bacter-
ial origin on P and Ca utilisation. Due to the low
expression rates of Bacillus and Klebsiella phy-
tases, which were only produced in laboratory
scale, it was only possible to perform the in vivo
study with a restricted number of animals and
for a short period. However, to our knowledge
no comparable studies have been published up
to now.

The biochemical characteristics of this study
revealed that E. coli phytase and Aspergillus
phytase have similar pH profiles, with the
predominant site of action in the upper gastro-
intestinal tract. Due to the higher stability of
the E. coli phytase against inactivation by pepsin
or gizzard digesta, use of this enzyme in vivo
should be advantageous, while practical use as
feed additive of Klebsiella phytase which has a
similar efficiency as the E. coli phytase is limited
due to its high temperature sensitivity. However,
this enzyme could be as efficient as E. coli phytase
in mash feed or in the case of spraying it on after
pelleting.

Interestingly, Bacillus phytase is the only
enzyme having the potential to act during the
passage along the small intestine. However, this
enzyme is susceptible to action of pepsin in the
gizzard. In order to reach a comparable effi-
ciency to the other enzymes, this enzyme should
be overdosed or protected. In conclusion, the
combination of phytases acting in the gizzard
with a phytase mainly acting in the small intestine
(for example, E. coli phytaseþBacillus phytase)
might be a promising concept to improve the
utilisation of phytate-P in monogastric animals.

In the current study the phytases from
different sources were supplemented to the
P-deficient diet to evaluate their efficacy in

broiler chickens. The results indicate that all
studied phytases were effective in improving the
availability of phytate-P in broiler chickens. The
E. coli, Klebsiella and Aspergillus phytases have pH
optima in the acidic range at 4�5, 5�0 and 5�5,
respectively, indicating that these enzymes might
be active in the upper part of the digestive tract
of poultry. Moreover, E. coli and Klebsiella
phytases are more stable to protease inactivation
than Aspergillus phytase; therefore, they would
be better able to resist proteolytic degradation in
the gizzard, suggesting that E. coli and Klebsiella
phytases might act within the gizzard for a longer
time period than Aspergillus phytase. This result
is in line with results obtained by Leeson et al.
(2000) and Igbasan et al. (2001). On the other
hand, due to its neutral pH optimum, the Bacillus
phytase might act presumably during digesta
passage through the small intestine. Since the
improvement in P utilisation obtained with
Bacillus phytase was the same as that resulting
from addition of phytases with pH optima in the
acidic range it might be concluded that both sites
of action, gizzard and intestine, are similarly
important for the action of phytases. In order
to verify this statement, separate dose—response
experiments have to be done, because in the
actual trial only one enzyme dose was applied,
which in addition was not the same in feed
activity for the various enzymes.

The combination of a phytase acting in the
gizzard with a phytase acting in the intestine may
have synergistic effects. This study indicates that
improved P utilisation can be obtained by
combination of the E. coli and Bacillus phytases
compared to all other single applied phytases.
However, this effect could not be corroborated
by results of our statistical analysis, mainly
because of the limited number of animals used
in this study. In order to verify this hypothesis
more extended studies must be done when
adequate amounts of these enzymes are available
for feeding trials.

The main conclusions of this study are as
follows: (1) bacterial phytases have a high
potential for use as feed additives due to their
biochemical properties; (2) phytases having their
main site of action in the intestine seem to be as
effective in improving P utilisation as phytases
acting in the gizzard; (3) the combination of
phytases acting in the gizzard with phytases
acting in the intestine seems to be a promising
way to further improving in vivo efficacy of
phytases in poultry.
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