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Abstract

Data from 8 datasets generated from 5 independent experiments that determined the effects of a consensus bacterial 6-phytase variant (PhyG)
on apparent ileal digestibility (AID) of amino acids (AA) in growing pigs (~21 to 45 kg body weight) were combined and modeled to test the
hypothesis that the phytase results in significant improvements in ileal AA digestibility. The aim was to generate accurate and robust dose-related
predictions of the digestible AA contributions of the phytase. The 5 experiments were conducted in Spain, Australia, USA, and Brazil and incorpo-
rated variation in diet composition (ingredient composition, phytate-phosphorus (PP) content, limestone solubility), diet form, animal breed and
sex. A total of 325 datapoints (observations) were analyzed. First, the relationship between the percentage AID of AA and log-transformed phy-
tase dose (range 0 to 4,000 phytase units (FTU)/kg, analyzed values) was modeled by log-linear regression across all datasets without adjustment
for variation in the response to the negative control (NC) diet. The model predicted that the mean AID of total AA in the NC diets was 68.6% (range
43.3% [Cys] to 81.7% [Arg]). This was increased linearly by PhyG supplementation (P < 0.05), by 3.7 percentage units when dosed at 1,000 FTU/
kg and by 4.5 percentage units at 4,000 FTU/kg. Second, the percentage unit change in the AID of AA at each phytase dose from baseline (NC
without added phytase) was calculated separately for each dataset and the data then combined and modeled together by log-linear regression,
against analyzed and log-transformed phytase dose. By this analysis, increases were evident for the AID of all individual (and total) AA. Increases
(vs. baseline) at 1,000 and 2,000 FTU/kg were greatest for Trp (+ 6.1 and + 6.8 percentage units), Thr (+ 3.4 and + 3.8 percentage units after cor
rection for synthetic Thr), Gly (+ 75 and + 8.3 percentage units) and Cys (+ 5.6 and + 6.2 percentage units). In conclusion, combined data from 5
separate experiments indicate that the bacterial phytase-6 variant will improve ileal digestibility of AA if included in diets fed to growing pigs. The
data will allow diet-specific AA matrix recommendations to be made in commercial feed formulations containing PhyG.

Lay Summary

Phytase is added to pig diets to improve P digestibility but may also improve amino acid (AA) digestibility. Data from experiments evaluating the
dose-response effect of a phytase are used to determine AA “matrix” values, i.e., the amount by which the diet may be reduced in AA due to
the expected contribution of the phytase. In this study, data from 8 datasets generated from 5 experiments (325 data points) on the effect of a
consensus bacterial 6-phytase variant (PhyG) on AA digestibility in growing pigs were combined and modeled by log-linear regression. The model
predicted 3.7 and 4.5 percentage unit increases in the ileal digestibility of total AA with the phytase added to the diet at 1,000 and 4,000 FTU/kg,
respectively (vs. a non-supplemented diet). The percentage unit improvements in the ileal digestibility of the total and all 18 individual AA (above
that achieved by the unsupplemented diet) increased with increasing phytase dose in a log-linear manner. Improvements were greatest for Trp,
Thr, Gly, and Cys. An example is presented of how the model may be used to generate an AA matrix for the phytase in different diet types. The
results support the use of the phytase in grower pig diets for improving AA digestibility.

Key words: amino acids, digestibility, novel consensus bacterial 6-phytase variant, nutrient matrix, phytate, pigs

Abbreviations: AA, amino acids; AID, apparent ileal digestibility; ANF, anti-nutritional factors; ATTD, apparent total tract digestibility; BW, body weight;
FTU, phytase units; HPLC,high performance liquid chromatography; ICP-MS, inductively coupled plasma mass spectrometry; ICP-0OES, inductively coupled
plasma mass spectrometry; NE, net energy; NC, negative control; ME, metabolizable energy; PP, phytate-phosphorus; PhyG, a consensus bacterial 6-phytase
variant; SID, standardized ileal digestibility; STTD, standardized total tract digestibility.

Introduction feed efficiency to reduce P and nitrogen excretion is an import-
ant part of achieving sustainability goals. Hence, strategies
that increase the ileal digestibility and retention of dietary pro-
teins and amino acids (AA) are of major interest to producers.

