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Abstract
A 20-d experiment was conducted to test the hypothesis that phytase increases nutrient digestibility, bone ash, and growth 
performance of pigs fed diets containing 0.23%, 0.29%, or 0.35% phytate-bound P. Within each level of phytate, five diets 
were formulated to contain 0, 500, 1,000, 2,000, or 4,000 phytase units (FTU)/kg of a novel phytase (PhyG). Three reference 
diets were formulated by adding a commercial Buttiauxella phytase (PhyB) at 1,000 FTU/kg to diets containing 0.23%, 0.29%, 
or 0.35% phytate-bound P. A randomized complete block design with 144 individually housed pigs (12.70 ± 4.01 kg), 18 
diets, and 8 replicate pigs per diet was used. Pigs were adapted to diets for 15 d followed by 4 d of fecal collection. Femurs 
were collected on the last day of the experiment. Results indicated that diets containing 0.35% phytate-bound P had 
reduced (P < 0.01) digestibility of Ca, P, Mg, and K compared with diets containing less phytate-bound P. Due to increased 
concentration of total P in diets with high phytate, apparent total tract digestible P and bone ash were increased by PhyG 
to a greater extent in diets with 0.29% or 0.35% phytate-bound P than in diets with 0.23% phytate-bound P (interaction, 
P < 0.05). At 1,000 FTU/kg, PhyG increased P digestibility and bone P more (P < 0.05) than PhyB. The PhyG increased (P < 0.01) 
pig growth performance, and pigs fed diets containing 0.35% or 0.29% phytate-bound P performed better (P < 0.01) than pigs 
fed the 0.23% phytate-bound P diets. In conclusion, the novel phytase (i.e., PhyG) is effective in increasing bone ash, mineral 
digestibility, and growth performance of pigs regardless of dietary phytate level.
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Introduction
Most cereal grains and plant protein ingredients included in 
swine diets contain phytate, which consists of six phosphate 
molecules bound to a myo-inositol ring (Zimmermann et  al., 

2002; Raboy, 2003). Pigs do not synthesize adequate amounts of 
endogenous phytase to liberate the P bound to phytate; thus, 
the majority of P in plant feed ingredients is not available for 
absorption, which is the reason for the low digestibility of 
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Ca and P by pigs (Zimmermann et  al., 2002; Liao et  al., 2005). 
Therefore, microbial phytase is usually included in diets for pigs 
to increase P absorption and utilization by hydrolyzing phytic 
acid within the gastrointestinal tract of pigs (Pallauf et al., 1994). 
The ability of phytase to increase P digestibility and pig growth 
performance has been comprehensively described (Selle and 
Ravindran, 2008; Humer et al., 2015; Holloway et al., 2018).

Pig diets may contain coproducts with high concentration 
of phytate (e.g., canola meal and rice bran) due to increased 
availability of these feed ingredients in some areas. Canola meal 
contains 2.5% to 3.5% phytic acid (Liu et al., 2018), and therefore, 
high inclusion of canola meal results in increased concentration 
of phytate in the diets. Phytate from canola meal is also less 
accessible to phytase compared with phytate from corn and 
soybean meal (Leske and Coon, 1999). Therefore, the inclusion 
of phytase at doses above 1,000 phytase units (FTU)/kg may 
have positive effects on nutrient digestibility and pig growth 
performance due to increased degradation of phytate in diets 
(Selle and Ravindran, 2008; Walk et  al., 2013; Dersjant-Li and 
Kwakernaak, 2019).

A next-generation consensus bacterial 6-phytase variant 
(PhyG; Danisco Animal Nutrition, Leiden, The Netherlands) 
increased P digestibility in pig diets (Dersjant-Li et al., 2020), but 
there are limited data to demonstrate the efficacy of this phytase 
to increase pig growth performance and bone mineralization 
if included in diets with elevated levels of phytate. Therefore, 
an experiment was conducted to test the hypothesis that 
interactions between dietary phytate and dietary concentrations 
of PhyG exist. The second objective was to test the hypothesis 
that the use of the novel PhyG phytase results in greater 
increases in growth performance, bone ash, and apparent total 
tract digestibility (ATTD) of minerals in diets containing varying 
phytate concentrations compared with a commercial phytase.

Materials and Methods
The protocol for the experiment was approved by the 
Institutional Animal Care and Use Committee at the University 
of Illinois prior to the initiation of the experiment. Pigs that were 
the offspring of Line 359 boars and Camborough females (Pig 
Improvement Company, Hendersonville, TN, USA) were used.

Animals and treatments

A total of 144 individually housed growing pigs (initial body 
weight: 12.70 ± 4.01 kg) were randomly allotted to 18 diets with 
8 replicate pigs per diet. Pigs were assigned to treatment groups 
using a randomized complete block design with 4 blocks of 36 
pigs and 2 replicate pigs per diet in each block. The weaning 
group was used as the blocking factor. Three basal diets that 
were deficient in P (NRC, 2012) and based on corn, soybean meal, 
and canola meal (Table 1) were formulated (Table 2). Diets were 
formulated to contain 0.17% standardized total tract digestible P 

and to contain 0.23%, 0.29%, or 0.35% phytate-bound P (i.e., low, 
medium, or high phytate-bound P). Diets were formulated to 
contain these levels of phytate because most of the commercial 
diets using soybean meal and canola meal have phytate-bound 
P within this range, and phytate-bound P in the diets was 
increased by increasing the concentration of canola meal at the 
expense of soybean meal and cornstarch. The concentration 
of monocalcium phosphate in diets containing 0.29% or 
0.35% phytate-bound P was also reduced due to increased 
concentration of P provided by canola meal. Twelve additional 
diets were formulated by adding 500, 1,000, 2,000, or 4,000 FTU/
kg of a novel consensus bacterial 6-phytase variant (PhyG; 
Danisco Animal Nutrition, the Netherlands) to each of the three 
basal diets (Tables 3–5). In addition, three reference diets were 
formulated by adding a commercial Buttiauxella phytase (PhyB; 
Danisco Animal Nutrition, the Netherlands) at 1,000 FTU/kg to 
the three basal diets. Thus, a total of 18 diets were used. All diets 
contained 0.40% titanium dioxide as an indigestible marker. 
Ingredients were analyzed for the concentration of phytate (Ellis 
et al., 1977; Eurofins Nutrition Analysis Center, Des Moines, IA, 

