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Abstract
Context. Reducing the environmental impact of animal production is becoming a really hot topic, especially with

raised concerns over excessive flows of nitrogen and phosphorus (P) to the environment.
Aims. The present study was conducted to determine the effects of phytase supplementation on growth, plasma

biochemistry, bone mineralisation and P utilisation of pre-lay pullets fed varying levels of non-phytate P.
Methods. A total of 240 Lohmann pullet chicks were randomly allocated to one of six dietary treatments with eight

replicate cages (5 birds per cage) per treatment. Six treatments included three phytase-free diets and three diets
supplemented with 1000 U/kg phytase; the non-phytate P levels were 2.75–2.50–2.25, 3.75–3.50–3.25 and
4.75–4.50–4.25 g/kg in the former, and 1.75–1.50–1.25, 2.75–2.50–2.25 and 3.75–3.50–3.25 g/kg in the latter, for the
age of 0–4, 4–8 and 8–16 weeks respectively.

Key results. No significant differences were found for growth performance, plasma biochemistry (calcium, P, alkaline
phosphatase and albumin) and bonemineralisation among dietary treatments, but P retention (%)was different (P < 0.001).
Analysis of planned contrasts showed that phytase supplementation increased phytate P retention (P < 0.001), and
improving the utilisation of phytate P tended most efficiently under low P conditions. Total P retention rate was reduced
slightly by phytase supplementation (P < 0.05).

Conclusions.The results indicated that dietary non-phytate P level could possibly be reduced to 1.75, 1.50 and 1.25 g/kg
for 0–4, 4–8 and 8–16 weeks of age respectively after phytase supplementation, without compromising pullet growth and
performance during the pre-laying period.

Implications. The results of this study will contribute to decreasing P excretion by poultry and reducing the potential
environmental impact with land application of manure.
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Introduction

Alarge proportion (~80%)of phosphorus (P) inmanyplant seeds
is in the form of phytate (myo-inositol hexakisphosphate;
Marounek et al. 2008). Monogastric animals, including
poultry, have a very limited capacity to hydrolyse phytate,
due to an insufficient amount of endogenous phytase in their
gastrointestinal tracts. To overcome this problem,
supplementation of inorganic P or non-phytate P (NPP) to
diets has become necessary to meet the animal’s nutritional
needs. The results of many studies (Gordon and Roland 1997;
Keshavarz 1998, 2000a; Boling et al. 2000; Jing et al. 2018a)
indicate that the NPP requirement for laying hens may be lower
than the 2.5 g/kg minimum recommended by the National
Research Council (NRC 1994). For the pre-laying rations,

Keshavarz (2000b) suggested that the NPP levels could be
reduced from 4.0, 3.5 and 3.0 g/kg (NRC 1994) to 2.0, 1.5
and 1.0 g/kg for the period of 0–6, 7–12 and 13–18 weeks of age
respectively without negative impacts on bird performance.
Results from our recent study indicated that 2.00, 1.75 and
1.50 g/kg NPP for 0–4, 5–8 and 9–16 weeks of age
respectively was adequate to support healthy growth and
development of pre-lay pullets (Jing et al. 2018b).

In contrast, supplementation of microbial phytase to poultry
diets is a practical method of improving P utilisation, given its
ability to hydrolyse phytate to inositol and inorganic P. This
allows a lower amount of P to be used in the diet, thus reducing P
excretion (Viveros et al. 2002; Dersjant-Li et al. 2015). The use
of phytase in laying hen and broiler diets has been widely
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reported (Boling et al. 2000; Lim et al. 2003; Selle and
Ravindran 2007; Li et al. 2016). However, relatively
limited information is available in the literature to
position responses of pre-lay pullets to exogenous phytase
supplementation. We hypothesised that phytase
supplementation, along with coordinated reductions in
dietary NPP supply, would have no effects on the growth
of pre-lay pullets and lead to reduced P excretion. Therefore,
the present study was conducted to determine the effect of
including microbial phytase in diets containing varying levels
of NPP on growth, plasma biochemistry, bone quality and P
utilisation in pullets from 0 to 16 weeks of age.

Materials and methods

Animals and housing
All animal care procedures followed a protocol approved by
the University of Manitoba’s Animal Care Protocol
Management and Review Committee, in accordance with
the Canadian Council on Animal Care guidelines (CCAC
2009). A total of 240 Lohmann LSL-Lite pullet chicks were
obtained from a local commercial hatchery on the day of hatch
and randomly placed into groups of five birds per cage (68 cm
wide, 37 cm high and 98 cm deep). Every cage was considered
an experimental unit, and there were eight replicate units
per dietary treatment (40 pullets per treatment). Lighting
and room temperature were well controlled to conform to
the recommended housing programs for this strain (Lohmann
Tierzucht, Cuxhaven, Germany). Feed and water were offered
for ad libitum consumption throughout the experiment.