Exogenous microbial phytases are routinely added to
pig diets to improve P digestibility and retention (Selle and

Pig feed ingredient prices remain high, particularly for
high-quality protein sources such as soybean meal. Producers
formulate diets on a least-cost basis but are also increasingly
concerned with reducing the environmental impact of produc-
tion as part of efforts to improve sustainability. Maximizing
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Ravindran, 2007; Humer et al. 2015). Phytase effects the
stepwise dephosphorylation of plant-derived phytate to
release pyrophosphate which can be absorbed and utilized by
the animal (Greiner and Konietzny, 2011). In degrading phy-
tate, phytase also improves the digestibility of protein and AA
(Adedokun et al., 2015; Espinosa et al., 2022; Lagos et al.,
2022). This is thought to result primarily from a reduction
in the formation of binary- (protein-phytate) and ternary-
(protein-phytate-Ca?+) complexes in specific regions of the
gastrointestinal tract due to the reduced abundance of phy-
tate (Selle et al., 2012). Phytase also reduces mucin secretion
(Selle et al., 2012) which results in reduced endogenous AA
flows (Cowieson et al., 2004), increased intestinal uptake of
AA via Na+, K+-ATPase pump activity (Liu et al., 2008) and
increased sodium concentrations within enterocytes, all of
which may also contribute to improved AA retention.

The greater inherent capacity for nutrient digestion of pigs
compared with poultry may lead to the expectation that phy-
tase would have a lower effect on protein and AA digestibility
in pigs than in poultry. Nevertheless, in a meta-analysis of 28
experiments, Cowieson et al. (2017) reported that phytases
dosed at 250 to 20,000 FTU/kg improved the apparent ileal
digestibility (AID) of AA by, on average, 2.8 percentage units
compared with an unsupplemented diet. In practice, the actual
degree of improvement achieved varies between individual
phytases and in different settings. For example, one study
reported that a Buttiauxella sp. phytase included at 1,046
phytase units (FTU) per kg of a corn-soybean meal-based
diet increased the AID of total AA by 3.7 percentage units
compared with an unsupplemented diet, whereas a compara-
tor Escherichia coli phytase at equivalent dose had no effect
on the AID of AA when tested under the same conditions
(Dersjant-Li and Kwakernaak, 2019). Variability in protein
and AA digestibility responses to phytase is dependent not
only on phytase dose (Dersjant-Li et al., 2022a; Espinosa et
al., 2022) but also on the individual enzymatic and biochemi-
cal properties of the phytase (Menezes-Blackburn et al., 2015)
and on several dietary factors including the solubility of the
limestone used in the diet (Bello et al., 2022a; Velayudhan
et al., 2022), the feedstuff composition, the AA and protein
sources used, their concentrations and inherent digestibility
(Ravindran et al., 1999; Cowieson et al., 2017), the concen-
tration of phytate present (Ravindran et al., 1999; Babatunde
et al.,2021), and animal-related factors such as genetics (Li et
al., 2015) and age (Lagos et al., 2022). This variability means
that digestible AA “matrix values” (AA reductions that are
applied to the diet to account for the expected contribution
of the phytase) need to be derived on an individual phytase
basis and generated from multiple studies that encompass as
many of the factors that influence the response as possible.
The supporting data from such studies and how they can be
combined to generate a robust matrix are rarely published.
The present analysis sought to address this for one particular
phytase.

Ileal AA digestibility responses of growing pigs to phytase
inclusion at different levels were modeled against phytase
dose using data from 8 datasets generated from 5 digestibility
experiments to generate digestible AA matrix values. The pri-
mary hypothesis was that a dose-dependent increase in AID
of AA is observed if the phytase is included in diets fed to
growing pigs. A secondary hypothesis was that the generated
model could be used to illustrate how a digestible AA matrix
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for a phytase can be derived for a diet of known AA concen-
tration.

Materials and Methods

Ethical considerations

Experiment 1 was conducted in accordance with European
Directive 2010/73/EU and the Spanish guidelines for the care
and use of animals in research (B.O.E. number 252, Real
Decreto 2010/2005). Experiment 2 was conducted in accor-
dance with the Queensland Animal Care and Protection Act
(2001) and the Australian Code for the Care and Use of Ani-
mals for Scientific Purposes (2013). Protocols used in exper-
iments 3 and 4 were approved by the Institutional Animal
Care and Use Committee at the University of Illinois, Urbana,
USA. Experiment 5 was approved by the Ethics Committee
on Animal Use of the Federal University of Lavras, Brazil.

