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ABSTRACT

Phytases are commonly used in broiler feed to break down phytic acid and release nutrients. This study
evaluated the effects of microbial phytase on nutrient digestibility, growth performance, bone
characteristics, and calcium/phosphate homeostasis in broilers. Six treatment groups of 576 Cobb 500
chicks were fed a control diet (T1) and diets supplemented with 200-600 FTU/kg of phytase (T2-T6).
Diet phases included starter, grower, and finisher diets over five weeks. Results showed no significant
growth differences in the starter phase, but birds receiving phytase showed improved feed intake,
body weight, and feed conversion in the finisher phase (P<0.001). Nutrient digestibility, including
protein, calcium, and phosphorus, significantly improved (P < 0.001) with increased phytase levels.
Tibia bone weight, length, and strength increased (P<0.01), while medullary canal diameter was
larger in control birds (P < 0.001). Gene expression related to calcium/phosphate homeostasis did not
differ in starters, but FGF23 and VDR genes significantly varied in finishers (P <0.05). Tibia mineral
composition was significantly enhanced in phytase-supplemented groups (P<0.001). Among
treatments, 400 FTU/kg provided optimal performance and cost-effectiveness. In conclusion, microbial
phytase enhances nutrient availability, improves bone mineralization, and may reduce environmental
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phosphorus excretion.

Introduction

Microbial phytase is a widely utilized exogenous enzyme in
animal feed, specifically for monogastric animals like poultry
and fish. Its primary function is to enhance nutrient digestibil-
ity, particularly by breaking down phytate (inositol hexakispho-
sphate or InsP6), an antinutritional factor that limits the
bioavailability of key nutrients such as phosphorus, calcium,
and amino acids in plant-based diets (Selle and Ravindran
2007). Phytase is crucial for improving phosphorus absorption,
thereby reducing the need for inorganic phosphorus sup-
plementation, which in turn decreases the environmental
impact of phosphorus excretion (Dersjant-Li et al. 2014). This
reduction in inorganic phosphorus excretion has been linked
to mitigating environmental issues such as eutrophication,
which is a significant concern in aquatic ecosystems (Svetlana
et al. 2023). Moreover, the enzyme’s ability to increase the bioa-
vailability of energy and amino acids enhances growth per-
formance and overall feed utilization in animals (Dersjant-Li
et al. 2020b).

Phytase supplementation in animal feed has garnered sig-
nificant attention for its role in reducing feed costs while simul-
taneously improving feed efficiency, particularly in poultry

diets. According to Rizwanuddin et al. (2023), phytase improves
the digestibility of minerals and trace elements, making nutri-
ents more readily available for absorption. The enzyme has
proven effective in monogastric species such as chickens and
fish, where endogenous phytase activity is insufficient to
break down phytate completely (Novotny et al. 2023). As a
result, exogenous phytase is typically included into animal
diets to hydrolyse phytate-bound phosphorus, releasing not
only phosphorus but also other bound nutrients, thus enhan-
cing overall nutrient availability (Gautier et al. 2018; Babatunde
et al. 2020). The effectiveness of phytase in promoting nutrient
absorption and reducing antinutritional effects of phytates is
well-documented. In poultry, for example, broilers exhibit sig-
nificant pre-caecal phytate degradation (up to 76% disappear-
ance) when phytase is included in the diet (Zeller et al. 2015;
Ingelmann et al. 2019). The ileum is the final section of the
small intestine and serves as the primary site for nutrient
absorption in broilers (Adeola and Cowieson 2011). As a
result of this, ileal digesta are used to measure nutrient digest-
ibility which provides several advantages, including greater
accuracy, avoidance of hindgut fermentation effects, and
improved relevance to monogastric digestion because it is
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here that most enzymatic digestion and absorption of amino
acids, peptides, fatty acids, vitamins, and minerals occur (Ravin-
dran and Bryden 1999; Selle and Ravindran 2007). These
benefits make ileal digestibility the preferred method for eval-
uating the nutritional value of feed ingredients and optimizing
broiler diets.

Phytase also improves growth metrics such as feed conversion
ratio, body weight, and carcass characteristics in broilers (Akhtar
et al. 2020). The enzyme's activity is particularly effective in the
upper gastrointestinal tract, where it operates optimally at pH
levels between 3.0 and 5.0, conditions found in the stomachs
of poultry (Svetlana et al. 2023). Furthermore, the action of
phytase extends beyond phosphorus release. The enzyme's
ability to cleave the carbon-phosphate bonds in phytate not
only frees phosphorus but also reduces phytate’s antinutritional
effects, which include its binding to minerals like calcium, zinc,
and iron, and limiting their absorption (Ayres et al. 2021). This
makes phytase a versatile enzyme that addresses multiple nutri-
tional challenges in monogastric animals. Commercial phytases
have been developed with varying enzymatic characteristics,
including substrate specificity, catalytic efficiency, and resistance
to proteolysis, enhancing their efficacy in different dietary con-
texts (Ayres et al. 2021; Rizwanuddin et al. 2023).

The genetic and molecular mechanisms underlying nutrient
absorption in response to dietary phosphorus levels were
explored. The solute carrier family 34 member 2 (SLC34A2)
gene, responsible for phosphate transport into epithelial cells,
is regulated by dietary phosphate levels, calcitriol (active
vitamin D), and parathyroid hormone (PTH) (Giral et al. 2009).
In low-phosphate diets, calcitriol increases the expression of
SLC34A2 to enhance phosphate absorption, while high phos-
phate diets downregulate this expression to prevent excess
absorption. An essential function of fibroblast growth factor
23 (FGF23) is to control phosphate homeostasis by reducing
phosphate reabsorption in the kidneys and inhibiting calcitriol
production, which in turn reduces intestinal phosphate absorp-
tion (Shimada et al. 2001; Bai et al. 2019). These regulatory
mechanisms illustrate the complex interplay between dietary
nutrients and genetic expression, highlighting the importance
of phytase in modulating phosphorus availability and promot-
ing efficient nutrient absorption. The absorption of calcium is
similarly regulated by complex molecular mechanisms invol-
ving the transient receptor potential vanilloid channel type 6
(TRPV6), which enables calcium uptake into epithelial cells
(Deng et al. 2021). The expression of TRPV6 is influenced by
vitamin D levels, underscoring the interdependence of
calcium and phosphorus metabolism. Phytase supplemen-
tation has been shown to improve calcium absorption by redu-
cing phytate’s binding to calcium and other minerals,
enhancing their bioavailability. In poultry production, the
optimal use of phytase can lead to improved bone mineraliz-
ation, as evidenced by studies showing enhanced tibia bone
characteristics in broilers fed phytase-supplemented diets
(Kaur et al. 2022). Moreover, phytase inclusion in broiler diets
has been associated with improved feed conversion
efficiency, growth performance, and overall nutrient utilization,
making it a valuable tool for poultry farmers aiming to minimize
the cost of feed while sustaining optimum animal growth and
health (Babatunde et al. 2019; Akhtar et al. 2020).

This investigation focuses on the role of a locally produced
phytase from a bacterial microbial source (Escherichia coli) in
enhancing nutrient digestibility, growth performance, and the
expression of key genes involved in calcium and phosphorus
metabolism in broilers. The chosen dosages of phytase in this
experiment (200-600 FTU/kg) fall within the range commonly
studied and utilized in poultry nutrition research (Angel et al.
2002; Onyango et al. 2005; Cowieson et al. 2006; Pirgozliev
et al. 2013). The findings will provide insights into the appropri-
ate phytase dosages required to optimize growth performance
while minimizing environmental impact. Furthermore, the
study aims to encourage the broader adoption of phytase in
animal feed formulations, promoting both economic efficiency
and environmental sustainability in poultry production.

Materials and methods
Experimental animals and housing

The experiment was carried out based on ethical approval by the
Institutional Animal Care and Use Committee (IACUC), Universiti
Putra Malaysia (UPM/IACUC/AUP-R027/2023). The investigation
involved 576 d-old Cobb 500 male chicks with an initial weight
(44.41 £ 0.62). They were kept in a closed-house system after arriv-
ing. Each chick was weighed individually, had their wings banded,
and were assigned into six treatment diets using a completely ran-
domized design (CRD). Twelve chicks comprised each of the eight
replicates for each treatment group. All the chicks were adminis-
tered vaccinations intraocularly (i/0) against Newcastle disease
(ND) and infectious bronchitis (IB) on days 7 and 21 of the
rearing period using the IB-ND live vaccine. On the 14th day,
the IBD vaccination against infectious bursal disease (IBD) was
administered intraocularly. The birds freely accessed the exper-
imental period’s feed and water from d1-35d. The chicks were
administered multivitamins via drinking water as an anti-stress sol-
ution for the first 3 days. The house was kept at 33+ 1°C on the
first day, while from day 15 onward, it was progressively
lowered to roughly 25+ 1°C until the experiment’s conclusion.
There was a 60-75% relative humidity range on average.

Microbial phytase production

The microbial phytase used in this study was produced locally
by Asian Nutri-chemical (M) Berhad, Serdang, Malaysia.

Gene cloning and transformation

The phytase gene was obtained from a microbial source and
amplified via PCR. The gene was placed within a plasmid
vector containing a suitable promoter (e.g. T7 RNA polymerase)
and an antibiotic resistance marker (Ampicillin). The recombi-
nant plasmid was introduced into Escherichia coli cells (strain
BL21 DE3) through heat shock. On LB agar plates with the
proper antibiotic, successfully transformed cells were chosen.

Expression of phytase

A single E. coli colony harbouring the plasmid was inoculated
into LB broth with the antibiotic and culture overnight at 37°



C. For large-scale production, the culture was transferred to a
bioreactor and grown under controlled conditions (37°C, pH
7.0, 200 rpm). Phytase expression was induced by adding 1
mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) when the
OD600 reached 0.6-0.8.

Fermentation and harvesting

After induction, the culture was grown for an extra 4-6 hours.
Cells were extracted by centrifugation (4,000 xg, 10 min),
and the cell pellet was stored at —20°C.

Enzyme extraction and purification

A lysis buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.5) was used to
suspend the cell pellet and disrupted by sonication (3 cycles of 30
sec on/30 sec off at 20 kHz). The lysate was centrifuged (10,000 x
g, 20 min), and the supernatant containing crude phytase was col-
lected. Purification was carried out using nickel affinity chromato-
graphy, as the phytase was tagged with a His-tag (Histidine tag)
for easy purification. After binding and washing steps, the
enzyme was eluted with 250 mM imidazole.