Experimental design and diets
A three-phase feeding regimen was applied and identified
as 0–4 weeks of age for phase I, 4–8 weeks of age for
phase II and 8–16 weeks of age for phase III. Corn-soybean

meal-oat-based diets were formulated to meet or exceed
the nutrient specifications for each phase, as indicated in
the management guide for Lohmann LSL-Lite pullets
(Tierzucht 2015). The experimental design and diet
composition are shown in Tables 1 and 2 respectively. Six
dietary treatments were employed, which included three
phytase-supplemented (1000 U/kg) diets (L+, M+ and H+),
and three diets without phytase addition (L–, M– and H–). The
former contained 1.0 g/kg lower NPP, as compared with the
latter, based on the assumption that the supplementation of
phytase is suggested to release ~1.0 g/kg NPP in the laying hen
diet (Slominski 2011). Specifically, pullets in treatment L–
were fed diets with no supplemental phytase containing a
sequence of 2.75, 2.50 and 2.25 g/kg NPP, and pullets in
treatment L+ were fed phytase-supplemented diets containing
a sequence of 1.75, 1.50 and 1.25 g/kg NPP, for the age phase
of 0–4, 4–8 and 8–16 weeks respectively. The NPP level was
increased by an increment of 1.0 g/kg in each phase, thus
making the other two phytase-unsupplemented treatments
M– and H–, where the NPP levels were 3.75–3.50–3.25 g/
kg and 4.75–4.50–4.25 g/kg, and two phytase-supplemented
treatments M+ and H+ where the NPP levels were
2.75–2.50–2.25 g/kg and 3.75–3.50–3.25 g/kg for the three
phases respectively. The phytase product (Bio-Phytase 5000)
was obtained from Canadian Bio-Systems (Calgary, Canada),
and contained a minimum phytase activity of 5000 units
(FTU)/g (EC 3.1.3.26). Diets were analysed for crude
protein (method 990.03), calcium (Ca; method 968.08) and
total P (method 965.17) according to the Association of
Official Analytical Chemists (AOAC International 2005).
Phytate P was analysed as described by Haug and Lantzsch
(1983). The phytate P extraction was conducted by adding 10
mL 0.2 N HCl to 0.1 g ground sample and placed on the tube
rotator at room temperature for 3 h. The suspension was
filtered and 1 mL filtrate was transferred into a hydrolysis

Table 1. Experimental design

Dietary
treatmentA

Non-phytate P in diets (g/kg) Phytase
(U/kg diet)Starter

(age 0–4 weeks)
Grower

(age 4–8 weeks)
Developer

(age 8–16 weeks)

L– 2.75 2.50 2.25 –

L+ 1.75 1.50 1.25 1000
M- 3.75 3.50 3.25 –

M+ 2.75 2.50 2.25 1000
H– 4.75 4.50 4.25 –

H+ 3.75 3.50 3.25 1000

AThe birds of treatment L– were fed diets containing a sequence of 2.75, 2.50 and 2.25 g/kg non-phytate
phosphorus (NPP) for the ageperiodsof 0–4 (starter; phase I), 4–8 (grower; phase II) and8–16weeks (developer;
phase III) respectively without the supplementation of phytase. The birds of treatment L+ were fed diets
containing a sequence of 1.75, 1.50 and 1.25 g/kg NPP for the starter, grower and developer age periods
respectively with supplemental phytase (1000U/kg diet). TheNPPwas increased by an increment of 1.0 g/kg in
each phase, thusmaking the other twophytase-unsupplemented treatments includingM– andH–, where theNPP
levels were 3.75–3.50–3.25 g/kg and 4.75–4.50–4.25 g/kg respectively, and two phytase-supplemented
treatments including M+ and H, where the NPP levels were 2.75–2.50–2.25 g/kg and 3.75–3.50–3.25 g/kg
respectively. As supplementation of phytase is suggested to account for an additional 1.0 g/kg NPP in the layer
diet (Slominski 2011), treatmentsL+,M+andH+were expected tobe an equivalent to treatmentsL–,M– andH–
respectively with respect to the bioavailability of P. Each dietary treatment was fed to eight replicates (cages) of
five posthatch chicks per cage from 0 to 16 weeks of age.
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tube, followed by the addition of 2 mL of ferric ammonium
sulfate solution. The mixture of this solution was boiled at
100�C for 30 min and left it at room temperature, and then
centrifuged at 1008g at room temperature for 30 min. Then, 1
mL of this supernatant was mixed with 1.5 mL of
2,20-bipyridine solution with a vortex. After the mixing, the
mixture solution was incubated for 10 min and the light
absorbance was measured with a spectrophotometer at
519 nm against deionised water. The NPP content was
calculated by subtracting phytate P from total P.