Abbreviations

ADFI	 average daily feed intake
ADG	 average daily gain
AEE	 acid-hydrolyzed ether extract
ATTD	 apparent total tract digestibility
FTU	 phytase units
G:F	 gain to feed ratio
PhyB	 Buttiauxella phytase
PhyG	 novel consensus bacterial 6-phytase 

variant

Table 1.  Analyzed nutrient composition of corn, soybean meal, and 
canola meal, as-fed basis

Item Corn Soybean meal Canola meal

Dry matter, % 87.55 89.08 89.28
Ash, % 1.28 6.41 6.84
Gross energy, kcal/kg 3,857 4,208 4,272
Crude protein, % 6.80 47.25 36.60
AEE1, % 3.31 2.20 4.46
Ca, % 0.01 0.33 0.77
Total P, % 0.25 0.61 1.03
Phytic acid, % 0.75 1.65 2.71
Phytate-bound P2, % 0.21 0.47 0.76
Non-phytate P3, % 0.04 0.14 0.27
Cl, % <0.10 <0.10 <0.10
Na, mg/kg 10.90 26.80 676.00
Cu, mg/kg 1.11 13.10 4.86
Zn, mg/kg 15.00 34.90 43.60
Mn, mg/kg 3.57 28.80 57.00
Fe, mg/kg 12.40 83.20 204.00
Se, mg/kg <0.20 <0.20 0.20
Indispensable amino acids, %
  Arg 0.34 3.33 2.06
  His 0.21 1.23 0.98
  Ile 0.26 2.28 1.54
  Leu 0.76 3.60 2.55
  Lys 0.27 2.96 1.97
  Met 0.14 0.62 0.71
  Phe 0.33 2.39 1.46
  Thr 0.25 1.77 1.53
  Trp 0.06 0.65 0.42
  Val 0.35 2.34 1.90
Dispensable amino acids, %
  Ala 0.50 2.01 1.58
  Asp 0.48 5.18 2.50
  Cys 0.16 0.64 0.88
  Glu 1.18 8.33 6.07
  Gly 0.30 1.96 1.82
  Ser 0.32 1.89 1.27
  Tyr 0.17 1.69 0.98
  Pro 0.57 2.28 2.22

1AEE, acid hydrolyzed ether extract.
2Calculated as 28.2% of phytic acid (Tran and Sauvant, 2004).
3Calculated as total P – phytate-bound P.
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USA) before formulating the diets, and phytate concentration 
and phytase activity (Method 2000.012; AOAC Int., 2007; Eurofins 
Nutrition Analysis Center, Des Moines, IA, USA) in all diets were 
confirmed before starting the animal part of the experiment. 
Phytase activity in diets was also analyzed and verified using 
a validated method (ISO 30024:2009; Gizzi et al., 2008; Brabrand, 
Denmark).

Experimental procedures

Pig weights were recorded at the beginning and at the conclusion 
of the experiment. The initial 15 d was considered the adaptation 
period to the experimental diets. During the adaptation period, 
pigs had free access to feed and water. However, from day 16 
to 20, pigs were limit-fed in a daily amount of 3.2 times the 
estimated metabolizable energy requirement for maintenance 
(i.e., 197 kcal/kg × body weight0.60; NRC, 2012). Feed addition 
was recorded daily, and the weight of non-consumed feed was 
recorded. Water was available at all times.

Sample collection

Fecal samples were collected via anal stimulation on days 16, 17, 
18, and 19, and collected samples were stored at −20 °C. On the 
last day of the experiment (day 20), pigs were weighed, feeders 

were emptied, and the amount of feed left in each feeder was 
recorded and subtracted from total feed allotments to calculate 
feed disappearance for each pig. Four hours after feeders had 
been emptied, pigs were euthanized and the right femur was 
collected.

Chemical analyses

At the conclusion of the experiment, fecal samples were dried 
in a forced-air drying oven at 50 °C. Fecal samples were finely 
ground through a 1-mm screen in a Wiley mill (Model 4; Thomas 
Scientific, Swedesboro, NJ, USA) before analysis. Ingredients, 
diets, and fecal samples were analyzed for dry matter (method 
930.15; AOAC Int., 2007). Diets and fecal samples were analyzed 
for titanium (Myers et  al., 2004). Ingredients, diets, and fecal 
samples were analyzed for minerals by inductively coupled 
plasma optical emission spectrometry using an internally 
validated method (method 985.01 A, B, and C; AOAC Int., 2007) 
after wet ash sample preparation [method 975.03 B(b); AOAC Int., 
2007]. Ingredients were analyzed for amino acids on a Hitachi 
amino acid analyzer (Model No. L8800; Hitachi High Technologies 
America, Inc., Pleasanton, CA, USA) using ninhydrin for post-
column derivatization and norleucine as the internal standard. 
Diets and ingredients were analyzed for ash (method 942.05; 
AOAC Int., 2007), and crude protein was calculated as analyzed 
concentration of nitrogen multiplied by 6.25. Nitrogen was 
measured using the combustion procedure (method 990.03; 
AOAC Int., 2007) on a LECO FP628 (LECO Corp., Saint Joseph, 
MI, USA). Diets and ingredients were also analyzed for acid-
hydrolyzed ether extract (AEE) by acid hydrolysis using 3N HCl 
(AnkomHCl, Ankom Technology, Macedon, NY, USA) followed 
by fat extraction using petroleum ether (AnkomXT15, Ankom 
Technology, Macedon, NY, USA). Gross energy was analyzed in 
diets and ingredients on an isoperibol bomb calorimeter (Model 
6400, Parr Instruments, Moline, IL, USA) using benzoic acid as 
the internal standard. Diets were analyzed for insoluble dietary 
fiber and soluble dietary fiber according to method 991.43 (AOAC 
Int., 2007) using the AnkomTDF Dietary Fiber Analyzer (Ankom 
Technology, Macedon, NY, USA). Total dietary fiber was calculated 
as the sum of insoluble dietary fiber and soluble dietary fiber. 
Femurs were autoclaved at 125  °C for 55 min and cleaned for 
soft tissue. Femurs were broken, dried, and soaked for 72 h in 
petroleum ether under a chemical hood to remove marrow 
and fat. Femurs were dried for 2 h at 135 °C and then ashed at 
600 °C for 16 h. Bone ash samples were analyzed for Ca and P 
via inductively coupled plasma optical emission spectrometry. 
Analyses for amino acids and minerals were conducted at the 
Agricultural Experiment Station Chemical Laboratories at the 
University of Missouri-Columbia (Columbia, MO, USA), and all 
other analyses were conducted in the Monogastric Nutrition 
Laboratory at the University of Illinois at Urbana-Champaign 
(Urbana, IL, USA).