Enzyme activity assay

Phytase activity was measured by determining the release of
inorganic phosphate from phytic acid. The reaction mixture,
containing 10 mM phytic acid and the purified enzyme, was
incubated at 37°C for 30 minutes, and the released phosphate
was quantified using a molybdenum blue method.

Optimization and application

To optimize production, variables such as induction time,
temperature, and IPTG concentration were systematically
varied. The final phytase preparation was tested for its ability
to improve phosphorus bioavailability in animal feed through
in vitro assays. It was later validated through in vivo studies
to confirm its relevance in real-world biological systems.

Experimental diets and treatments

Three pelleted diets were developed: starter, grower, and
finisher. The starter and grower diets were given for two
weeks each, (0-14 days) and (15-28 days) respectively, while
the finisher diet was offered for one week (29-35 days). Tables
1-3 display the feed compositions for the starter, grower, and
finisher diets. The treatments consisted of: T1 = control diet
(basal diet with no phytase enzyme), T2 = basal diet + phytase
(200 FTU/kg), T3 =basal diet+ phytase (300 FTU/kg), T4=
basal diet + phytase (400 FTU/kg), T5=basal diet+ phytase
(500 FTU/kg), and T6 = basal diet + phytase (600 FTU/kg).

Growth performance measurement

The chicks were carefully weighed before the experiment
began and thereafter weekly to determine the body weight
gain (BWG). A measured quantity of feed was supplied ad
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libitum to the chicks in each replicate, and the remnants
were weighed weekly to ascertain the quantity of feed con-
sumed. The amount of feed consumed was divided by
weight gain to get the feed conversion ratio.

Apparent nutrient digestibility determination

Titanium dioxide (an indigestible marker) was included in each
cage’s feed at a 5 g/kg dosage in the final three days of the
finisher phase (32-35 d). After slaughtering, the ileal digesta
were collected from each bird within every replicate (pen) in
a plastic container and kept at —20°C until further laboratory
examinations were performed. The proximate analysis of the
digesta and feed was done using the AOAC (2007) method.
Calcium (Ca) levels were measured through atomic absorption
spectrometry (Perkin EImer Analyst 400). The ether extract (EE),
crude protein (CP), dry matter (DM), apparent ileal digestibility,
and calcium content were quantified in both the diet and
digesta using titanium marker ratios, following the procedure
outlined by Tancharoenrat and Ravindran (2014).

AID — 100 — [100 N % TiO, feed % nutrient digesta]

% TiO, digesta * "% nutrient feed

Tibiotarsal physical characterization and mineral
composition

After the bird’s slaughter, the right tibia drumsticks were cut
off, tagged, and frozen. They were defrosted later and sub-
merged in 100°C boiling water for 10 minutes. The meat,
patella, and bone cap were removed from the drumsticks
after they had cooled to room temperature, while the tibia
bones were left to air dry at ambient temperature for 24
hours. The tibia length was measured by an electronic digital
calliper device (Mitutoyo M-500 Series) from the distal end to
the proximal end, and a precision measuring balance was
used to weigh the bones. Additionally, the diameter of the
distal and proximal tibia epiphyses was measured (Zhang and
Coon 1997). Every bone was marked in the middle before it
broke, and measurements were taken of its outside diameters.
A three-point bending test and a universal testing device
(Model 1000R, equipped with a 5000N load cell) was used to
evaluate the bone-breaking strength at the Faculty of Engineer-
ing, Department of Mechanical Engineering (UPM), which
keeps track of the force needed to fracture the bone at a dis-
tance of 50 mm between supports and a speed of 10 mm/
min. Using a dial calliper, the midpoint was used to quantify
the medial and lateral wall thickness and the geometric proper-
ties (seedor, robusticity, and tibiotarsal indexes) of the bones.
The diameter at the diaphysis was used to subtract the thick-
ness of the lateral and medial walls to get the diameter of
the medullary canal. While the tibiotarsal index is calculated as:

[diaphysis diameter — medullary canal diameter]
diaphysis diameter

x 100

(Barnet and Nordin 1960) bone lenaht
The robustness index is computed as; _Done ehont_ (Rei-

senfeld 1972) v/bone weight
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Table 1. Starter diet composition for broiler chickens fed microbial phytase supplements.

Dietary treatment

Ingredient (%) T T2 T3 T4 T5 T6

Corn 51.80 51.80 51.80 51.80 51.80 51.90
Soybean Meal 36.40 36.40 36.40 36.40 36.40 36.40
Wheat Pollard 5.12 5.10 5.09 5.08 5.07 4.95
Crude Palm Oil 1.21 1.21 1.21 1.21 1.21 1.21
L-Lysine 0.27 0.27 0.27 0.27 0.27 0.27
Mono-dicalcium phosphate 247 247 247 247 247 248
Calcium carbonate 1.36 1.36 1.36 1.36 1.36 1.36
Choline chloride 0.10 0.10 0.10 0.10 0.10 0.10
Salt 0.25 0.25 0.25 0.25 0.25 0.25
Vitamin Mix® 0.15 0.15 0.15 0.15 0.15 0.15
Mineral Mix* 0.15 0.15 0.15 0.15 0.15 0.15
Toxin binder® 0.10 0.10 0.10 0.10 0.10 0.10
Antioxidant” 0.10 0.10 0.10 0.10 0.10 0.10
Threonine 0.16 0.16 0.16 0.16 0.16 0.16
L-Arginine 0.00 0.00 0.00 0.00 0.00 0.00
DL-Methionine 0.36 0.36 0.36 0.36 0.36 0.36
Phytase 0.00 0.02 0.03 0.04 0.05 0.06
Total 100.00 100.00 100.00 100.00 100.00 100.00
ME. for Poultry 3050.09 3050.36 3050.15 3050.63 3050.42 3050.22
Protein 21.04 21.04 21.04 21.04 21.04 21.04
Fat 6.27 6.28 6.28 6.29 6.29 6.29
Fibre 4.34 433 433 433 433 433
Calcium 0.75 0.75 0.75 0.75 0.75 0.75
Total Phosphorus 0.73 0.73 0.72 0.72 0.72 0.72
Avail. P for Poultry 0.38 0.38 0.38 0.38 0.38 0.38
Salt 0.36 0.36 0.36 0.36 0.36 0.36
Arginine 1.17 1.17 1.17 1.17 1.17 1.17
Lysine 1.15 1.15 1.15 1.15 1.15 1.15
SID Lys 1.26 1.26 1.26 1.26 1.26 1.26
SID Met 0.66 0.66 0.66 0.66 0.66 0.66
SID Met + Cys 0.94 0.94 0.94 0.94 0.94 0.94
SID Thr 0.86 0.86 0.86 0.86 0.86 0.86
SID Tryp 0.24 0.24 0.24 0.24 0.24 0.24
SID Arg 1.38 1.38 1.38 1.38 1.38 1.38

*mineral mix comprises Fe (100 mg), Zn (100 mg), | (2 mg), Mn (110 mg), Cu (20 mg), Se (0.2 mg), and Co (0.6 mg). *Vitamin premix contains 2 mg of retinol, 0.03 mg of
cholecalciferol, 0.02 mg of a-tocopherol, 0.83 mg of thiamine, 2 mg of riboflavin, 0.33 mg of folic acid, 1.33 mg of menadione, 0.03 mg of cobalamin, 0.03 mg of
biotin, 3.75 mg of pantothenic acid, 23.3 mg of niacin, and 1.33 mg of pyridoxine. *Antioxidants include butylated hydroxyanisole (BHA). ““Toxin binder is comprised

of naturally hydrated sodium, calcium, and aluminium silicates.

The seedor index measures bone density, which is calcu-
lated as;

tibia bone weight
tibia bone lenght

(Seedor 1993)

The bones were dried for an entire twenty-four-hour period
in an oven at 105°C. After samples were dried (DM), they were
weighed again, placed in a pre-weight crucible, burned for six
hours at 600°C, and weighed again (ASH, g/100 g DM). The
amount of calcium (Ca) in both the feed and bone was
measured by an atomic absorption spectrophotometer
(Perkin Elmer Analyst 400).

Calcium and phosphate homeostasis genes

After the starter and finisher phases, eight birds from each of the
six treatment diets were randomly chosen and slaughtered (neck,
throat, and jugular veins severed). EDTA (ethylene diamine tetra-
acetic acid) vacuum-sealed tubes were used to collect blood
samples. Before centrifugation, the sample-filled tubes were
briefly mixed, then carefully flipped and put inside an ice cube.
It was then centrifuged at 3,000 rpm for 30 minutes at 4°C in 2
mL microcentrifuge tubes. The plasma was then collected and
frozen at —80°C, followed by thawing the samples when
needed. The quantities of phosphorus and calcium homeostasis’s

gene were measured using ELISA kits validated for avian plasma
that were purchased from ‘Qayeeb-Bio for Life Science’ according
to the manufacturer’s specifications. According to Trott et al.
(2009), the kits were utilized to assess the levels of FGF23,
SLC34A2, TRPV6, and vitamin D receptor antibodies in the
plasma of 14 and 35-day-old chicks, using microplate reader
(Model 3550-UV, Bio-Rad), while the spectrophotometric analysis
of ELISA reactions was measured at 450 nm wavelength.

Statistical analysis

A completely randomized design (CRD) methodology was
employed. The Statistical Analysis System, version 9.4 computer
software, was utilized to analyse the data using the general
linear model (PROC GLM) (SAS Institute Inc. 2024). The
Duncan multiple range test was used to differentiate means
at a significance level of P < 0.05. The response to incremental
microbial phytase supplementation was tested for linear and
quadratic character using orthogonal polynomial contrast.

Results

Growth performance for broiler chickens fed microbial
phytase supplements

Table 4 presents the growth performance indices of birds fed
diets with various concentrations of microbial phytase. There
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Table 2. Grower diet composition for broiler chickens fed microbial phytase supplements.