Sample collection and analysis
Bodyweight and feed consumption were recorded every week
for 16 weeks. At the mid (Week 8) and end (Week 16) of the
experiment, 3-mL blood samples drawn from the wing vein
from two birds per cage were collected for biochemical assays

using an automated analyser (Cell-Dyn 3500 System; Abbott
Laboratories, Abbott Park, IL, USA); and digestibility studies
were conducted to determine mineral excretion and retention,
as described previously (Jing et al. 2018b). Details of the
procedures for sample preparation and determination of Ca and
P were described previously by our research group (Neijat
et al. 2011; Jing et al. 2018b). At the end of the experiment,
two birds from each cage were killed by CO2 asphyxiation, and
the left tibias were removed and stored frozen before the
determination of bone mineral density and ash content,
according to procedures described previously (Jing et al.
2018b).

Statistical analyses
The cage was considered as the experimental unit, and all
calculations were generated based on cage averages. Data

Table 2. Ingredient composition and nutrient content of experimental dietsA

AMEn, nitrogen corrected apparent metabolisable energy

Ingredients (g/kg) Non-phytate P in diets (g/kg)
Starter (age 0–4 weeks) Grower (age 4–8 weeks) Developer (age 8–16 weeks)

2.75 1.75 3.75 2.75 4.75 3.75 2.50 1.50 3.50 2.50 4.50 3.50 2.25 1.25 3.25 2.25 4.25 3.25

Corn 581.0 571.0 590.9 581.0 593.5 590.9 473.4 457.5 479.1 473.4 490.1 479.1 424.2 415.1 433.3 424.2 442.4 433.3
Soybean meal 334.8 333.4 336.1 334.8 332.7 336.1 288.5 280.9 291.3 288.5 296.6 291.3 169.9 168.3 171.5 169.9 173.0 171.5
Oat 17.1 30.8 3.4 17.1 0.0 3.4 194.2 221.1 184.5 194.2 166.0 184.5 365.4 378.6 352.2 365.4 339.0 352.2
Canola oil 22.4 22.6 22.3 22.4 22.4 22.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Limestone 21.2 23.4 19.0 21.2 16.7 19.0 20.0 20.9 16.6 20.0 14.3 16.6 19.0 21.3 16.8 19.0 14.6 16.8
BiofosB 5.1 0.3 9.8 5.1 14.6 9.8 4.6 0.0 9.3 4.6 14.0 9.3 5.0 0.3 9.8 5.0 14.5 9.8
L-lysine 1.4 1.4 1.4 1.4 2.8 1.4 2.1 2.2 2.0 2.1 2.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0
DL-methionine 1.5 1.5 1.5 1.5 1.7 1.5 1.9 1.9 1.9 1.9 1.9 1.9 1.5 1.5 1.5 1.5 1.4 1.5
Threonine 0.5 0.5 0.5 0.5 0.6 0.5 0.4 0.5 0.4 0.4 0.3 0.4 0.0 0.0 0.0 0.0 0.0 0.0
Vitamin premixC 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Mineral premixD 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Phytase (1000 U/kg) – + – + – + – + – + – + – + – + – +
Total 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

Nutrient content (calculated unless noted)
AMEn (poultry; kcal/kg) 2950 2950 2950 2950 2950 2950 2750 2750 2750 2750 2750 2750 2750 2750 2750 2750 2750 2750
Crude fat (g/kg) 53.8 54.1 53.6 53.8 53.5 53.6 33.5 33.8 33.4 33.5 33.1 33.4 36.2 36.4 36.1 36.2 35.9 36.1
Protein (g/kg) 200.0 200.0 200.0 200.0 200.0 200.0 190.0 188.3 190.6 190.0 191.8 190.6 148.2 148.1 148.2 148.2 148.3 148.2
Protein (g/kg, analysed) 208.0 203.7 195.2 205.0 209.1 204.4 187.8 187.5 190.3 190.9 194.4 197.1 150.3 148.1 149.6 144.5 145.0 151.4
Calcium (g/kg) 11.0 11.0 11.0 11.0 11.0 11.0 10.5 10.0 10.0 10.5 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Calcium (g/kg, analysed) 10.9 11.1 10.9 10.9 10.9 10.8 10.4 10.0 9.9 9.9 9.8 9.7 9.8 9.8 9.8 9.9 9.9 9.9
Total P (g/kg) 4.9 3.9 5.9 4.9 6.9 5.9 4.8 3.8 5.8 4.8 6.8 5.8 4.5 3.5 5.5 4.5 6.5 5.5
Total P (g/kg, analysed) 4.9 4.0 5.8 4.9 6.8 5.8 4.8 3.7 5.7 4.8 6.8 5.7 4.4 3.5 5.4 4.3 6.5 5.4
Phytate P (g/kg, analysed) 2.0 1.9 1.8 1.9 2.0 1.8 2.0 2.0 1.8 1.9 2.0 1.9 1.7 1.8 1.8 1.8 1.9 1.8
Non-phytate P (g/kg) 2.75 1.75 3.75 2.75 4.75 3.75 2.50 1.50 3.50 2.50 4.50 3.50 2.25 1.25 3.25 2.25 4.25 3.25
Non-phytate P