Calculations and statistical analysis

Values for the ATTD of minerals in all diets were calculated 
(Adeola, 2001). Concentrations of bone Ca and bone P in grams 
per femur were calculated by multiplying the total quantity of 
bone ash by the percentage of Ca and P in bone ash. Growth 
performance data were summarized for the entire experiment 
to calculate average daily feed intake (ADFI), average daily 
gain (ADG), and gain to feed ratio (G:F) within each pen and 
treatment group.

Normality of residuals was verified using the UNIVARIATE 
procedure (SAS Inst. Inc., Cary, NC) and influence of options 

Table 2.  Ingredient composition of basal diets containing 0.23%, 
0.29%, or 0.35% phytate-bound P, as-fed basis1,2

Phytate-bound P, %

Item 0.23 0.29 0.35

Ground corn 61.08 58.05 57.28
Soybean meal 23.00 19.00 11.90
Canola meal 1.00 12.46 23.50
Cornstarch 9.00 5.00 2.00
Soybean oil 3.00 3.00 3.00
Ground limestone 1.17 1.05 0.92
Monocalcium phosphate 0.17 0.05 —
l-Lys 0.47 0.38 0.41
dl-Met 0.06 0.02 —
l-Thr 0.10 0.04 0.03
l-Trp — — 0.01
Titanium dioxide 0.40 0.40 0.40
Salt 0.40 0.40 0.40
Vitamin–mineral premix3 0.15 0.15 0.15

1Twelve additional diets were prepared by adding a phytase to 
each basal diet at the expense of corn starch. The phytase premix 
was prepared by mixing phytase concentrates with corn. The 
concentrates were formulated to provide 500, 1,000, 2,000, or 4,000 
FTU/kg of a novel consensus bacterial 6-phytase variant (PhyG; 
Danisco Animal Nutrition, The Netherlands).
2Three additional diets were prepared by adding a premix 
containing a commercial PhyB concentrate and corn to each of the 
three basal diets. This premix provided 1,000 FTU/kg (PhyB; Danisco 
Animal Nutrition, The Netherlands) to each diet.
3Provided the following quantities of vitamins and microminerals 
per kilogram of complete diet: Vitamin A as retinyl acetate, 
11,136 IU; vitamin D3 as cholecalciferol, 2,208 IU; vitamin E as 
dl-alpha tocopheryl acetate, 66 IU; vitamin K as menadione 
dimethylprimidinol bisulfite, 1.42 mg; thiamin as thiamine 
mononitrate, 0.24 mg; riboflavin, 6.59 mg; pyridoxine as pyridoxine 
hydrochloride,0.24 mg; vitamin B12, 0.03 mg; d-pantothenic acid 
as d-calcium pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 
1.59 mg; biotin, 0.44 mg; Cu, 20 mg as copper chloride; Fe, 126 mg 
as ferrous sulfate; I, 1.26 mg as ethylenediamine dihydriodide; 
Mn, 60.2 mg as manganese hydroxychloride; Se, 0.3 mg as 
sodium selenite and selenium yeast; and Zn, 125.1 mg as zinc 
hydroxychloride. 
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Table 4.  Analyzed nutrient composition of experimental diets containing 0.29% phytate-bound P, as-fed basis

PhyG, FTU1/kg
PhyB, FTU/kg  

1,000

Item 0 500 1,000 2,000 4,000

Dry matter, % 88.57 88.40 88.49 88.78 88.68 88.45
Ash, % 4.59 4.64 4.63 4.77 4.67 4.59
Gross energy, kcal/kg 4,067 4,056 4,057 4,065 4,050 4,057
Crude protein, % 17.92 18.03 18.43 18.20 17.78 17.66
AEE1, % 5.43 5.99 6.06 6.09 5.44 5.50
Soluble dietary fiber, % 0.6 0.9 0.8 0.8 1.0 0.7
Insoluble dietary fiber, % 13.1 12.1 12.0 14.1 12.1 12.2
Total dietary fiber, % 13.7 13.0 12.8 14.9 13.1 12.9
Phytase, FTU/kg (AOAC) <70 470 840 2,100 4,200 810
Phytase, FTU/kg (ISO 30024:2009) 188 696 1,309 2,406 4,680 1,369
Ca, % 0.65 0.69 0.66 0.70 0.71 0.69
P, % 0.40 0.40 0.42 0.40 0.43 0.43
Phytic acid, % 1.05 1.04 1.01 1.03 1.00 1.04
Phytate-bound P2, % 0.30 0.29 0.28 0.29 0.28 0.29
Non-phytate P3, % 0.10 0.11 0.14 0.11 0.15 0.14
Na, % 0.17 0.17 0.17 0.17 0.16 0.17
Mg, % 0.18 0.17 0.18 0.18 0.17 0.18
K, % 0.80 0.76 0.79 0.81 0.79 0.79
S,% 0.25 0.22 0.25 0.26 0.25 0.26
Cl, % 0.32 0.32 0.31 0.33 0.32 0.32
Cu, mg/kg 23.9 26.1 30.2 25.1 34.4 26.7
Zn, mg/kg 141.0 136 144 152 144 138
Mn, mg/kg 76.3 69.1 71.3 81.4 71.7 74
Fe, mg/kg 189 194 196 191 198 191
Se, mg/kg 0.64 0.61 0.67 0.64 0.61 0.60