Dietary treatment

Ingredient (%) T T2 T3 T4 T5 T6
Corn 529 529 529 529 529 529
Soybean Meal 29.55 29.57 29.57 29.57 29.6 29.58
Wheat Pollard 10.92 10.88 10.87 10.86 10.8 10.83
CPO 2 2 2 2 2 2
L-Lysine 0.34 0.34 0.34 0.34 0.34 0.34
Mono-dicalcium phosphate 1.36 1.36 1.36 1.36 1.36 1.36
Calcium carbonate 1.4 1.4 14 14 1.4 1.4
Choline chloride 0.1 0.1 0.01 0.1 0.1 0.1
Salt 0.35 0.35 0.35 0.35 0.35 0.35
Mineral Mix* 0.15 0.15 0.15 0.15 0.15 0.15
Vitamin Mix® 0.15 0.15 0.15 0.15 0.15 0.15
Toxin binder® 0.1 0.1 0.1 0.1 0.1 0.1
Antioxidant” 0.1 0.1 0.1 0.1 0.1 0.1
Threonine 0.16 0.16 0.16 0.16 0.16 0.16
L-Arginine 0.07 0.07 0.07 0.07 0.07 0.07
DL-Methionine 0.35 0.35 0.35 0.35 0.35 0.35
Phytase 0 0.02 0.03 0.04 0.05 0.06
Total 100 100 100 100 100 100
ME. for Poultry 2956.13 2955.81 2955.6 2955 2955 2955.03
Protein 19 19 19 19 19 19
Fat 4.16 4.16 4.16 4.16 4.16 4.16
Fibre 4.23 4.23 4.23 4.23 4.23 4.23
Calcium 0.81 0.81 0.81 0.81 0.81 0.81
Total Phosphorus 0.75 0.75 0.75 0.75 0.75 0.75
Avail.P for Poultry 0.4 0.4 04 0.4 0.4 0.4
Salt 0.36 0.36 0.36 0.36 0.36 0.36
Arginine 1.26 1.26 1.26 1.26 1.26 1.26
Lysine 1.27 1.27 1.27 1.27 1.27 1.27
SID Lys 1.16 1.16 1.16 1.16 1.16 1.16
SID Met 0.62 0.62 0.62 0.62 0.62 0.62
SID Met + Cys 0.88 0.88 0.88 0.88 0.88 0.88
SID Thr 0.79 0.79 0.79 0.79 0.79 0.79
SID Tryp 0.21 0.21 0.21 0.21 0.21 0.21
SID Arg 1.29 1.29 1.29 1.29 1.29 1.29

*mineral mix comprises Fe (100 mg), Zn (100 mg), | (2 mg), Mn (110 mg), Cu (20 mg), Se (0.2 mg), and Co (0.6 mg). *Vitamin premix contains 2 mg of retinol, 0.03 mg of
cholecalciferol, 0.02 mg of a-tocopherol, 0.83 mg of thiamine, 2 mg of riboflavin, 0.33 mg of folic acid, 1.33 mg of menadione, 0.03 mg of cobalamin, 0.03 mg of
biotin, 3.75 mg of pantothenic acid, 23.3 mg of niacin, and 1.33 mg of pyridoxine. *Antioxidants include butylated hydroxyanisole (BHA). ““Toxin binder is comprised

of naturally hydrated sodium, calcium, and aluminium silicates.

was no discernible impact on body weight, and weight gain
during the starter and grower periods, but the feed conversion
ratio (FCR) in starter and feed intake in grower were significan-
tly(p < 0.05) affected. There was a significant (p <0.0001)
improvement in feed conversion ratio, body weight, weight
gain, and feed intake (FI) at the finisher and overall phases
for the birds fed phytase diets compared to the control
group except for FCR in finisher which was not significantly
affected. However, diets T4, T5, and T6 performed better (p <
0.05) in all the parameters. The overall performance of the treat-
ment diets containing the phytase supplements had good feed
efficiency (1.57-1.63) relative to the control diet. The results
also, indicate that there is a consistent linear trend in the
starter, grower, and finisher phases where increasing microbial
phytase levels generally improve performance. While the quad-
ratic p-values across the board are not significant.

Nutrient and mineral digestibility

Figure 1 displays the impact of varying dosages of microbial
phytase on broiler chickens’ nutritional digestibility. Phytase
supplements in the diet showed no impact on dry matter’s
digestibility. The digestibility of ash, phosphate, calcium, and
crude protein, however, varied significantly (p <0.001). The
digestibility of the nutrients increased linearly with higher

levels of phytase, with birds fed diets T4, T5, and T6 showing
better digestibility.

Tibia bone geometric characteristics

The results of the impacts of phytase on the geometric charac-
teristics of tibia bones in broiler chickens are displayed in Table
5. With increased levels of microbial phytase supplementation,
the weight of the tibia bones improved (p <0.01).

Similarly, the tibia length, robusticity, diaphysis diameter,
tibiotarsal index, flexure load, and the proximal and distal
head width were all significantly (p <0.01) higher compared
to that of the control diet, with values linearly increasing as
the levels of microbial phytase increased. However, the medul-
lary canal diameter linearly decreases as the value of the
phytase increases in the diet, where the control had the
larger diameter (p <0.001) among the treatments, and there
was no significant variation in the seedor index values (p >
0.05). A highly significant linear trend (p < 0.0001) shows that
increasing phytase levels consistently enhances bone weight,
length, robusticity, tibiotarsal index, as well as proximal and
distal head widths, and flexure load. However, both the linear
and quadratic trends (p <0.0001) observed in diaphysis and
medullary canal diameters suggest that higher phytase levels
have a notable impact on bone thickness and canal diameter,
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Table 3. Finisher diet composition for broiler chickens fed microbial phytase supplements.

Dietary treatment

Ingredient (%) T T2 T3 T4 T5 T6

Corn 48.41 48.41 48.41 48.41 48.41 48.41
Soybean Meal 26.75 26.75 26.75 26.75 26.75 26.75
Wheat Pollard 16.26 16.23 16.22 16.2 16.19 16.18
Crude Palm Oil 435 436 436 4.37 437 437
L-Lysine 0.28 0.28 0.28 0.28 0.28 0.28
Mono-dicalcium phosphate 1.15 1.15 1.15 1.15 1.15 1.15
Calcium carbonate 133 133 133 133 133 133
Choline chloride 0.10 0.10 0.10 0.10 0.10 0.10
Salt 0.35 0.35 0.35 0.35 0.35 0.35
Mineral Mix* 0.15 0.15 0.15 0.15 0.15 0.15
Vitamin Mix® 0.15 0.15 0.15 0.15 0.15 0.15
Antioxidant” 0.10 0.10 0.10 0.10 0.10 0.10
Toxin binder® 0.10 0.10 0.10 0.10 0.10 0.10
Threonine 0.11 0.1 0.11 0.11 0.11 0.11
L-Arginine 0.09 0.09 0.09 0.09 0.09 0.09
DL-Methionine 0.32 0.32 0.32 0.32 0.32 0.32
Phytase 0.00 0.02 0.03 0.04 0.05 0.06
Total 100.00 100.00 100.00 100.00 100.00 100.00
ME. for Poultry 3050.09 3050.36 3050.2 3050.63 3050.42 3050.22
Protein 18.02 18.02 18.02 18.01 18.01 18.01
Fat 6.27 6.28 6.28 6.29 6.29 6.29
Fibre 4.34 433 433 433 433 433
Calcium 0.75 0.75 0.75 0.75 0.75 0.75
Total Phosphorus 0.73 0.73 0.72 0.72 0.72 0.72
Avail. P for Poultry 0.38 0.38 0.38 0.38 0.38 0.38
Salt 0.36 0.36 0.36 0.36 0.36 0.36
Arginine 1.17 1.17 1.17 1.17 1.17 1.17
Lysine 1.15 1.15 1.15 1.15 1.15 1.15
SID Lys 1.06 1.06 1.06 1.06 1.06 1.06
SID Met 0.57 0.57 0.57 0.57 0.57 0.57
SID Met + Cys 0.83 0.83 0.83 0.83 0.83 0.83
SID Thr 0.70 0.70 0.70 0.70 0.70 0.70
SID Tryp 0.21 0.21 0.21 0.21 0.21 0.21
SID Arg 1.25 1.25 1.25 1.25 1.25 1.25

*mineral mix comprises Fe (100 mg), Zn (100 mg), | (2 mg), Mn (110 mg), Cu (20 mg), Se (0.2 mg), and Co (0.6 mg). $Vitamin premix contains 2 mg of retinol, 0.03 mg of
cholecalciferol, 0.02 mg of a-tocopherol, 0.83 mg of thiamine, 2 mg of riboflavin, 0.33 mg of folic acid, 1.33 mg of menadione, 0.03 mg of cobalamin, 0.03 mg of
biotin, 3.75 mg of pantothenic acid, 23.3 mg of niacin, and 1.33 mg of pyridoxine. *Antioxidants include butylated hydroxyanisole (BHA).*Toxin binder is comprised
of naturally hydrated sodium, calcium, and aluminium silicates.

Table 4. Growth performance of broiler chickens fed diets containing microbial phytase.

Dietary treatment

Contrast p-value

Parameter T T2 T3 T4 T5 T6 SEM p-value Linear' Quadratic?
Starter:0-2weeks

Initial BW 4415 4423 4495 4428 4463 4423 0.1347 0.4839 0.734 0.1982
BW (g) 380.02 383.67 38235 376.55 390.97 394.98 2.3036 0.1822 0.053 0.2131
BWG (g) 335.79 339.44 337.41 33227 346.34 350.75 2.2831 0.1756 0.0534 0.1827
Fl (9) 436.42 437.79 44137 43921 432.1 44073 1.0185 0.0988 0.911 0.7757
FCR (g:9) 1.35% 1.34%® 1.33% 1382 127° 1.28%  0.0101 0.0494 0.0311 0.2019
Grower:3-4weeks

BW (g) 1564.48 1582.76 1591.23 1600.26 1606.64 1616.81 7.0657 0.3763 0.0255 0.7865
BWG (g) 1182.05 1198.92 1209.34 1223.43 1207.78 1223.89 7.4437 0.5867 0.1023 0.518
Fl (g) 2128.94° 2146.32° 2139572 2127.66° 2146.21° 214485 ° 1.7932 0.0016 0.0638 0.8499
FCR (g:9) 1.85 1.83 1.8 176 1.81 179 0.0117 0.2934 0.0695 0.2626
Finisher: week 5

BW 2459.42¢ 2512.52°  2536.34° 2543.81° 2554.72° 2638.85° 82133 <0.0001 <0.0001 0.5598
BWG 894.94° 929.76° 945.11° 943.55° 954.08° 1022.05 2 9.7828 <0.01 <0.0001 0.5005
FI 1403.45¢ 1410.57¢ 1430.84¢ 1431.22¢ 1444.79° 1467.79° 2.1012 <0.0001 <0.0001 0.2162
FCR 1.69 16 16 17 1.69 151 0.02518 0.2263 0.3306 0.4067
Overall: 0-5 weeks

BW 2457.15° 2512522 253262%® 2543812 2555.64° 2608.69° 82133 <0.0001 <0.0001 0.5598
BWG 2415.24° 2468.20°  2491.22° 2499.75° 2510.10° 2594.63 82171 <0.0001 <0.0001 0.5464
Fl 3975.70¢ 3985519 3995.39° 4018.66° 4027.13° 4053.37° 2.8848 <0.0001 <0.0001 0.2239
FCR 1.65 1.63° 161° 1.62° 1.62% 1.57° 0.0056 <0.0001 <0.0001 0.6346

ab<dpleans + SEM. The means in the same row that have different superscripts are substantially different (P < 0.05). BW = body weight. BWG = body weight gain. FI =
feed intake. FCR =feed conversion ratio, p < 0.05 =*, p<0.01 =** p<0.001 =***

Linear' or quadratic*response estimated using orthogonal polynomial contrasts.
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Figure 1. Apparent ileal digestibility broiler chicken fed microbial phytase supplement. 2“®Means + SEM. Significant differences exist between the means of the same

row with different superscripts. (P < 0.05).