(g/kg, analysed)
2.95 2.06 3.98 3.04 4.83 4.04 2.80 1.73 3.89 2.95 4.76 3.80 2.71 1.69 3.59 2.53 4.57 3.61

Sodium (g/kg) 1.8 1.9 1.8 1.8 1.8 1.8 2.0 2.0 2.0 2.0 1.9 2.0 2.1 2.1 2.1 2.1 2.1 2.1
Chloride (g/kg) 3.0 3.0 3.0 3.0 3.0 3.0 3.1 3.2 3.1 3.1 3.1 3.1 3.2 3.3 3.2 3.2 3.2 3.2
Lysine (g/kg) 12.0 12.0 12.0 12.0 13.2 12.0 12.0 12.0 12.0 12.0 12.0 12.0 7.5 7.5 7.5 7.5 7.5 7.5
Methionine (g/kg) 4.8 4.8 4.8 4.8 5.0 4.8 5.0 5.0 5.0 5.0 5.0 5.0 4.0 4.0 4.0 4.0 4.0 4.0
Threonine (g/kg) 8.5 8.5 8.5 8.5 8.5 8.5 8.0 8.0 8.0 8.0 8.0 8.0 6.0 6.0 6.0 6.0 6.0 6.0
Linoleic acid (g/kg) 20.0 20.0 20.0 20.0 20.0 20.0 15.0 15.0 15.0 15.0 15.0 15.0 15.7 15.7 15.7 15.7 15.8 15.7

AThe birds were fed one of three phytase-unsupplemented diets containing either 2.75–2.50–2.25, 3.75–3.50–3.25 or 4.75–4.50–4.25 g/kg non-phytate
phosphorus for the age period of 0–4 (starter), 4–8 (grower) and 8–16weeks (developer), defined as treatment L–,M–, or H– respectively; or the birdswere fed
one of three phytase-supplemented (1000 U/kg) diets containing either 1.75–1.50–1.25, 2.75–2.50–2.25 or 3.75–3.50–3.25 g/kg non-phytate phosphorus for
the starter, grower and developer, defined as treatment L+, M+ or H+ respectively, as shown in Table 1.

BBiofos, a feed grade monocalcium phosphate, contained 210 g/kg P and 180 g/kg Ca (Landmark Feeds, Winnipeg, Canada).
C,DVitamin and mineral premix provided per kg of diet: 11 000 IU retinol, 3000 IU cholecalciferol, 20 IU tocopherol, 3 mg menadione, 0.02 mg cobalamin,

6.5 mg riboflavin, 1 mg folic acid, 10 mg calcium pentothenate, 39.9 mg niacin, 0.2 mg biotin, 2.2 mg thiamine, 4.5 mg pyridoxine, 1000mg choline, 66 mg
manganese, 70 mg zinc, 80 mg iron, 10 mg copper, 0.3 mg selenium, 0.4 mg iodine, 0.67 mg sodium and 125 mg Endox (anti-oxidant).
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were analysed as a repeated measures design (on the cages)
using the MIXED procedure of SAS (SAS Institute, Cary, NC,
USA), including fixed effects of diet, age and diet · age, as
well as the random effect of cage within diet. Bone
measurements were conducted at the end of the study, so
the analysis of these data considered only diet effects. Means
were compared using Tukey’s test, with a significance level set
at P < 0.05. When the overall ANOVA showed significant
differences among diets, orthogonal polynomial contrasts were
applied to further examine the distinct effects of dietary NPP
and phytase, the two dietary factors. Any data values with
standardised residuals >3 in absolute value were considered
outliers and excluded from the analysis.

Results

Growth performance

Bodyweight gain and feed intake during the entire
experimental period are presented in Table 3. No significant
differences (P > 0.05) were found for bodyweight gain and
feed intake among diets. As expected, bodyweight gain and
feed intake increased with increasing age (P < 0.001). There
was no diet · age interaction for either parameter (P > 0.05).

Plasma biochemistry

Diet had no effect (P > 0.05) on plasma biochemical indices,
except uric acid (Table 4). Contrast analysis showed that
plasma uric acid was not influenced by phytase
supplementation (P > 0.05), but linearly reduced (P < 0.01)
with increasing levels of NPP in diets devoid of phytase (data
not shown). Most plasma biochemical constituents were
differentially affected by age (P < 0.01). No diet · age
interaction effect was observed to be significant for any of
the studied variables (P > 0.05). Additional plasma
biochemistry data can be found in Table S1, available as
Supplementary Material to this paper.

Bone mineralisation

Parameters of bone mineralisation, including tibia bone
mineral density, tibia weight and tibia ash at 16 weeks of
age, were not different among diets (P > 0.05; Table 5).