1FTU, phytase units; AEE, acid hydrolyzed ether extract.
2Calculated as 28.2% of phytic acid (Tran and Sauvant, 2004).
3Calculated as total P – phytate-bound P.

Table 3.  Analyzed nutrient composition of experimental diets containing 0.23% phytate-bound P, as-fed basis

PhyG, FTU1/kg
PhyB, FTU/kg  

1,000

Item 0 500 1,000 2,000 4,000

Dry matter, % 88.89 88.83 89.15 88.70 88.73 88.61
Ash, % 4.20 4.23 4.22 4.17 4.23 4.39
Gross energy, kcal/kg 4,009 3,994 4,031 4,003 4,021 4,009
Crude protein, % 16.14 15.93 16.04 15.93 16.18 16.44
AEE1, % 6.07 6.01 6.27 6.44 6.72 6.76
Soluble dietary fiber, % 1.4 0.6 1.2 0.8 0.9 0.8
Insoluble dietary fiber, % 10.8 10.2 10.3 10.4 10.0 10.3
Total dietary fiber, % 12.2 10.8 11.5 11.2 10.9 11.1
Phytase, FTU/kg (AOAC) 100 560 1,200 1,800 4,000 1,100
Phytase, FTU/kg (ISO 30024:2009) 242 806 1,370 2,379 4,347 1,314
Ca, % 0.61 0.64 0.62 0.66 0.71 0.69
P, % 0.32 0.33 0.33 0.33 0.35 0.36
Phytic acid, % 0.80 0.78 0.83 0.80 0.79 0.82
Phytate-bound P2, % 0.23 0.22 0.23 0.23 0.22 0.23
Non-phytate P3, % 0.09 0.11 0.10 0.10 0.13 0.13
Na, % 0.16 0.16 0.16 0.16 0.17 0.16
Mg, % 0.13 0.12 0.13 0.13 0.13 0.13
K, % 0.76 0.77 0.78 0.78 0.76 0.77
S, % 0.19 0.17 0.18 0.18 0.18 0.19
Cl, % 0.34 0.34 0.35 0.36 0.34 0.33
Cu, mg/kg 30.6 33.4 28.8 25.0 26.9 23.4
Zn, mg/kg 139 138 139 135 143 136
Mn, mg/kg 64.2 71.7 74.0 67.7 70.2 74.2
Fe, mg/kg 200 225 192 207 182 194
Se, mg/kg 0.55 0.50 0.46 0.45 0.50 0.49

1FTU, phytase units; AEE, acid hydrolyzed ether extract.
2Calculated as 28.2% of phytic acid (Tran and Sauvant, 2004).
3Calculated as total P – phytate-bound P.
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of SAS. Outliers were identified and removed as values that 
deviated from the treatment mean by more than 1.5 times the 
interquartile range. For growth performance data, no outliers 
were identified. For mineral digestibility, removed outliers 
included one pig fed each of the following diets: 0.23% phytate-
bound P with 4,000 FTU/kg PhyG; 0.35% phytate-bound P with 
1,000 FTU/kg PhyG; 0.23% phytate-bound P with 1,000 FTU/
kg PhyB;, 0.29% phytate-bound P with 1,000 FTU/kg PhyB; and 
0.35% phytate-bound P with 4,000 FTU/kg PhyG. One pig fed 
the diet containing 0.35% phytate-bound P and no phytase 
was also identified as an outlier and removed from data 
for bone parameters. Data were analyzed as a randomized 
complete block design in a 3 × 5 factorial arrangement with 
the pig as the experimental unit. The model included amount 
of phytate-bound P, phytase (i.e., PhyG), and the interaction 
between phytate-bound P and PhyG as the main effects. Block 
and replicate within block were considered random effects. 
Linear and quadratic effects of increasing levels of PhyG were 
determined for each phytate level using orthogonal CONTRAST 
statements. Contrast statements were used with coefficients 
for unequally spaced treatments being generated using the 
Proc Interactive Matrix Language statement in SAS. Contrast 
statements were used to determine the effects of PhyG on 
mineral digestibility, concentrations of apparent total tract 
digestible minerals, bone ash, and pig growth performance 
by comparing results for pigs fed diets containing 1,000 FTU/
kg of PhyG with results for pigs fed diets supplemented with 
1,000 FTU/kg from PhyB. Treatment means were calculated 
and separated using the LSMEANS statement and the PDIFF 
option of PROC MIXED, respectively. Regression equations 
for the concentration of apparent total tract digestible P as a 

function of PhyG dose were developed using the exponential 
curve fitting of JMP 14.0 (SAS Institute Inc., Cary, NC). Statistical 
significance and tendencies were considered at P < 0.05 and 
0.05 ≤ P < 0.10, respectively.

Results
Diet analyses indicated that the intended concentrations of 
phytate and phytase were present in all diets. Concentrations of 
other nutrients were not affected by dietary treatment, and pigs 
consumed their diets without apparent problems. Although diet 
and fecal samples were analyzed for both macro- and micro-
minerals, results obtained for micro-minerals were erratic and 
are not reported.