Table 5. Tibia bone geometric characteristics of broiler chickens fed microbial phytase supplements.

Dietary treatments

Contrast p-value

Parameters T T2 13 T4 T5 T6 SEM p-Value Linear' Quadratic?
Weight (g) 9.33° 9.67%° 9,68%° 10.00° 10.16° 10.19°  0.0854 00146  <0.0001 0.5992
Length (cm) 8.884 9.01% 9,084 9.18%¢ 9.26® 936° 00356  <0.0001  <0.0001 0.9384
Robusticity 422° 4.23° 4.26® 430% 431 436 0.0151 0.05 <0.01 0.7069
Diaphysis diameter (mm) 9.29f 10.15¢ 10.469 10.53¢ 10.64° 10728 00712 <0.0001  <0.0001 <0.0001
Medullary canal diameter (mm) 7.58° 7.55° 7.50° 7.46¢ 7.264 6.66° 00464  <0.0001  <0.0001 <0.0001
Tibiotarsal index 28.24¢ 28.46% 28.69° 28.78" 29.10% 29358 00707  <0.0001  <0.0001 0.6209
Proximal head width (cm) 2.28° 231° 2.34% 234 2.39° 240 0.0105 0.0029  <0.0001 0.869
Distal head width (cm) 1.78° 1.81%¢ 1.825¢ 1.86° 1.88%° 192° 00116 0.0026  <0.0001 0.5309
Seedor index (g/cm) 1.05 1.07 1.07 1.09 11 1.09  0.0079 0.4942 0.0657 0.671
Flexure load (N) 326.16°  351.01°  364.88° 368.41° 418.19° 42848° 57715  <0.0001  <0.0001 0.2133

abcdMeans + SEM. The means in the same row with distinct superscripts differ significantly (P < 0.05).Linear' or quadraticZresponse estimated

using orthogonal polynomial contrasts.

with the quadratic effect indicating a peak effect at elevated
phytase doses.

Tibia bone mineral composition

The mineral compositions of the tibia bone in broiler chickens
are indicated in Figure 2. Tibia dry matter, ash, phosphorus, and
calcium concentrations of birds fed microbial phytase are con-
siderably (p <0.001) higher than those of the control. The
results indicate improvements in all parameters as the quantity
of phytase inclusion increased. However, T5 and T6 exhibited
significantly higher values (p <0.001) compared to other
diets, while T1 had the least significant effect among the
treatments.

Calcium and phosphate homeostasis genes

The results of the concentration of FGF23, TRPV6, SLC34A2, and
VDR genes are displayed in Table 6. The outcome shows that
the dietary means of the birds did not significantly (p > 0.05)
differ among the parameters in the starter diets and SLC34A2
and TRPV6 in the finisher diets. However, a significant (p <
0.05) difference was shown in the finisher diet for the FGF23
and vitamin D receptor genes (p < 0.01). There is a significant
positive linear increase (p<0.05) in FGF23 and TRPV6
expression, while VDR and SLC34A2 expression show a

negative linear decline (p<0.05) with increasing phytase
levels. No quadratic effects were observed in any of the phases.

Pearson correlation result

Table 7, presents the Pearson correlation coefficients between
body weight, nutrient digestibility, carcass weight, and geo-
metric bone traits of broiler chickens fed microbial phytase.
The results indicate a strong positive association between nutri-
ent digestibility (CP, Ash, Ca, and P) (r=0.984, 0.993, 0.998,
0.999, p<0.01) and body weight. Additionally, there is a
strong positive correlation between phytase-enhanced nutri-
ent digestibility and geometric bone traits (tibia weight,
length, robusticity index, and load, p<0.01). Moreover, a
strong positive correlation exists among body weight, geo-
metric bone traits, and carcass (p < 0.01). These results demon-
strate that all variables exhibit strong positive correlations,
suggesting that they tend to increase as the other increases
(p <0.01).

Discussion
Growth performance

Numerous studies have shown many benefits for growth
performance from the inclusion of phytase in broiler diets
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Figure 2. Tibia Bone Mineral Composition of Broiler Chickens Fed Microbial Phytase Supplements. 24 Means + SEM. Means within the same row with distinct super-

scripts significantly differ (P < 0.05).

Table 6. Calcium and phosphate homeostasis genes concentration in broiler chickens fed dietary microbial phytase.

Dietary treatments

Contrast p-value

Parameters (pg/mL) 1Ll T2 T3 T4 T5 T6 SEM p-Value Linear' Quadratic?
Starter (2 weeks)

FGF23 110.00 11333 11333 11833 12458 13146 2.7848 0.2108 <0.01 0.4841
TRPV6 74.17 75.00 7833 80.00 81.67 84.17 2.4488 0.8601 0.1830 0.9771
VDR 29.58 275 27.08 26.87 2645 25.83 0.5874 0.5742 0.0811 0.5904
SLC34A2 9.29 8.96 8.92 8.79 8.17 7.92 0.2659 0.6945 0.1051 0.7573
Finisher (5 weeks)

FGF23 120.83¢ 132505 145.42%¢ 140.00° 155.83%0 165.832 42036 <0.05 <0.0001 0.9679
TRPV6 74.17 85.00 89.17 90.83 94.17 95.00 2.7406 0.256 <0.05 0.802
VDR 33.33? 32.92° 32.29° 30.00° 28.13% 25.83¢ 0.6901 <0.0001 <0.0001 0.2571
SLC34A2 10.87 10.88 10.71 10.04 938 9.13 0.3164 0.4300 <0.05 0.6504

abcdMeans + SEM. Means with distinct superscripts in the same row vary significantly (P < 0.05) Fibroblast Growth Factor 23 (FGF23).
Transient Receptor Potential Vanillloid channel type 6 (TRPV6), Solute Carrier Family 34 member 2 (SLC34A2), and Vitamins D.
Receptor (VDR). Linear' or quadratic’response estimated using orthogonal polynomial contrasts. Picograms per millilitre (pg/mL).

(Selle and Ravindran 2007; Ravindran et al. 2008; Powell et al.
2011). This research demonstrates that performance was
enhanced when dietary microbial phytase was added to
broiler feed. Itis noteworthy that performance increased linearly
as the phytase levels increased. This could be due to phytase
activity in the intestinal tract, which helps break down InsP6
and other phytate esters increasing the availability of nutrients
bound to phytates (Sens et al. 2021). Many studies have revealed
that varying levels of phytase have a beneficial impact on Fl,
growth performance, FCR, and live body weight at higher and
lower doses (Sommerfeld et al. 2018; Dersjant-Li et al. 2020a).
The FCR of broilers fed a supplemented phytase diet improved
by 10% in research by Wang et al. (2021). The release of inositol
due to the extra-phosphoric impacts of phytase may also have a
vital impact on modifying the growth rate of broilers (Walk et al.
2014). According to Baradaran et al. (2021) the growth rate (p <
0.001) and overall FCR both improved linearly at 7% with increas-
ing phytase dosages in the diet.

The current result shows that feed intake increases with
phytase levels, suggesting that phytase enhances nutrient util-
ization and induces a feed intake response with higher

inclusion levels. The advantages of phytase’s extra-phosphoric
effects might come from increased feed intake (Dersjant-Li
et al. 2014). However, the phytate content effect may be the
cause of the birds fed a control diet’s decreased feed consump-
tion, where phytase is not available to enhance its degradation
because phytate can reduce appetite and impede the avail-
ability of nutrients, thereby affecting feed intake (Fatufe et al.
2019) and ultimately depressing growth (Selle and Ravindran
2007; Cowieson et al. 2011). Therefore, it was proposed that
phytase’s ability to increase the intake of digestible nutrients
may be related to its ability to degrade phytates (Dos Santos
et al. 2014; Kriseldi et al. 2021). This study discovered that
dosage T4 (400 FTU/kg) of phytase showed more economical
enhancement in the digestibility of minerals, amino acids,
and feed intake than lower dosages, efficiently resulting in
higher body weights and improved feed efficiency. The linear
trends suggest that as the phytase levels increase, the growth
performance of broiler chickens improves consistently and
there is little evidence of quadratic effects, indicating that
there is no sign of diminishing returns or a reversal in trends
at higher phytase levels.
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Table 7. Pearson'’s correlation coefficient ('r') between body weights, carcass weight, nutrients digestibility, and geometric bone traits of broiler chickens fed microbial

phytase supplement.

Variable BW cp Ash Ca Carcass ™w L Robusticity Load
BW 1

CP 0.984 1

Ash 0.993 0.977 1

Ca 0.998 0.976 0.994 1

P 0.999 0.971 0.995 0.996 1

Carcass 0.986 0.972 0.993 0.995 0.997 1

TW 0.999 0.990 0.988 0.997 0.999 0.994 1

TL 0.999 0.984 0.988 0.996 0.999 0.993 0.999 1

Robusticity 0.998 0.985 0.988 0.996 0.999 0.993 0.999 0.999 1

Load 0.992 0.972 0.994 0.996 0.999 0.999 0.999 0.999 0.999 1

BW = body weight, DM - dry matter, CP - crude protein, Ca - Calcium, P — Phosphorus TW — Tibia weight, TL - Tibia length.