Calcium and P retention

Retention (%) of total P, phytate P and Ca is shown in
Table 6 and Table 7. Considering the characteristics of
the experimental design, contrast analysis in Table 7 was
performed on the basis of the results of Table 6 to further
evaluate the distinct effects of phytase and NPP level, the
two dietary factors studied. Data of intake, excretion and
retention (mg/bird�day) of total P, phytate P and Ca can be
found in Table S2a and Table S2b, available as Supplementary
Material to this paper.

Calcium retention was different (P < 0.05;
Table 6) between L– and H–, the two dietary regimens
devoid of phytase. This could be closely associated with the
variation of analysed dietary Ca for the age period of
4–8 weeks, being highest in the former (10.4 g/kg) and
lower in the latter (9.8 g/kg), as shown in
Table 2. Furthermore, contrast analysis (Table 7) consistently
showed that the retention of calcium was not affected by
phytase supplementation (P > 0.05), and the changing trend
followed its analysed levels in the three phytase-
unsupplemented diets. Total P and phytate P retention was
different among diets (P < 0.001; Table 6). Contrast
analysis further showed that phytase supplementation
increased phytate P retention, but reduced total P retention
(P < 0.05; Table 7). Phytate P retention (%) of pullets fed
the three phytase-supplemented diets increased, on average, by
24.2% compared with that of pullets fed the three phytase-
unsupplemented diets. Furthermore, when phytase was
included in the diets, the retention of phytate P tended to have
quadratic responses to the gradient of dietary NPP (P = 0.064;

Table 3. Bodyweight gain (BWG) and feed intake (FI; g/bird) of pre-lay pullets on various dietsA,B

Variables Factors P-valueC Diet means s.e.m.
L– L+ M– M+ H– H+

BWG Diet 0.226 403 409 408 416 412 415 4.1
Age <0.001

Diet · age 0.983
0–4 weeks 247 245 250 255 254 258 4.1
4–8 weeks 399 398 398 405 403 405 5.4
8–16 weeks 564 583 575 589 580 582 10.2

FI Diet 0.091 1761 1770 1766 1813 1806 1800 15.9
Age <0.001

Diet · age 0.730
0–4 weeks 583 580 601 620 612 632 14.2
4–8 weeks 1301 1320 1306 1345 1334 1322 16.8
8–16 weeks 3398 3408 3392 3472 3470 3446 33.3

AThe birds on treatment L–, M– andH–were fed diets containing 2.75–2.50–2.25 g/kg, 3.75–3.50–3.25 g/kg and 4.75–4.50–4.25 g/kg non-phytate phosphorus
for the ageperiodof 0–4 (starter), 4–8 (grower) and8–16weeks (developer) respectively,without the supplementationofphytase.Thebirds on treatmentL+,M
+andH+were fed diets containing 1.75–1.50–1.25 g/kg, 2.75–2.50–2.25 g/kg and 3.75–3.50–3.25 g/kgNPP for the starter, grower and developer respectively
with the supplementation of 1000 U/kg phytase.

BData are presented as least squares means and pooled standard error of the mean (s.e.m.; n = 8).
CProbability for F-tests of main effects and interaction.
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Table 7), being highest in the birds from the treatment L+;
however, no significant differences were found between M+
and H+ (Table 6). There was a 6.1% reduction in total P
retention (%) of the three phytase-supplemented diets
compared with the three phytase-unsupplemented diets. The
age of the bird was observed to have an effect on those
parameters of nutrient flow (P < 0.001), and an interaction

effect between diet and age was also observed for total P
retention (P < 0.01).

Discussion

In striving for sustainable agricultural practices, maintaining
competitive feed costs and performance while minimising

Table 4. Plasma biochemistry of pre-lay pullets on various dietsA,B

ALKP, alkaline phosphatase. Means within a row with different lowercase letters are statistically different (P < 0.05)

Variables Factors P-valueC Diet means s.e.m.
L– L+ M– M+ H– H+

Calcium (mmol/L) Diet 0.919 2.85 2.83 2.84 2.84 2.82 2.83 0.02
Age <0.001
Diet · age 0.061
Week 8 2.76 2.81 2.78 2.79 2.78 2.78 0.01
Week 16 2.93 2.84 2.90 2.89 2.86 2.88 0.03

Phosphorus (mmol/L) Diet 0.598 2.24 2.19 2.18 2.20 2.20 2.20 0.03
Age <0.001
Diet · age 0.632
Week 8 2.35 2.27 2.27 2.29 2.29 2.33 0.03
Week 16 2.14 2.11 2.08 2.12 2.11 2.07 0.04

ALKP (U/L) Diet 0.624 228 229 226 230 239 220 7.7
Age <0.001
Diet · age 0.853
Week 8 266 271 272 273 278 268 8.6
Week 16 189 186 180 187 201 172 10.8