No interactions between phytate and phytase were observed 
for the growth performance of pigs (Table 6). Average daily gain, 
ADFI, G:F, and final body weight of pigs increased (P < 0.01) when 
PhyG was included in the diets. Pigs fed diets containing 0.29% 
or 0.35% phytate-bound P also had greater (P  < 0.01) ADG, ADFI, 
and final body weight compared with pigs fed the diet containing 
0.23% phytate-bound P.  Pigs fed the 0.29% phytate-bound P diet 
tended to have greater (P < 0.10) G:F compared with pigs fed the 
0.23% phytate-bound P diet. Linear and/or quadratic increases 
(P < 0.05) were observed for ADG, ADFI, G:F, and final body weight 
of pigs as PhyG increased in diets containing 0.23%, 0.29%, or 0.35% 
phytate-bound P.

Diets containing 0.35% phytate-bound P had reduced 
(P  <  0.01) the ATTD of Ca, P, Mg, and K compared with diets 
containing 0.23% or 0.29% phytate-bound P, but the inclusion 
of PhyG to diets increased (P  <  0.01) the ATTD of Ca, Na, and 
K (Table 7). PhyG increased the ATTD of P and Mg, but to a 

Table 5.  Analyzed nutrient composition of experimental diets containing 0.35% phytate-bound P, as-fed basis

PhyG, FTU1/kg
PhyB1, FTU/kg  

1,000

Item 0 500 1,000 2,000 4,000

Dry matter, % 88.60 88.70 88.62 88.60 88.71 88.40
Ash, % 4.41 4.44 4.81 4.71 4.75 4.78
Gross energy, kcal/kg 4,102 4,096 4,110 4,102 4,110 4,089
Crude protein, % 18.93 18.64 18.83 18.57 18.40 18.58
AEE1, % 5.74 5.22 5.70 5.37 5.66 5.92
Soluble dietary fiber, % 1.3 1.0 2.2 1.0 1.4 2.20
Insoluble dietary fiber, % 13.9 14.0 14.8 14.3 15.2 13.8
Total dietary fiber, % 15.2 15.0 17.0 15.3 16.6 16.0
Phytase, FTU/kg (AOAC) <70 480 1,100 1,800 4,000 840
Phytase, FTU/kg (ISO 30024:2009) 183 682 1,220 2,240 4,239 1,227
Ca, % 0.71 0.70 0.69 0.67 0.72 0.66
P, % 0.46 0.48 0.46 0.46 0.45 0.46
Phytic acid, % 1.22 1.20 1.24 1.22 1.20 1.22
Phytate-bound P2, % 0.34 0.34 0.35 0.34 0.34 0.34
Non-phytate P3, % 0.12 0.14 0.11 0.12 0.11 0.12
Na, % 0.18 0.17 0.17 0.18 0.19 0.18
Mg, % 0.21 0.21 0.21 0.21 0.21 0.21
K, % 0.75 0.73 0.74 0.72 0.73 0.75
S, % 0.31 0.29 0.30 0.32 0.31 0.32
Cl, % 0.35 0.33 0.33 0.34 0.35 0.34
Cu, mg/kg 25.1 26.4 24.1 25.3 24.5 31.0
Zn, mg/kg 146 143 145 144 147 145
Mn, mg/kg 84.9 81.3 76.1 77.9 76.5 77.5
Fe, mg/kg 209 200 197 221 210 225
Se, mg/kg 0.78 0.70 0.77 0.84 0.80 0.75

1FTU, phytase units; AEE, acid hydrolyzed ether extract.
2Calculated as 28.2% of phytic acid (Tran and Sauvant, 2004).
3Calculated as total P – phytate-bound P.
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Table 6.  Overall growth performance of pigs fed diets containing different concentrations of phytate and phytase dose1,2

Item Initial body weight, kg ADG, kg ADFI, kg G:F Final body weight, kg

0.23% phytate-bound P3

  0 PhyG, FTU/kg 12.67 0.375 0.839 0.441 20.18
  500 PhyG, FTU/kg 12.35 0.511 0.965 0.530 22.56
  1,000 PhyG, FTU/kg 12.21 0.571 1.003 0.569 23.62
  2,000 PhyG, FTU/kg 12.65 0.533 0.961 0.559 23.31
  4,000 PhyG, FTU/kg 12.47 0.560 0.975 0.574 23.67
0.29% phytate-bound P4

  0 PhyG, FTU/kg 12.99 0.442 0.921 0.479 21.82
  500 PhyG, FTU/kg 12.90 0.589 1.051 0.559 24.69
  1,000 PhyG, FTU/kg 12.66 0.606 1.023 0.596 24.78
  2,000 PhyG, FTU/kg 12.79 0.605 1.045 0.578 24.89
  4,000 PhyG, FTU/kg 12.44 0.593 0.987 0.604 24.30
0.35% phytate-bound P5

  0 PhyG, FTU/kg 12.72 0.457 0.959 0.479 21.86
  500 PhyG, FTU/kg 12.91 0.543 0.986 0.551 23.77
  1,000 PhyG, FTU/kg 13.16 0.624 1.081 0.576 25.64
  2,000 PhyG, FTU/kg 13.18 0.626 1.071 0.587 25.68
  4,000 PhyG, FTU/kg 12.86 0.589 1.040 0.563 24.63
SEM 1.43 0.04 0.06 0.02 2.01
P-value
  Phytate-bound P 0.580 0.004 0.004 0.075 <0.001
  PhyG 0.993 <0.001 <0.001 <0.001 <0.001
  Phytate-bound P × PhyG 0.999 0.824 0.733 0.944 0.881

1Data are least squares means of eight observations per treatment.
2ADG, average daily gain; ADFI, average daily feed intake; G:F, gain to feed ratio; FTU, phytase units.
3Linear and quadratic increase for ADG, G:F, and final body weight: P < 0.05; Quadratic increase for ADFI: P < 0.05.
4Linear and quadratic increase for ADG and G:F: P < 0.05; Quadratic increase for ADFI and final body weight: P < 0.05.
5Linear and quadratic increase for ADG, G:F, and final body weight: P < 0.05; Quadratic increase for ADFI: P < 0.05.