Nutrients and mineral ileal digestibility

The improvement in the digestibility (p < 0.001) of the nutrients
from this study attests to the conclusions made by Gautier et al.
(2018) who discovered that supplementation of phytase in the
diets of broiler chickens led to higher levels of InsP6 breakdown
and ileal inositol concentration in the birds. In addition to that,
phytase increases the bioavailability of P, Ca, and amino acids
(Rizwanuddin et al. 2023). This is also confirmed by an exper-
imental study carried out by Sibahu and Umar (2009) on
broiler chickens, whose results show that phytase increases
the apparent digestibility of crude protein, crude ash, and dry
matter (p < 0.05). Exogenous phytase is frequently employed
in poultry feeds to hydrolyse phytates phosphorus (PP) and lib-
erate phosphorus (P) and other minerals for birds (Gautier et al.
2018; Babatunde et al. 2021a, 2021b). The reason behind this is
that endogenous phytase activity in non-ruminants is con-
sidered insufficient, which results in restricted InsP6 breakdown
in the digestive tract (Novotny et al. 2023). Phytase exhibits
possibilities to facilitate the digestion of amino acids, the bioa-
vailability of cation bonded with phytates, such as zing, iron,
magnesium, calcium, and sulphur, and the release of P from
IP6 (Rodehutscord et al. 2022). The breakdown and absorption
of starch, amino acids, other nutrients, and minerals can be
enhanced by phytase (Dersjant-Li and Kwakernaak 2019). This
derived advantage of improved digestibility may be the
cause of the birds’ increased body weights when fed phytase
diets found in this study (Kozlowski et al. 2019; Sens et al. 2021).

Tibia bone geometric characteristics

The tibia bone geometric characteristics of broilers fed different
levels of microbial phytase showed highly significant effects in
most parameters. This is likely due to the substantial (p < 0.05)
increase in phosphorus and calcium in the tibia bones of broi-
lers given microbial phytase compared to the control group.
The higher tibia weight corroborates the outcomes of Amin
et al. (2020) who discovered that phytase enhanced the
weight of the tibia bone. The higher tibiotarsal index of the
T6, T5, and T4 birds indicates a better mineralization level of
the bones (Ziaie et al. 2011). This is because mineral deposition
in broiler chickens has been associated with the incorporation
of higher quantities of phytase in their diet (Fernandes et al.
2019). A high robusticity index (a measure of bone strength)
in the phytase diets is an indication of strong bone structure
because breaking strength and P content in the tibia were

both enhanced (p < 0.05) by phytase supplementation (Moita
et al. 2021). By improving phosphorus utilization, phytase con-
tributes to more robust bone structure and mineralization. The
flexion load (the maximum load the bone can withstand before
it breaks) suggests that phytase supplementation can help to
make the tibia bones stronger and more resistant to breaking.
The higher diaphysis diameter (the width of the bone shaft)
suggests that phytase supplementation can help enhance
bone tissue thickness in broiler chickens. The larger medullary
canal diameter (the hollow space in the centre of the bone) in
the control, suggests that phytase supplementation can help
reduce bone tissue’s porosity in broiler chickens. This con-
clusion corroborates Sharif et al. (2019) who found that supple-
menting broiler chickens with phytase increased the diaphysis
diameter, tibiotarsal index, and breaking strength of the tibia
bones. The tibia seedor index, a metric used to assess bone
density and quality in avian species (Almeida Paz et al. 2008;
Mabelebele et al. 2017; Muszynski et al. 2018), was not signifi-
cantly impacted by the treatments, while birds fed on
phytase supplement treatments had greater numerical values
(p>0.005), indicating their heavier weights (Seedor 1993;
Almeida 2006). The results clearly indicate that microbial
phytase supplementation significantly enhances the geometric
characteristics and strength of broiler tibia bones while a con-
sistent linear increase in parameters like bone weight, length,
robustness, diaphysis diameter, tibiotarsal index, head widths,
and flexure load suggests that phytase improves bone mineral-
ization and strength. The quadratic effects observed for diaphy-
sis and medullary canal diameters imply that beyond a certain
level of phytase, the effects may level off or diminish, particu-
larly in terms of bone thickness. Overall, the results demon-
strate the beneficial impact of phytase on bone health in
broiler chickens, making it a valuable supplement for improv-
ing skeletal development.

Tibia bone mineral composition

Tibia bone ash is regarded as the best criterion for assessing the
phytase impacts on mineral deposition and utilization in broi-
lers. Studies conducted by Tang et al. (2012). and Lalpanmawia
et al. (2014) support using tibia bone ash as a reliable marker in
assessing the implications of phytase on mineralization within
the bones of broiler chickens. Cardoso Junior et al. (2010)
stated that bone mineralization is a good indicator of bone
quality. This is important because bone quality is linked to
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positive outcomes for broilers, such as improved growth and
development. Bone mineralization is a frequently used
metric to assess phytase efficacy for quantifying the amount
of phosphorus available to broilers released from diets
based on meals made of corn and soybeans (Pereira et al.
2012; Dersjant-Li et al. 2014). The beneficial effect of
phytase on bone mineralization in this study is likely due to
its capacity to enhance the amount of available P in the
diet. This is corroborated by the discoveries of Walk et al.
(2014), which showed that diets supplemented with phytase
improved the quantity of available phosphorus (aP) in the
tibia of broilers. It is noteworthy that calcium and phosphorus
are intimately associated with this result of bone mineraliz-
ation since both are stored in bone, with Calcium being vir-
tually totally deposited in the form of hydroxyapatite
crystals of Ca phosphate (Bougouin et al. 2014). It can be
deduced from this that phytase promotes bone mineraliz-
ation, which raises aP levels (Sens et al. 2021). Moreover,
these results corroborate the data gathered for growth per-
formance assessments implying that adding phytase to
broiler feeds is advantageous for bone mineralization.

Calcium and phosphate homeostasis genes
Fibroblast growth factor-23 (FGF23)

The results of this investigation on fibroblast growth factor-23
(120.83-165.83 pg/mL) were found to be compatible with that
of Liu et al. (2019), who stated that the usual range for FGF23
concentration in broiler chicken blood plasma is between 100
and 200 pg/mL The insignificant difference (p > 0.05) found in
the starter phase corroborates the findings of Horvat-Gordon
et al. (2019), who found non-significant expression of plasma
FGF-23 levels in young chicks. Conversely, Sitara et al. (2008)
discovered that in finisher chicks, FGF-23 plasma levels
increased in response to dietary nPP (non-phytate phosphorus)
elevated from 0.13 to 0.45%. Ren et al. (2017) also discovered
that in a compared study of chickens fed a conventional diet
(0.40% aP) and a high-P diet (0.80% readily aP), FGF-23 has
been shown to have elevated levels in the blood of hens that
were fed a high-P diet. This indicated that phosphorus was
more readily absorbed into the bloodstream and made acces-
sible in the intestine due to the activity of phytase, which
causes an increase in FGF23 synthesis to regulate excess phos-
phorus in the body system. On the other hand, consistent data
from studies on experimental animals indicate that the level of
FGF-23 in the bloodstream is controlled by the amount of phos-
phorus in the diet (Perwad et al. 2005; Yu et al. 2005). The levels
of blood FGF-23 in normal rats and mice are directly influenced
by both serum phosphorus concentrations and dietary phos-
phorus intake (Perwad et al. 2005; Saito et al. 2005). An oral
phosphate load caused the serum FGF-23 levels to rise after
being markedly decreased by the low-phosphate diet. Anto-
niucci et al. (2006) found that phosphorus supplementation sig-
nificantly raised serum FGF-23 concentrations in healthy men.
In normal mice and rats, the levels of serum FGF-23 are directly
influenced by both dietary and serum phosphorus (Perwad
et al. 2005; Saito et al. 2005). The low-phosphate diet caused
a considerable drop in serum FGF-23 levels, which later

increased in response to an oral phosphate load. Antoniucci
et al. (2006) found that serum FGF-23 concentrations in
healthy men increased significantly during phosphorus sup-
plementation. The expression of FGF23 in the colon of gilts
and barrows increased with phytase supplementation com-
pared to the control diet (Julia et al. 2023). Additionally, it
was discovered that increasing dietary phosphorus levels
causes FGF23 to be secreted, which in turn causes the
excretion of phosphorus to prevent its toxicity (Ren et al.
2017). In contrast, the body increases phosphorus retention
and inhibits FGF23 secretion in response to lower dietary
phosphorus levels, preventing deficiency of phosphorus (Levi
et al. 2019). According to this study, the amount of phytase
in the diet had a substantial impact on the amount of
FGF23 in the blood plasma of broiler chickens. The chickens
fed a diet with higher phytase levels had higher FGF23 con-
centrations in their plasma because of the phytase’s effect
on improving phosphorus digestibility. This supports the
work of Ren et al. (2017), who discovered that providing
phytase to chicks with 0.2% nPP increases the levels of
plasma FGF23 by 22%. The linear increase in FGF23 suggests
that as dietary phytase improves phosphorus availability,
FGF23 responds by regulating phosphorus levels to prevent
hyperphosphatemia.

TRPV6 (Transient receptor potential cation channel,
subfamily V member 6)

The results for the TRPV6 concentration in the blood plasma of
broiler chickens (74.1-95 pg/mL) are similar to the concen-
trations (70 and 90 pg/mL) reported by Deng et al. (2021). It
shows a non-significant (p > 0.05) trend of increased values in
the plasma concentration as the phytase level increases both
at the starter and finisher stages. So, while phytase itself
doesn’t directly interact with TRPV6, it indirectly facilitates
calcium absorption by releasing calcium ions from phytate,
which can then be taken up by TRPV6. An increased calcium
intake can result in TRPV6 upregulation, while a decreased
calcium intake can cause TRPV6 downregulation (Deng et al.
2021). Huber et al. (2015) reported that supplemental monocal-
cium phosphate (MCP) was found to enhance TRPV6 expression
in the ileum of broiler chickens. The higher expression of TRPV6
was induced by a high dietary Ca2 + consumption (Hoenderop
et al. 2005). In addition to that, phytase supplementation
increased the duodenal expression of TRPV6 when compared
to the control diet in the gilts and barrows (Julia et al. 2023).
The results of Cui et al. (2012) support the idea that this rise
in accessible calcium can activate TRPV6, increasing calcium
absorption through this channel into the circulation and sub-
sequent elevation in its plasma levels. In contrast, an exper-
iment carried out by Woudenberg-Vrenken et al. (2012)
discovered that the levels of TRPV6 expression in the intestine
increased in response to a low-Caj diet in both wild-type and
TRPV6D541A/D541A mice. The apical inflow of the active Ca
transport is mediated by the intestinal TRPV6 channels,
whose regulation depends on the level of concentration of
1,25-OH5D5 in the serum (Van de Graaf et al. 2004). Yang
et al. (2011) examined TRPV6 expression and distribution in
the kidney and all sections of laying chickens’ guts and



discovered that TRPV6 was restricted to the brush border of the
ileum, caecum, jejunum, and rectum, with varying expression
levels across different intestinal segments. However, there is
limited evidence supporting the expression of TRPV6 in the
blood plasma of poultry birds. The significant linear contrast
at the finisher phase suggests that the addition of microbial
phytase enhances calcium availability, leading to upregulation
of TRPV6 calcium transport mechanisms in the intestines.