Albumin (g/L) Diet 0.631 18.7 18.9 18.8 19.0 18.6 18.8 0.2
Age <0.001
Diet · age 0.709
Week 8 17.2 17.7 17.3 17.7 17.4 17.4 0.2
Week 16 20.1 20.1 20.2 20.2 19.8 20.2 0.3

Uric acid (mmol/L) Diet <0.05 301a 267ab 282ab 275ab 259b 282ab 8.4
Age 0.193
Diet · age 0.265
Week 8 302 261 313 290 256 283 14.6
Week 16 300 272 251 260 262 281 14.6

AThe birds on treatment L–,M– andH–were fed diets containing 2.75–2.50–2.25 g/kg, 3.75–3.50–3.25 g/kg and 4.75–4.50–4.25 g/kg non-phytate phosphorus
for the ageperiodof0–4 (starter), 4–8 (grower) and8–16weeks (developer) respectively,without the supplementationof phytase.Thebirds on treatmentL+,M
+ and H+ were fed diets containing 1.75–1.50–1.25 g/kg, 2.75–2.50–2.25 g/kg and 3.75–3.50–3.25 g/kg non-phytate phosphorus for the starter, grower and
developer respectively with the supplementation of 1000 U/kg phytase.

BData are presented as least squares means and pooled standard error of the mean (s.e.m.; n = 8).
CProbability for F-tests of main effects and interaction.

Table 5. Bone mineralisation of pre-lay pullets on various diets at Week 16A,B

BMD, bone mineral density

Variables Diet s.e.m. P-value
L– L+ M– M+ H– H+

BMD (g/cm2) 0.150 0.153 0.154 0.151 0.155 0.156 0.002 0.220
Tibia weight (g) 3.584 3.626 3.664 3.729 3.720 3.640 0.070 0.674
Tibia ash (%) 54.1 53.1 54.1 53.2 52.9 52.2 0.5 0.134
Tibia Ca (% of tibia) 41.0 41.5 39.6 39.5 40.9 41.9 1.1 0.498
Tibia P (% of tibia) 18.8 19.5 18.8 18.4 19.0 19.1 0.5 0.766

AThe birds on treatment L–,M–, andH–were fed diets containing 2.75–2.50–2.25 g/kg, 3.75–3.50–3.25 g/kg and 4.75–4.50–4.25 g/kg non-phytate phosphorus
for the ageperiodof0–4 (starter), 4–8 (grower) and8–16weeks (developer) respectively,without the supplementationof phytase.Thebirds on treatmentL+,M
+ and H+ were fed diets containing 1.75–1.50–1.25 g/kg, 2.75–2.50–2.25 g/kg and 3.75–3.50–3.25 g/kg non-phytate phosphorus for the starter, grower and
developer respectively with the supplementation of 1000 U/kg phytase.

BData are presented as least squares means and pooled standard error of the mean (s.e.m.; n = 8).
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environmental impacts is challenging the poultry sector. The
essential mineral P is a prime example of a nutrient of concern,
given the potential for excess environmental P. To partially
address this concern, focus has turned to P supply strategies,

including the investigation of responses of birds to P supply
and phytase supplementation in diets. The present study was
designed to examine the influence of phytase supplementation
on performance, clinical biochemistry, bone mineralisation

Table 6. Phosphorus (P) and calcium retention (%) of pre-lay pullets on various dietsA,B

Means within a row with different lowercase letters are statistically different (P < 0.05). Retention (%) = (intake – excretion) / intake · 100

Variables Factors P-value Diet means s.e.m.
L– L+ M– M+ H– H+

Total P Diet <0.001C,E 31.4ab 30.3abc 29.0abc 22.1c 34.9a 24.6bc 2.0
Age <0.001C

Diet · age <0.01C

Week 8 <0.001D,E 46.5a 49.0a 40.2ab 36.9ab 46.5a 32.6b 2.7
Week 16 <0.01D,E 16.3abc 11.6bc 17.8ab 7.3c 23.3a 16.6abc 2.7

Phytate P Diet <0.001C,E 27.3c 59.2a 24.4c 48.6b 31.6c 48.3b 2.2
Age <0.001C

Diet · age 0.751C

Week 8 23.2 54.9 17.6 44.2 28.7 44.1 2.8
Week 16 31.4 63.6 31.3 53.1 34.6 52.4 2.8

Calcium Diet <0.05C,E 38.1a 35.0ab 35.9ab 33.4ab 31.4b 35.2ab 1.3
Age <0.001C

Diet · age 0.884C

Week 8 47.9 42.6 45.1 42.3 39.5 44.0 1.9
Week 16 28.3 27.4 26.6 24.6 23.4 26.4 1.9

AThe birds on treatment L–, M– and H– were fed diets containing 2.75–2.50–2.25 g/kg, 3.75–3.50–3.25 g/kg and 4.75–4.50–4.25 g/kg non-phytate
phosphorus for the age period of 0–4 (starter), 4–8 (grower), and 8–16 weeks (developer) respectively, without the supplementation of phytase. The birds
on treatment L+, M+ and H+ were fed diets containing 1.75–1.50–1.25 g/kg, 2.75–2.50–2.25 g/kg and 3.75–3.50–3.25 g/kg non-phytate phosphorus for
the starter, grower and developer respectively with the supplementation of 1000 U/kg phytase.