Table 7.  Apparent total tract digestibility of minerals in diets containing different concentrations of phytate and phytase dose1,2

Apparent total tract digestibility, %

Item Ca P Na Mg K

0.23% phytate-bound P3

  0 PhyG, FTU/kg 61.2 21.2f 74.0 21.0defg 76.9
  500 PhyG, FTU/kg 78.5 56.4d 81.5 22.6def 81.3
  1,000 PhyG, FTU/kg 82.3 67.9bc 87.5 29.6abc 82.0
  2,000 PhyG, FTU/kg 83.8 68.9bc 89.6 30.7ab 82.6
  4,000 PhyG, FTU/kg 83.3 74.7a 91.6 32.2a 82.7
0.29% phytate-bound P4

  0 PhyG, FTU/kg 56.2 23.4f 76.2 17.7fgh 73.9
  500 PhyG, FTU/kg 74.3 51.2e 76.2 24.8bcd 74.5
  1,000 PhyG, FTU/kg 74.5 59.6d 85.3 21.1defg 74.6
  2,000 PhyG, FTU/kg 80.5 72.1ab 89.5 25.1bcd 80.1
  4,000 PhyG, FTU/kg 79.4 74.4a 92.6 24.0cde 82.6
0.35% phytate-bound P5

  0 PhyG, FTU/kg 54.6 24.1f 68.9 16.2gh 69.6
  500 PhyG, FTU/kg 69.7 48.6e 76.8 18.5efgh 67.3
  1,000 PhyG, FTU/kg 73.7 60.1d 83.3 21.5defg 71.5
  2,000 PhyG, FTU/kg 71.6 66.9c 92.1 16.5gh 76.9
  4,000 PhyG, FTU/kg 73.8 66.9bc 91.1 14.8h 71.0
SEM 2.67 2.50 2.83 3.52 2.00
P-value
  Phytate-bound P <0.001 <0.001 0.242 <0.001 <0.001
  PhyG <0.001 <0.001 <0.001 0.004 <0.001
  Phytate-bound P × PhyG 0.735 0.002 0.419 0.014 0.062

1FTU, phytase units.
2Data are least squares means of eight observations per treatment, except for 0.23% phytate-bound P with 4,000 FTU/kg PhyG diet, 0.35% 
phytate-bound P with 1,000 FTU/kg PhyG diet, 0.23% phytate-bound P with 1,000 FTU/kg PhyB diet, 0.29% phytate-bound P with 1,000 FTU/kg 
PhyB diet, and 0.35% phytate-bound P with 4,000 FTU/kg PhyG diet which represent seven observations per treatment.
3Linear and quadratic increase for ATTD of Ca, P, Na, Mg: P < 0.05; Linear increase for ATTD of K: P < 0.05.
4Linear and quadratic increase for ATTD of Ca, P, and Na: P < 0.05; Linear increase for ATTD of K: P < 0.05.
5Linear and quadratic increase for ATTD of Ca, P, and Na: P < 0.05; Quadratic increase for ATTD of K: P < 0.05.
a–hMeans within a column lacking a common letter are different (P ≤ 0.05).
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greater extent in diets with 0.23% or 0.29% phytate-bound P, 
than in diets with 0.35% phytate-bound P (interaction, P < 0.05). 
Regardless of phytate level in the diets, increasing levels of PhyG 
increased (linear and quadratic, P < 0.05) the ATTD of Ca, P, Na, 
and K. Increasing levels of PhyG linearly increased (P < 0.05) the 
ATTD of Mg in diets with 0.23% phytate-bound P.

Inclusion of PhyG to diets increased (P  <  0.01) the 
concentrations of apparent total tract digestible Ca, K, and Mg, 
but to a greater extent in diets with 0.23% or 0.29% phytate-
bound P than in diets with 0.35% phytate-bound P (interaction, 
P < 0.05; Table 8). PhyG also increased concentrations of apparent 
total tract digestible P and Na, but to a greater extent in diets 
with 0.29% or 0.35% phytate-bound P, than in diets with 0.23% 
phytate-bound P (interaction, P  <  0.05). PhyG increased the 
concentration of apparent total tract digestible P (exponential, 
P < 0.01) in diets containing 0.23%, 0.29%, or 0.35% phytate-bound 
P (Figures 1–3). Linear and/or quadratic increases (P < 0.05) were 
observed for concentrations of apparent total tract digestible Ca, 
P, Na, and K as PhyG increased in diets containing 0.23%, 0.29%, 
or 0.35% phytate-bound P.  Increasing levels of PhyG linearly 
increased (P  <  0.05) apparent total tract digestible Mg in diets 
with 0.23% phytate-bound P.

Inclusion of PhyG to diets increased bone ash (expressed 
as grams per femur and %), bone Ca (g per femur), and bone 

P (g per femur) of pigs, but to a greater extent if there was 
0.35% or 0.29% rather than 0.23% phytate-bound P in the 
diets (interaction, P < 0.01; Table 9). Inclusion of PhyG to diets 
resulted in an increased (P < 0.01) concentration of bone P (%) 
and, therefore, reduced (P < 0.01) Ca:P in the bone of pigs. Pigs 
fed diets with 0.35% or 0.29% phytate-bound P also had greater 
(P < 0.01) concentration of bone P (%) and reduced (P < 0.01) bone 
Ca:P compared with pigs fed diets with 0.23% phytate-bound 
P.  Increasing levels of PhyG increased (linear and quadratic, 
P < 0.05) bone ash (% and g per femur), bone Ca (g per femur), 
and bone P (g per femur) in diets regardless of dietary phytate.