Solute carrier family 34, member 2 (SLC34A2)

The result of SLC34A2, which is a Sodium-Phosphate Cotran-
sporter Type I, doesn’t show any significant (p > 0.05) differ-
ence both at the starter (2 weeks) and finisher (5 weeks)
stages. This may be due to the gene’s low concentration in
the plasma because SLC34A2 is primarily located in the intesti-
nal epithelial cells’ apical membrane, where it is essential for
the absorption of phosphate from the intestinal mucosa into
the bloodstream (Hilfiker et al. 1998; Giral et al. 2012). Also, a
study conducted on laying hens discovered that the gene
SLC34A2 is an important component of the gut’s transcellular
phosphate transport system and that hens consuming a low-
phosphate diet generally had higher expression of this gene
(Sommerfeld et al. 2019). Additionally, increased jejunal
expression of SLC34A2 was observed in broiler birds in
response to low-phosphorus diets (Adewunmi et al. 2023).
These findings imply that the manifestation of SLC34A2 in
the intestines of poultry birds is possible to a significant level,
but a lower concentration was obtained in the blood plasma
of this study. The linear decrease in SLC34A2 expression with
increasing phytase levels suggests that enhanced phosphorus
digestibility from microbial phytase reduces the need for
active phosphate transport.

Vitamin D receptor genes (VDR)

The result of this investigation shows a significant (p < 0.01)
decrease in the plasma values of VDR in birds fed microbial
phytase diets relative to the phytase inclusion levels in their
diets. This may be due to the greater bioavailability of the che-
lated calcium and phosphorus released by the phytase from
phytate (Rodehutscord et al. 2022). The significant reduction
in VDR expression at higher phytase levels may be a compen-
satory response to decrease calcium and phosphorus absorp-
tion, reducing the need for VDR-mediated calcium uptake.
When there is sufficient or high calcium availability in the intes-
tine, the body’s requirement for the active form of vitamin D
(calcitriol) to promote calcium absorption decreases. This can
result in reduced VDR (vitamin D receptor) expression in
various tissues, including the plasma. Research has indicated
that a high intake of dietary calcium can lower VDR mRNA
expression in tissues like the intestine and kidneys. For
instance, Panda et al. (2006) found that elevated calcium
levels diminished the need for calcitriol activation of VDR to
absorb calcium in the intestine. In contrast, when intestinal
calcium levels are low, the body compensates by increasing
VDR expression, making tissues more sensitive to calcitriol.
This boosts calcium absorption efficiency in the intestine.
Russell et al. (1993) also observed that in birds, low calcium
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diets caused a rise in VDR mRNA expression in the parathyroid
glands, suggesting a compensatory response to enhance
calcium absorption during calcium deficiency. Additionally,
Zanu et al. (2020) found that birds fed low calcium and low
phytase diets showed increased VDR expression, likely due
to the reduced calcium concentration in the intestine and
blood. This suggests that the heightened VDR expression is a
compensatory mechanism aimed at optimizing calcium
absorption. The study implies that higher phytase levels
releases more calcium in the intestine, resulting in lower VDR
expression, as there was less need for enhanced calcium
uptake.

Pearson correlation impacts

The strong Pearson correlation coefficients between nutrient
digestibility and body weight indicate that as nutrient digest-
ibility increases, body weight also increases. This is likely
because the digestibility of zinc, calcium, phosphorus, and
other minerals can be enhanced up to 50% by phytase, as
well as other nutrients (Gonzalez-Vega et al. 2021). The
strong positive correlation between nutrient digestibility
and geometric bone traits (p < 0.01) indicates that geometric
bone traits also increase as nutrient digestibility increases.
This is possible because the phytase improves the digestibil-
ity and absorption of phosphorus and calcium, which are vital
for bone development (Hui et al. 2018). Furthermore, the
strong positive correlation between body weight and geo-
metric bone traits (p <0.01), indicates that geometric bone
traits also increase as body weight increases. This is likely
because larger birds have a larger bone mass and therefore
have more bone to support their body weight (Amin et al.
2020). Overall, the findings imply that broiler chickens’ geo-
metric bone characteristics, body weight, carcass weight,
and nutrient digestibility are all improved by microbial
phytase supplementation.

Conclusion

Incorporating the locally produced phytase into the broiler
chicken diets provides significant benefits for growth and
bone development. Phytase supplementation offers ‘extra-
phosphoric’ advantages by breaking down phytate more effec-
tively, reducing its antinutritive effects, and potentially produ-
cing more soluble myo-inositol and phytate esters. By
mitigating phytate’s antinutritional properties, phytase
enhances nutrient digestibility, promotes bone mineralization,
and improves feed efficiency and weight gain in broilers.
Additionally, phytase influences the regulation of calcium and
phosphate homeostasis genes, notably affecting FGF23 and
VDR genes, while reducing phosphorus excretion, which con-
tributes to environmental sustainability. Therefore, phytase
supplementation is a promising strategy for improving the
nutritional quality of broiler diets. Among the diets studied,
T4 (400 FTU) showed optimal performance indices and cost-
effectiveness. More investigation is recommended to explore
the utilization of this microbial phytase in adjusting calcium
and phosphorus levels to minimize phosphorus excretion
without compromising performance.



12 (&) AJISAHETAL

Consent to publish

All authors have agreed to publish in this journal.

Ethical approval

Ethical approval from Institutional Animal Care and Use Com-
mittee (IACUC), Universiti Putra Malaysia, approval number
UPM/IACUC/AUP-R027/2023 was obtained.

Acknowledgement

The authors express their sincere gratitude to the staff of the Department of
Animal Sciences, UPM, for their technical assistance. There was no special
financing for this project.

Disclosure statement

No potential conflict of interest was reported by the author(s).

References

Adeola O, Cowieson AJ. 2011. Board-invited review: opportunities and chal-
lenges in using exogenous enzymes to improve nonruminant animal
production. J Anim Sci. 89(10):3189-3218. doi:10.2527/jas.2010-3715.

Adewunmi OO, Reyer H, Oster M, Maak S, Ponsuksili S, Wimmers K. 2023.
Broiler physiological response to low phosphorus diets at different
stages of production. Poult Sci. 102(2):102351. doi:10.1016/j.psj.2022.
102351.

Akhtar MN, Asghar HN, Khalid S, Zahir ZA, Aslam A. 2020. Phytase sup-
plementation in chickpea-based diet improves growth performance
bone mineralisation and nutrient utilisation in broiler chickens. J Appl
Poult Res. 294:100089.

Almeida FN. 2006. The effect of dietary supplements on bone weight in
broiler chickens. Poul Sci J. 853:567-573.

Almeida Paz ICL, Mendes AA, Balog A, Vulcano LC, Ballarin AW, Almeida ICL,
Takahashi SE, Komiyama CM, Silva MC, Cardoso KFG. 2008. Study on the
bone mineral density of broiler suffering femoral joint degenerative
lesions. Braz J Poult Sci. 12(12):103-108.

Amin M, Wani MS, Wani MA, Bhat MA, Wani AA. 2020. Effect of phytase sup-
plementation on growth performance bone strength and m ineral
metabolism in broiler chickens. Anim Nutr. 63:647-655.

Angel R, Tamim NM, Applegate TJ, Dhandu AS, Ellestad LE. 2002. Phytic acid
chemistry: influence on phytin-phosphorus availability and phytase
efficacy. J Appl Poult Res. 11(4):471-480.

Antoniucci DM, Vittinghoff E, Black DM. 2006. Serum 25-hydroxyvitamin D
is associated with bone mineral density in older men and women. J Clin
Endocrinol Metab. 91(8):3210-3215. doi:10.1210/jc.2006-0021

[AOAC] Association of Official Analytical Chemists. 2007. Official methods of
analysis, 18th ed. Gaithersburg, MD: AOAC International.

Ayres VE, Jackson ME, Cantley SA, Rochell SJ, Crumpacker CD, Lee DT, Bodle
BC, Pacheco WJ, Rueda MS, Bailey CA, et al. 2021. Multiexperiment evalu-
ation of increasing phytase activity from Optiphos and Optiphos Plus on
21-day broiler performance and tibia mineralisation. J Appl Poult Res.
30:100210. doi:10.1016/j.japr.2021.100210.

Babatunde OO, Bello A, Dersjant-Li Y, Adeola O. 2021a. Evaluation of the
responses obroiler chickens to varying concentrations of phytate phos-
phorus and phytase | starter phase d 1-11 post hatching. Poult Sci.
100:101396. doi:10.1016/j.psj.2021.101396.

Babatunde OO, Bello A, Dersjant-Li Y, Adeola O. 2021b. Evaluation of the
responses of broiler chickens to varying concentrations of phytate phos-
phorus and phytase II grower phase day 12-23 post hatching. Poult Sci.
101:3.

Babatunde OO, Cowieson AJ, Wilson JW, Adeola O. 2019. Influence of age
and duration of feeding low phosphorus diet on phytase efficacy in
broiler chickens during the starter phase. Poult Sci. 98:2588-2597.
doi:10.3382/ps/pez014.

Babatunde OO, Jendza JA, Ader P, Xue P, Adedokun SA, Adeola O. 2020.
Response of broiler chickens in the starter and finisher phases to three
sources of microbial phytase. Poult Sci. 99:3997-4008. doi:10.1016/j.
psj.2020.05.008.

Bai X, Tang X, Zhao M, Hao J, Li J. 2019. FGF23 regulates phosphate and
vitamin D metabolism in chickens. J Endocrinol. 243(1):35-47.