BData are presented as least squares means and pooled standard error of the mean (s.e.m.; n = 8).
CProbability for F-tests of main effects and interaction.
DProbability for F-tests and comparisons of means for diet at different ages, carried out when the Pdiet · age is significant.
EContrasts are performed when the main effect of diet or the effect of diet at each age is significant, and the results are presented in Table 7.

Table 7. Contrast analysis of the effect of supplemental phytase and dietary non-phytate phosphorus (NPP) level on phosphorus (P) and calcium
retention (%)A

Variables Effect of supplemental
phytase (phytase present vs

phytase absent)

Effect of dietary NPPB

Average of L+,M+ andH+
vs average of L–,

M– and H–

Phytase (–) Phytase (+)

Linear Quadratic Linear Quadratic

Total P Main <0.001 <0.01C 0.202 0.089 0.052 <0.05
Week 8 <0.05 <0.01C 0.983 0.061 <0.001 0.247
Week 16 <0.01 0.063C 0.070 0.550 0.190 <0.05

Phytate P Main <0.001 0.170 0.068 <0.01 0.064
Week 8 – – – – –

Week 16 – – – – –

Calcium Main 0.605 <0.001 0.502 0.918 0.303
Week 8 – – – – –

Week 16 – – – – –

AAsa follow-upanalysis, planned contrasts are performedwhen themain effect of diet or the effect of diet at each age is significant, as shown inTable 6, to further
identify the distinct effects of phytase supplementation and dietary NPP on the observations, given the fact that the diet effect involved two factors including
phytase and NPP level. The P-values of contrast analysis are provided.

BAs there were three graded levels of dietary NPPwith or without phytase supplementation, orthogonal polynomial contrasts were made separately to examine
both linear and quadratic trends.

CItalics are P-values of planned contrasts made from the average of M+ and H+ versus the average of L– and M–.
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and P utilisation of pre-lay pullets fed diets containing varying
levels of NPP.

In our previous study in which supplemental phytase was
not included (Jing et al. 2018b), a significant reduction in
bodyweight gain, feed intake and plasma P was observed at the
age of 8 weeks, when pullets were fed 2.00, 1.75 and 1.50 g/kg
NPP (the lower end) for the age period of 0–4, 5–8 and
9–16 weeks respectively. However, the present study
showed that supplementing phytase to diets containing
lower NPP resulted in growth performance and plasma P
comparable to those obtained from pullets that were fed
diets containing high NPP. This was most obvious when the
birds were offered 1.75, 1.50 and 1.25 g/kg NPP for the three
age periods respectively, an NPP regimen even lower than that
used in our previous study. These results indicated that phytase
supplementation corrected the reduction in pullet performance
and plasma P of birds fed low P diets. Furthermore, no changes
were found in plasma biochemical indices among treatments.
This might indicate that birds function normally under the
current dietary regimens. Particularly, the current data showed
that plasma uric acid decreased with increasing levels of NPP
exclusively in the phytase-free groups. Our previous study also
showed reduced uric acid in plasma of pullets as dietary NPP
increased (Jing et al. 2018b). This indicates that dietary P may
regulate intestinal and/or renal uric acid transporters, such as
adenosine triphosphate-binding cassette transporter G2
(Bhatnagar et al. 2016). The mechanism underlying dietary
P regulation of uric acid metabolism is not yet known. Studies
in humans showed an inverse relationship between P excretion
and uric acid excretion (Sakoh et al. 2016). The authors
suggested a possible role of parathyroid hormone and
fibroblast growth factor 23 in regulating P and uric acid
homeostasis (Sakoh et al. 2016; Sugimoto et al. 2017).
Punna and Roland (1999) indicated that the addition of
phytase in pullet diets from Day 1 of age through the first
lay cycle (Week 21 to 36) could prevent reductions in
performance of pullets fed 1.0 g/kg NPP diets. Further
investigations of the effect of pre-lay diet on subsequent
laying performance and egg quality are still warranted.