At 0.23% phytate-bound P, pigs fed diets containing 1,000 
FTU/kg PhyG tended to have greater (P  < 0.10) ADG compared 
with pigs fed diets containing PhyB (Table 10). Overall, pigs fed 
diets containing PhyB tended to have reduced (P  <  0.10) ADG 
and ADFI compared with pigs fed diets containing PhyG (1,000 
FTU/kg). At 0.35% phytate-bound P, diets containing 1,000 FTU/
kg PhyG had greater (P < 0.05) ATTD of Ca and P compared with 
pigs fed diets containing PhyB. As a result, diets containing 
1,000 FTU/kg PhyG had greater ATTD of P (P < 0.05) than diets 
containing 1,000 FTU/kg PhyB. Overall, pigs fed diets containing 
PhyG (1,000 FTU/kg) had greater (P < 0.01) bone ash (%), bone Ca 
(g per femur), and bone P (g per femur) compared with pigs fed 
diets containing PhyB.

Table 8.  Concentrations (g/kg) of apparent total tract digestible minerals in diets containing different concentrations of phytate and phytase 
dose1–3

Apparent total tract digestible minerals, g/kg

Item Ca P Na Mg K

0.23% phytate-bound P4

  0 PhyG, FTU/kg 3.70f 0.68j 1.16g 0.27e 5.85c

  500 PhyG, FTU/kg 5.05de 1.88h 1.27fg 0.28e 6.22ab

  1,000 PhyG, FTU/kg 5.08de 2.26fg 1.39de 0.37abcde 6.36a

  2,000 PhyG, FTU/kg 5.54bc 2.29f 1.43cde 0.38abcde 6.41a

  4,000 PhyG, FTU/kg 5.95a 2.63de 1.52bc 0.40abcd 6.28a

0.29% phytate-bound P5

  0 PhyG, FTU/kg 3.66f 0.94i 1.27fg 0.31de 5.89bc

  500 PhyG, FTU/kg 5.14cde 2.07g 1.27fg 0.43ab 5.69c

  1,000 PhyG, FTU/kg 4.92de 2.52e 1.48bcd 0.37abcde 5.89bc

  2,000 PhyG, FTU/kg 5.67ab 2.90bc 1.54b 0.45ab 6.48a

  4,000 PhyG, FTU/kg 5.61ab 3.23a 1.52bc 0.42abc 6.50a

0.35% phytate-bound P6

  0 PhyG, FTU/kg 3.88f 1.12i 1.21g 0.35bcde 5.19e

  500 PhyG, FTU/kg 4.86e 2.32f 1.34ef 0.39abcd 4.90e

  1,000 PhyG, FTU/kg 5.07de 2.76cd 1.43bcde 0.46a 5.27de

  2,000 PhyG, FTU/kg 4.80e 3.06ab 1.69a 0.35bcde 5.56cd

  4,000 PhyG, FTU/kg 5.30bcd 3.01b 1.73a 0.31cde 5.20e

SEM 0.179 0.102 0.047 0.065 0.153
P-value
  Phytate-bound P 0.007 <0.001 <0.001 0.066 <0.001
  PhyG <0.001 <0.001 <0.001 0.041 <0.001
  Phytate-bound P × PhyG 0.005 <0.001 0.004 0.050 0.017

1FTU, phytase units.
2Data are least squares means of eight observations per treatment, except for 0.23% phytate-bound P with 4,000 FTU/kg PhyG diet, 0.35% 
phytate-bound P with 1,000 FTU/kg PhyG diet, 0.23% phytate-bound P with 1,000 FTU/kg PhyB diet, 0.29% phytate-bound P with 1,000 FTU/kg 
PhyB diet, and 0.35% phytate-bound P with 4,000 FTU/kg PhyG diet which represent seven observations per treatment.
3Concentrations of apparent total tract digestible minerals in the diets were calculated by multiplying values for the ATTD (%) of minerals by 
the analyzed concentration of minerals in the diets.
4Linear and quadratic increase for Ca, P, and Na: P < 0.05; Linear increase for Mg: P < 0.05; Quadratic increase for K: P < 0.05.
5Linear and quadratic increase for Ca, P, and Na: P < 0.05; Linear increase for K: P < 0.05.
6Linear and quadratic increase for Ca, P, and Na: P < 0.05; Quadratic increase for K: P < 0.05.
a–jMeans within a column lacking a common letter are different (P ≤ 0.05).
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Discussion
Phytase is an enzyme that hydrolyzes the ester bond between 
inositol and P in phytate and increases P digestibility by 
rendering phytate-bound P available for absorption (Jongbloed 
et  al., 1992). However, the efficacy of phytase in increasing 
nutrient digestibility and pig growth performance may be 
influenced by phytase source, dietary concentration of phytate, 
and diet composition (Bedford and Schulze, 1998; Dias et  al., 
2010). Therefore, one of the objectives of this experiment was to 
determine the interactive effects of dietary phytate and phytase 
on nutrient digestibility, bone ash, and growth performance 
of pigs.

In the present experiment, all basal diets were formulated 
to be deficient in standardized total tract digestible P to test the 
hypothesis that the inclusion of phytase will improve growth 
performance of pigs. The observed increase in ADG, ADFI, G:F, 
and final body weight as increased concentrations of phytase 
were included in the diets confirms this hypothesis, and this 
observation concurs with previous data (Braña et al., 2006). The 
increased mineral digestibility upon phytase supplementation 
resulted in increased availability of digestible minerals in diets, 
which subsequently improved pig growth performance. The 
increased growth performance of pigs fed diets containing 0.29% 
or 0.35% phytate-bound P compared with pigs fed diets with 
0.23% phytate-bound P is likely due to the greater concentrations 
of apparent total tract digestible P that was liberated from 
phytate in diets containing 0.29% or 0.35% phytate-bound P 
compared with diets with 0.23% phytate-bound P. Phytate may 
form complexes with metal cations and protein (Dersjant-Li 
and Kwakernaak, 2019), and inclusion of the PhyG in diets likely 
reduced the formation of insoluble phytate complexes in the 
gastrointestinal tract (Selle and Ravindran, 2008; Walk et  al., 
2013). This resulted in increased concentrations of apparent total 
tract digestible P, bone ash, bone Ca, and bone P (g per femur), 
which subsequently increased growth performance in pigs fed 
diets containing 0.29% or 0.35% phytate-bound P compared with 
diets containing 0.23% phytate-bound P.