Baradaran N, Shahir MH, Taheri HR, Bedford MR. 2021. Effect of sequential
feeding of phosphorus-deficient diets and high-dose phytase on
efficient phosphorus utilisation in broiler chickens. Livest Sci.
243:104368. doi:10.1016/j.livsci.2020.104368.

Barnet E, Nordin BEC. 1960. The radiological diagnosis of osteoporosis: a new
approach. Clin Radiol. 11(3):166-169. doi:10.1016/50009-9260(60)80012-8.

Bougouin A, Appuhamy JADRN, Kebreab E, Dijkstra J, Kwakkel RP, France J.
2014. Effects of phytase supplementation on phosphorus retention in
broilers and layers: a meta-analysis. Poult Sci. 93:1981-1992. doi:10.
3382/ps.2013-03820.

Cardoso Junior A, Rodrigues PB, Bertechini AG, de Freitas RTF, de Lima RR,
Lima GFR. 2010. Levels of available phosphorus and calcium for broilers
from 8 to 35 days of age fed rations containing phytase. R Bras Zootec.
39:1237-1245. doi:10.1590/51516-35982010000600011.

Cowieson AJ, Acamovic T, Bedford MR. 2006. Supplementation of corn-soy-
based diets with an Escherichia coli-derived phytase: effects on broiler
chick performance and the digestibility of amino acids and metaboliz-
ability of minerals and energy. Poult Sci. 85(9):1491-1499.

Cowieson AJ, Wilcock P, Bedford MR. 2011. Super-dosing effects of phytase
in poultry and other monogastric. Worlds Poult Sci J. 67:225-236. doi:10.
1017/50043933911000250.

Cui'Y, Chen Y, Zhang Z, Wang J, Zhang Y, Zhao L, Miao D. 2012. Transgenic
TRPV6 expression in the intestine is sufficient to increase Ca absorption
and bone density, even in VDRKO mice. J Nutr. 142(2):271-278. doi:10.
3945/jn.111.148643.

Deng Y, Liu Y, Sun Y, Zhang J, Ding L. 2021. Effect of dietary calcium and
phosphorus on the expression of transient receptor potential vanilloid
6 channel and the transport of calcium and phosphorus in broiler chick-
ens. Poult Sci. 100(7):101140.

Dersjant-Li Y, Archer G, Stiewert AM, Brown AA, Sobotik EB, Jasek A, Marchal L,
Bello A, Sort RA, Christensen T, et al. 2020b. Functionality of a next gener-
ation biosynthetic bacterial 6-phytase in enhancing phosphorus avail-
ability to broilers fed a corn-soybean meal-based diet. Anim Feed Sci
Technol. 264:114481. doi:10.1016/j.anifeedsci.2020.114481.

Dersjant-Li Y, Awati A, Schulze H, Partridge G. 2014. Phytase in non-rumi-
nant animal nutrition: a critical review on phytase activities in the gastro-
intestinal tract and influencing factors. J Sci Food Agric. 95:878-896.
doi:10.1002/jsfa.6998.

Dersjant-Li Y, Kwakernaak C. 2019. Comparative effects of two phytases
versus increasing the inorganic phosphorus content of the diet on nutri-
ent and amino acid digestibility in broilers. Anim Feed Sci Technol.
253:166-180. doi:10.1016/j.anifeedsci.2019.05.018.

Dersjant-Li Y, Villca V, Sewalt V, Kreij A, Marchal L, Velayudhan DE, Sorg T,
Christensen RA, Mejldal R, Nikolaev |, et al. 2020a. Functionality of a
next generation biosynthetic bacterial 6-phytase in enhancing phos-
phorus availability to weaned piglets fed a corn-soybean meal-based
diet without added inorganic phosphate. Anim Nutr. 6:24-30. doi:10.
1016/j.aninu.2019.11.003.

Dos Santos TT, Walk CL, Srinongkote S. 2014. Influence of phytate level on
broiler performance and the efficacy of 2 microbial phytases from 0 to 21
days of age. J Appl Poult. 23:181-187. doi:10.3382/japr.2013-00842.

Fatufe AA, Adesehinwa AOK, Ogunyemi DJ, Akinde DO. 2019. Effect of
phytase and protease fed acha-based diet supplemented with
phytase® enzyme. Cont J Agr Sci. 12:12-32.

Fernandes JIM, Horn D, Ronconi EJ, Buzim R, Lima FK, Pazdora DA. 2019.
Effects of phytase super dosing on digestibility and bone integrity of
broilers. J Appl Poult Res. 28:390-398. doi:10.3382/japr/pfz001.

Gautier AE, Walk CL, Dilger RN. 2018. Effects of a high level of phytase on
broiler performance bone ash phosphorus utilisation and phytate depho-
sphorylation to inositol. Poult Sci. 97:211-218. doi:10.3382/ps/pex291.

Giral H, Caldas Y, Sutherland E, Wilson P, Breusegem S, Barry N, Blaine J,
Jiang T, Wang XX, Levi M. 2009. Regulation of rat intestinal Na-depen-
dent phosphate transporters by dietary phosphate. Am J Physiol Renal
Physiol. 297:F1466-1475. doi:10.1152/ajprenal.00279.2009.



Giral H, Cranston D, Lanzano L, Caldas Y, Sutherland E, Rachelson J,
Dobrinskikh E, Weinman EJ, Doctor RB, Gratton E, Levi M. 2012. NHE3
regulatory factor 1 (NHERF1) modulates intestinal sodium-dependent
phosphate transporter (NaPi-2b) expression in apical microvilli. J Biol
Chem. 287:35047-35056.

Gonzélez-Vega A, Stein HH, Lépez-Coello C. 2021. Phytase supplementation
of broiler chicken diets: effects on nutrient digestibility growth perform-
ance and bone mineralisation. Poult Sci. 100(7):1104-1111.

Hilfiker H, Hattenhauer O, Traebert M, Forster |, Murer H, Biber J. 1998.
Characterization of a murine type Il sodiumphosphate cotransporter
expressed in mammalian intestine. Proc Natl Acad Sci USA. 95:14564—
14569. doi:10.1073/pnas.95.24.14564.

Hoenderop JGJ, Nilius B, Bindels RJIM. 2005. Calcium absorption across
epithelia. Physiol Rev 85:373-422. doi:10.1152/physrev.00003.2004.

Horvat-Gordon M, Hadley JA, Ghanem K, Leach RM Jr.2. 2019. Lack of a
relationship between plasma fibroblast growth factor-23 and phosphate
utilisation in young chicks. Poult Sci. 98:1762-1765. doi:10.3382/ps/
pey507.

Huber K, Zeller E, Rodehutscord M. 2015. Modulation of small intestinal
phosphate transporter by dietary supplements of mineral phosphorus
and phytase in broilers. Poult Sci. 94(5):1009-17. doi:10.3382/ps/pev065.

Hui Y, Xing Z, Zhang X, Wang Y. 2018. Effects of microbial phytase on nutri-
ent digestibility and bone development in broiler chickens. Poult Sci.
97(10):3033-3041.

Ingelmann CJ, Witzig M, Mohring J, Schollenberger M, Kuhn |,
Rodehutscord M. 2019. Effect of phytase on digestibility and metabolism
of phosphorus in broiler chickens. Poult Sci. 98(3):912-922. doi:10.3382/
ps/pey438.

Julia C, Votter JC, Klinsoda J, Koger S, Hennig-Pauka I, Verhovsek D,
BarbaraMetzler-Zebeli BU. 2023. Available phosphorus levels modulate
gene expression related to intestinal calcium and phosphorus absorp-
tion and bone parameters differently in gilts and barrows. Anim Biosci.
36(5):740-752. doi:10.5713/ab.22.0251.

Kaur G, Singh J, Gupta R, Kumar A. 2022. Impact of enzyme supplemen-
tation on nutrient digestibility and growth performance in poultry.
Poult Sci. 101(2):354-366.

Kozlowski K, Nollet L, Lanckriet A, Vanderbeke E, Mielnik P, Outchkourov N,
Petkov S. 2019. Effect of different phytases derived from E coli AppA
gene on the performance bone mineralisation and nutrient digestibility
of broiler chicken. J Appl Anim Nutr. 7:e7. doi:10.1017/jan.2019.6.

Kriseldi R, Walk CL, Bedford MR, Dozier WA. 2021. Inositol and gradient
phytase supplementation in broiler diets during a 6-week production
period: 1 effects on growth performance and meat yield. Poult Sci.
100:964-972. doi:10.1016/j.psj.2020.11.051.

Lalpanmawia H, Elangovan AV, Sridhar M, Shet D, Ajith S, Pal DT. 2014.
Efficacy of phytase on growth performance nutrient utilisation and
bone mineralisation in broiler chicken. Anim Feed Sci Technol. 192:81-
89. doi:10.1016/j.anifeedsci.2014.03.004.

Levi M, Gratton E, Forster IC, Hernando N, Wagner CA, Biber J. 2019.
Mechanisms of phosphate transport. Nat Rev Nephrol. 15:482-500.
doi:10.1038/541581-019-0159-y.

Liu X, Cowieson AJ, Li FD. 2019. Microbial phytase supplementation
improves growth performance and bone development in broiler chick-
ens. Anim Feed Sci Technol. 257:134-141.

Mabelebele M, Norris D, Siwendu NA, Ng'ambi JW, Alabi OJ, Mbajiorgu CA.
2017. Bone morphometric parameters of the tibia and femur of indigen-
ous and broiler chickens reared intensively. Appl Ecol Environ Res.
15(4):1387-1398. doi:10.15666/aeer/1504_13871398.

Moita AW, Oliveira HC, Teixeira AS, Santos TS, Lopes DC. 2021. Evaluation of
dietary strategies to improve nutrient utilization in broiler chickens.
Poult Sci. 100(7):1501-1512.

Muszynski S, Tomaszewska E, Dobrowolski P, Kwiecien M, Wigcek D,
Swietlicka |, Skibirska M, Szymanska-Chargot M, Orzet J, Swietlicki M,
et al. 2018. Analysis of bone osteometry, mineralization, mechanical
and histomorphometrical properties of tibiotarsus in broiler chickens
demonstrates a influence of dietary chickpea seeds (Cicer arietinum L.)
inclusion as a primary protein source. PLoS One. 13(12):0208921.
doi:10.1371/journal.pone.0208921.