No significant differences were found in the parameters
used to assess bone mineralisation (tibia bone mineral density,
tibia weight, tibia ash percent) in the current study. These
results could be interpreted as: (i) any potential bone
mineralisation compromise under the lowest NPP regimen
(1.75–1.50–1.25 g/kg) was corrected with phytase
supplementation; or (ii) bone mineralisation could be well
maintained at this level of NPP and supplemental phytase had
no further effects. The latter could be supported to some extent
by previous research. Our earlier pullet study showed that bone
quality was not affected when lowering dietary NPP from 5.00,
4.75 and 4.50 g/kg to 2.00, 1.75 and 1.50 g/kg for the age
period of 0–4, 5–8 and 9–16 weeks respectively (Jing et al.
2018b). Keshavarz (2000b) also reported that no significant
differences were found for tibia weight and tibia ash when
pullets were fed different NPP ranging from 2.0, 1.5 and 1.0 g/
kg (the lower end) to 4.0, 3.5 and 3.0 g/kg (the higher end) for
the period of 0–6, 7–12 and 13–18 weeks of age respectively,
and phytase did not have an effect on bone quality. However,
subsequent effects of this low NPP regimen in the pre-lay

ration on bone quality during the laying period still need to be
investigated. An early study by Douglas and Harms (1986)
showed that bone ash percentage measured at 20 weeks was
not affected by feeding less P during the pre-lay period.

Results of the digestibility assay demonstrated that phytase
supplementation significantly improved the utilisation of
phytate P. The retention (%) of phytate P, on average, was
52.0% and 27.8% respectively in the three phytase-
supplemented diets and three phytase-unsupplemented diets.
Without considering dietary NPP level, phytase
supplementation, overall, contributed to a 24.2% increase in
the availability of phytate P. Additionally, the current results
also indicated that the extent of enhancement in phytate P
utilisation was influenced by dietary P status. Phytate P
retention responded in a quadratic manner to increasing
levels of dietary NPP, being highest in the lowest NPP
regimen and comparable between the other two NPP
regimens, suggesting that the action of phytase was most
efficient in birds under low P conditions. Other studies have
shown that high levels of dietary inorganic P reduced phytate P
availability in chickens, possibly due to the inhibitory effect of
P on phytase activity, reflecting a negative feedback
mechanism elicited by excessive amounts of dietary P
(Ravindran et al. 2000; Ankra-Badu et al. 2004). Further
studies are still needed to examine the impact of dietary
inorganic P supply on the P-releasing efficacy of phytase.
In contrast, in agreement with the results of our previous study
(Jing et al. 2018b), the current data showed that phytate P
retention (%) was higher at Week 16 than Week 8, indicating
that phytate P could be more efficiently utilised by older
pullets than young pullets. Other researchers reported that
the utilisation of phytate P increased as the age of laying
hens increased (Maddaiah et al. 1964; Marounek et al. 2008),
possibly due to more endogenous phytase present in the
gastrointestinal tract of older birds (Marounek et al. 2010).
The current data showed that endogenous phytase generally
contributed 27.8% of the phytate P utilisation, based on the
calculation of the average of phytate P retention rates derived
from the three phytase-unsupplemented diets. In the present
study, it was hypothesised that supplementation of phytase
could provide 1.0 g/kg NPP to the birds (Slominski 2011).
However, this assumption may not be entirely accurate
based on the results of total P retention, as the latter
differed slightly between the phytase-supplemented and
phytase-unsupplemented diets. This difference may be due
to the influence of various factors related to phytase, diets and
animals used in research (Leske and Coon 1999; Slominski
2011; Dersjant-Li et al. 2015). Interestingly, phytase
supplementation led to a decrease in total P retention when
the birds were fed certain levels of NPP, which was supported
by results of planned contrasts between the average of two
phytase-present dietary regimens (M+ and H+), and the
average of two phytase-absent dietary regimens (L– and
M–), where the NPP levels were 2.75–2.50–2.25 or
3.75–3.50–3.25 g/kg. It was inferred that 2.75, 2.50 and
2.25 g/kg NPP for the age of 0–4, 4–8 and 8–16 weeks
respectively was adequate for pullet growth and bone
health, based on the results of our current and previous
study (Jing et al. 2018b), as well as other research reports
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(Keshavarz 2000b). The present data suggested that the
reduced retention of total P could be an indication of a
reduction in P availability, when phytase was supplemented
to diets that contained adequate or sufficient NPP. In other
words, the addition of phytase without properly reducing
dietary NPP could yield negative environmental impacts.
Our results differ from those of Keshavarz (2000b), who
reported that phytase did not have an effect on total P
retention in pullets fed various NPP regimens. The role of
dietary NPP status may need to be considered in evaluating the
effect of phytase on P utilisation.

In conclusion, the present study showed that adding
microbial phytase (1000 U/kg) to the pre-lay ration
significantly improved phytate P availability. Moreover,
supplementing phytase to a diet containing low levels of
NPP resulted in performance and bone mineralisation
comparable to that obtained from pullets fed higher levels
of NPP. These results confirmed that dietary NPP inclusion
could be reduced through phytase supplementation, and under
the present experimental conditions, its level could be reduced
to 1.75, 1.50 and 1.25 g/kg for 0–4, 4–8 and 8–16 weeks of
age respectively without affecting bone mineralisation and
growth of pre-lay pullets. Additionally, the present study
indicated that the effect of phytase on P utilisation might be
mediated by dietary P status.
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