The observation that diets containing higher levels of phytate 
had reduced ATTD of Ca, P, Mg, and K indicates that a significant 
amount of these minerals were bound to phytate (Adeola and 
Cowieson, 2011), which increased the proportion of unavailable 

minerals in diets with higher levels of phytate. At pH 5.5 and 
above, phytic acid occurs mainly as a complex with metal 
cations such as Ca2+, Mg2+, Cu2+, Zn2+, K+, and Mn2+ (Humer et al., 
2015). Therefore, the formation of these complexes reduces the 
solubility and digestibility of minerals in the gastrointestinal 
tract of pigs.

In the present experiment, all basal diets were formulated 
to contain 0.17% standardized total tract digestible P and 0.60% 
total Ca. This resulted in a total Ca:standardized total tract 
digestible P of 3.53, which is greater than the recommended 
ratio (i.e., 2.15; NRC, 2012). However, it was assumed that 
phytase increased P digestibility along with release of Ca, and 
by taking the expected release values into account, the total 
Ca:digestible P ratio in all diets was 2.15:1. The observed increase 
in the ATTD of Ca and P upon phytase inclusion in the diets is 
in agreement with results from numerous experiments (Adeola 
et  al., 2004; Almeida and Stein, 2012; Velayudhan et  al., 2015; 
She et al., 2018; Arredondo et al., 2019). Both Ca and P are bound 
to phytate (Zeng et  al., 2014), and the observed improvement 
in Ca and P digestibility in phytase-containing diets indicates 
that the bacterial 6-phytase variant hydrolyzed the Ca-phytate 
complexes and the ester bonds between P and the inositol 
ring of phytate (Adeola et  al., 1995; Selle et  al., 2009). Phytate 
may increase endogenous Na secretion in the intestinal tract 
of birds (Cowieson et al., 2004) and pigs (Woyengo et al., 2009), 
which indicates that phytate also has the ability to interact 
with monovalent cations (She et  al., 2018). However, phytase 
can degrade phytate and subsequently increase Na digestibility 
(Cowieson et al., 2004), which was demonstrated in the present 
experiment. The increased digestibility of Na, K, and Mg upon 
phytase inclusion in the diets agrees with previous data (Kies 
et al., 2006; Zeng et al., 2014; She et al., 2018; Arredondo et al., 
2019). The greater increase in the ATTD of P in the 0.35% 
phytate-bound P diet containing PhyG compared with the 0.35% 
phytate-bound P diet containing PhyB indicates that PhyG was 
more effective in liberating P bound to phytate. The PhyG was 
produced via fermentation of a fungal production strain that 
expresses a consensus bacterial 6-phytase variant gene, which 
has high activity in a wider pH range than PhyB (Dersjant-Li 
et al., 2020). The novel PhyG has high activity at very low pH (i.e., 
pH 1.5 to 2.0), which indicates that PhyG may quickly hydrolyze 
phytate and subsequently reduce the negative effect of phytate 
on nutrient digestibility (Christensen et al., 2020).

Calcium and P are the most abundant minerals in the 
animal body and are involved in many biochemical reactions 
and physiological functions (González-Vega and Stein, 2014). 
Therefore, sufficient concentrations of both Ca and P in diets are 
needed for bone mineralization to occur (Crenshaw, 2001). The 
observation that PhyG increased bone ash, bone Ca, and bone P 
is in agreement with data for other phytases (Braña et al., 2006; 
She et al., 2017; Grela et al., 2020). This observation indicates that 
phytase increased Ca and P utilization by increasing the ATTD 
of Ca and P in pigs. The observed greater response to phytase 
in bone ash, bone Ca, and bone P (g per femur) of pigs fed diets 
with higher levels of phytate compared with lower levels of 
phytate is likely because more apparent total tract digestible P 
was liberated from phytate in diets containing 0.35% or 0.29% 
phytate-bound P compared with diets with 0.23% phytate-
bound P. However, if calculated on a percentage basis, phytase 
released a greater proportion of the phytate bound P in the diet 
with 0.23% phytate-bound P compared with diets with more 
phytate-bound P. The observed greater response in bone Ca and 
bone P of pigs fed diets containing PhyG at 1,000 FTU/kg than 
that of pigs fed the PhyB diets is in agreement with the observed 

Figure 1.  Exponential model of concentration of apparent total tract digestible P 

in diets containing 0.23% phytate-bound P as a function of PhyG concentration. 

Digestible P, g/kg = 2.43 − 1.73 × [exp (−0.002 × phytase dose in FTU/kg)]; R2 = 0.91. 
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response in P digestibility; therefore, greater P was available for 
bone mineralization in pigs fed the PhyG.

Conclusions
Inclusion of PhyG in diets increased the ATTD of minerals. The 
beneficial effect of PhyG on concentration of apparent total tract 
digestible P in the diets, on pig growth performance, as well 
as on Ca and P concentrations in bone ash of pigs was more 
pronounced in diets with higher phytate levels compared with 
low-phytate diets. This is likely due to increased hydrolysis 
of phosphate groups from phytate in diets with high phytate 
levels that increased digestibility of nutrients, which resulted 
in improved growth performance of pigs. The novel consensus 
phytase also increased ATTD of P and bone ash of pigs more 
than the PhyB, which may be a result of its high activity over a 
wide pH range.
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