Novotny M, Sommerfeld V, Krieg J, Kiihn |, Huber K, Rodehutscord M. 2023.
Comparison of mucosal phosphatase activity phytate degradation and

JOURNAL OF APPLIED ANIMAL RESEARCH 13

nutrient digestibility in 3-week-old turkeys and broilers at different
dietary levels of phosphorus and phytase. Poult Sci. 102(3):102457.
doi:10.1016/j.psj.2022.102457.

Onyango EM, Asem EK, Adeola O, Mutai SM. 2005. Effect of dietary phytase
supplementation on growth performance and nutrient digestibility in
broiler chickens fed corn-soybean meal diets. Poult Sci. 84(11):1728-
1735.

Panda AK, Rao SVR, Raju MVLN, Shyam SG. 2006. Effect of dietary calcium
and vitamin D levels on the performance, bone mineralization and
serum mineral profile in broiler chicken. Indian J Anim Nutr. 23(1):34-40.

Pereira R, Menten J, Romano GG, Silva C, Zavarize KC, Barbosa N. 2012.
Efficiency of a bacterial phytase to release phytate phosphorus in
broiler chicken diets. Arq Bras Med Vet Zootec. 64:137-144. doi:10.
1590/50102-09352012000100020.

Perwad F, Azam N, Zhang MY, Yamashita T, Tenenhouse HS, Portale AA.
2005. Dietary and serum phosphorus regulate fibroblast growth factor
23 expression and 1,25(0H)2D metabolism in mice. Endocrinology.
146:5358-5364. doi:10.1210/en.2005-0777.

Pirgozliev V, Murphy TC, Owens B, George M, McCann ME. 2013. Effect of
dose and source of phytase on ileal digestibility of amino acids and
apparent metabolizable energy in broilers fed wheat-based diets.
Anim Feed Sci Technol. 185(1-2):38-44.

Powell S, Bidner TD, Southern LL. 2011. Phytase supplementation improved
growth performance and bone characteristics in broilers fed varying
levels of dietary calcium. Poult Sci. 90:604-608. doi:10.3382/ps.2010-
01000.

Ravindran V, Bryden WL. 1999. Amino acid availability in poultry — in vitro
and in vivo measurements. Aust J Agric Res. 50(5):889-908. doi:10.1071/
AR98174.

Ravindran V, Cowieson AJ, Selle PH. 2008. Influence of dietary electrolyte
balance and microbial phytase on growth performance nutrient utilis-
ation and excreta quality of broiler chickens. Poult Sci. 87:677-688.
doi:10.3382/ps.2007-00247.

Reisenfeld A. 1972. Metatarsal robusticity in bipedal rats. Am J Phys
Anthropology. 40:229-234. doi:10.1002/ajpa.1330360211.

Ren ZM, Ebrahimi DE, B'utz J, Sand M, Zhang K, Cook ME. 2017. Antibody to
fibroblast growth factor 23-peptide reduces excreta phosphorus of
laying hens. Poult Sci. 96:127-134. doi:10.3382/ps/pew189.

Rizwanuddin S, Kumar V, Naik B, Singh P, Mishra S, Rustagi S, Kumar V. 2023.
Microbial phytase: their sources production and role in the enhancement
of nutritional aspects of food and feed additives. Journal of Agriculture
and Food Research. 12:100559. doi:10.1016/j.,jafr.2023.100559.

Rodehutscord M, Sommerfeld V, Kiihn |, Bedford MR. 2022. Phytases: poten-
tial and limits of phytate destruction in the digestive tract of pigs and
poultry. In: M Bedford, et al., editors. Enzymes in farm animal nutrition.
3rd ed. Wallinford, United Kingdom: CABI eBooks; p. 124-152.

Russell J, Lettieri D, Sherwood LM. 1993. Diminished vitamin D receptor
mRNA in parathyroid glands from chronically hypocalcemic chickens. J
Bone Miner Res. 8(5):617-623. doi:10.1002/jbmr.5650080513.

Saito H, Maeda A, Ohtomo S, Hirata M, Kusano K, Kato S, Ogata E, Segawa H,
Miyamoto K, Fukushima N. 2005. Circulating FGF-23 is regulated by 1a
25-dihydroxyvitamin D3, and phosphorus in vivo. J Biol Chem.
280:2543-2549. doi:10.1074/jbc.M408903200.

SAS Institute Inc. (2024). SAS/STAT® [software]: changes and enhancements.
Cary (NC): SAS Institute Inc.

Seedor JG. 1993. The bisphosphonate alendronate MK-217 inhibit bone loss
due to ovariectomy in rats. J Bone Miner Res. 4:265-270.

Selle PH, Ravindran V. 2007. Microbial phytase in poultry nutrition. Anim
Feed Sci Technol. 135:1-41. doi:10.1016/j.anifeedsci.2006.06.010.

Sens RF, Bassi LS, Almeida LM, Rosso DF, Teixeira LV, Maiorka A. 2021. Effect
of different doses of phytase and protein content of soybean meal on
growth performance nutrient digestibility and bone characteristics of
broilers. Poult Sci. 100:100917. doi:10.1016/j.psj.2020.12.015.

Sharif M, Akhtar M, Awan MA, Khan MA. 2019. Effect of phytase supplemen-
tation on growth performance bone strength and mineral metabolism in
broiler chickens. Anim Nutr. 51:1-8.

Shimada T, Hasegawa H, Yamazaki Y, Muto T, Hino R, Takeuchi Y, Yamashita
T. 2001. Cloning and characterization of FGF23 as a causative factor of
tumor-induced osteomalacia. Proc Natl Acad Sci USA. 98(11):6500—
6505. doi:10.1073/pnas.101545198.



14 A.ISAH ET AL.

Sibahu R, Umar AJ. 2009. Effects of phytase on broilers performance and
body status of phosphorus” hebron university research. J A Nat Sci.
41:Article 5.

Sitara D, Kim S, Razzaque MS, Bergwitz C, Taguchi T, Schiler C, Lanske B.
2008. Genetic evidence of serum phosphate-independent functions of
FGF-23 on bone. PLoS Genet. 4(8):e1000154. doi:10.1371/journal.pgen.
1000154.

Sommerfeld V, Kessel AG, Schollenberger HL, Kiihn |, Rodehutscord MC.
2019. Phytate degradation in gnotobiotic broiler chickens and effects
of dietary supplements of phosphorus calcium and phytase. Poult Sci.
98:5562-5570. doi:10.3382/ps/pez309.

Sommerfeld V, K€unzel S, Schollenberger M, K€uhn |, Rodehutscord M.
2018. Influence of phytase or myto-inositol supplements on perform-
ance and phytate degradation products in the crop ileum and blood
of broiler chickens. Poult Sci. 97:920-929. doi:10.3382/ps/pex390.

Svetlana T, Ivanov D, Petrov A, Smirnov E. 2023. Advances in enzyme sup-
plementation for enhancing nutrient absorption in poultry. Poult Sci.
102(4):1234-1245.

Tancharoenrat P, Ravindran V. 2014. Digestion of fat and fatty acids along
the gastrointestinal tract of broiler chickens. Poult Sci. 93(2):371-379.
doi:10.3382/ps.2013-03344.

Tang HO, Gao XH, Ji F, Tong S, Li XJ. 2012. Effects of a thermo stable phytase
on the growth performance and bone mineralisation of broilers. J Appl
Poult. 21:476-483. doi:10.3382/japr.2011-00348.

Trott DL, Yang M, Gonzalez J, Larson AE, Tepp WH, Johnson EA, Cook ME.
2009. Egg yolk antibodies for detection and neutralization of
Clostridium botulinum type A neurotoxin. J Food Prot. 72:1005-1011.
doi:10.4315/0362-028X-72.5.1005.

Van de Graaf SFJ, Boullart |, Hoenderop JGJ, Bindels RJM. 2004. Regulation
of the epithelial Ca>* channels TRPV5 and TRPV6 by 1a,25-dihydroxy
vitamin D3 and dietary Ca?*. J Steroid Biochem Mol Biol 89-90:303-
308. doi:10.1016/j.jsbmb.2004.03.029.

Walk CL, Santos TT, Bedford MR. 2014. Influence of super doses of a novel
microbial phytase on growth performance tibia ash and gizzard phytate
and inositol in young broilers. Poult Sci. 93:1172-117. doi:10.3382/ps.
2013-03571.

Wang J, Patterson R, Kim WK. 2021. Effects of phytase and multi-carbohy-
drase on growth performance bone mineralisation and nutrient
digestibility in broilers fed a nutritionally reduced diet. J Appl Poult.
30:100146.

Woudenberg-Vrenken TE, Lameris AL, Weissgerber P, Olausson J, Flockerzi
V, Bindels RJ, Freichel M, Hoenderop JG. 2012. Functional TRPV6 chan-
nels are crucial for transepithelial Ca2+ absorption. Am J Physiol
Gastrointest Liver Physiol. 303:879-885. doi:10.1152/ajpgi.00089.2012.

Yang X, Yu L, Liu J, Liu Z. 2011. Expression and localization of TRPV6 in the
kidney and intestinal segments of laying hens. Poult Sci. 90(6):1240-1247.

Yu X, Sabbagh Y, Davis SI, Demay MB, White KE. 2005. Genetic dissection of
phosphate- and vitamin D-mediated regulation of circulating Fgf23 con-
centrations. Bone. 36:971-977. doi:10.1016/j.bone.2005.03.002.

Zanu HK, Kheravii SK, Morgan NK, Bedford MR, Swick RA. 2020. Interactive
effect of dietary calcium and phytase on broilers challenged with subcli-
nical necrotic enteritis: part 2. Gut permeability, phytate ester concen-
trations, jejunal gene expression, and intestinal morphology. Poult Sci.
99(10):4914-4928. doi:10.1016/j.psj.2020.06.030.

Zeller E, Schollenberger M, Kiihn |, Rodehutscord M. 2015. Hydrolysis of
phytate and formation of inositol phosphate isomers without or with
supplemented phytases in different segments of the digestive tract of
broilers. J Nutr Sci. 4:e1. doi:10.1017/jns.2014.62.

Zhang B, Coon CN. 1997. The relations ships of various tibia bone measure-
ments in Hens. Poult Sci. 76:1698-1701. doi:10.1093/ps/76.12.1698.
Ziaie H, Bashtani M, Torshizi M, Naeeimipour H, Zeinali H. 2011. Effect of
antibiotic and its alternatives on morphometric characteristics mineral
content and bone strength of tibia in Ross broiler chickens. Global

Vet. 7:315-322.