Overview of experiments

Data from 5 experiments conducted in 4 geographical loca-
tions were included in the analysis. The main features of the
included experiments are detailed in Table 1. The 5 exper-
iments generated 8 datasets, with dataset being defined as
the subset of datapoints obtained from an experiment that
related to basal diets of the same ingredient composition. In
total, 325 data points (experimental units) were included in
the analysis.

All experiments used a randomized complete block design
except Experiment 4, which used an incomplete Latin square
design with 6 diets and three 11-d periods. All experiments
were designed to test the effect of a consensus bacterial 6-
phytase variant (herein termed PhyG; Danisco Animal Nutri-
tion & Health (IFF), Oegstgeest, the Netherlands) on the AID
of AA. Effects on nutrients other than AA and other response
measures are reported elsewhere. The composition of the
experimental diets is given in Supplementary Tables S1 to SS5.

Phytase enzyme, diet preparation, and provision

The test phytase was a consensus bacterial 6-phytase variant
produced in Trichoderma reesei. The safety, biochemical and
enzymatic characteristics of this phytase have been described
(Christensen et al., 2020; Ladics et al., 2020). The phytase was
premixed with wheat (experiments 1 and 2), or ground corn
(experiments 3, 4, and 5) prior to its addition to the experi-
mental diets. All final diets were thoroughly mixed to ensure
a homogeneous distribution of phytase and other ingredients.
Diets were provided ad libitum in experiments 1, 2, 3 and 5.
In experiment 4, experimental diets were provided at a daily
rate of 4.5% of body weight (BW) recorded at the beginning
of each period. Water was freely available in all experiments.

Common chemical analyses

In all experiments, phytate-P (PP) concentrations in the final
diets were determined at Danisco Animal Nutrition Research
Centre (Brabrand, Denmark) using the high-performance
liquid chromatography (HPLC) method described by Chris-
tensen et al. (2020), modified from that of Skoglund et al.
(1998). Phytase activities in experimental diets were analyzed
by Danisco Animal Nutrition Research Centre according to
a modified version of AOAC method 2000.12 (Engelen et
al., 2001), where one FTU was defined as the quantity of
enzyme that released 1 pmol of inorganic phosphate from a
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0.0051 mol/L sodium phytate substrate per minute at pH 5.5
at 37 °C.

Experiment 1

This experiment was conducted at the Institut de Recerca I Tec-
nologia Agroalimentaries (IRTA), Constanti, Spain. Seventy-
two crossed Pietrain x (Large White x Landrace) weaned pigs
(50% males, 50% females; initial BW 6.0 = 1.0 kg) were fed
a common pre-starter diet until 42 d of age (BW 10 to 11 kg).
Pigs were then blocked based on BW and sex and allotted to
floor pens (2 pigs per pen, 9 pens per treatment). From 42 to
70 d of age, pigs were fed experimental diets based on corn,
soybean, meal and rice bran, supplemented with phytase
according to treatment (negative control [NC], NC + PhyG
at 250 FTU/kg, NC + PhyG at 500 FTU/kg, or NC + PhyG at
1,000 FTU/kg). The unsupplemented NC diet was formulated
to contain 0.50% Ca, 0.11% apparent total tract digestible
(ATTD) P (no feed phosphate was added to the diet), 0.27%
PP, 1.23% standardized ileal digestible (SID) Lys, and 2,520
kcal/kg net energy (NE). Titanium dioxide was added to all
diets as a digestibility marker, at a level of 0.50%. Diets were
provided in mash form. Pigs were housed in an environmen-
tally controlled barn where temperature was controlled ini-
tially at 32 °C and then reduced by 1 °C per week until 24 °C
was reached.

At 70 d of age (after 28 d on trial), one piglet per pen was
euthanized by intravenous injection of sodium pentobarbital
and the digesta was collected from the distal half of the ileum,
with ileum being defined as the length of the small intestine
from Meckel’s diverticulum to 4 cm anterior of the ileocecal
junction. Samples were homogenized, freeze-dried and stored
at — 20 °C until analysis. For digestibility analyses, all digesta
samples were freeze-dried and finely ground, prior to analysis.
Calcium and P in diets were determined on ashed samples
by inductively coupled plasma mass spectrometry (ICP-MS;
Agilent Technologies model 7700X) at SCT laboratories
(University of Lleida, Spain) according to the method of Pac-
quette et al. (2018). Amino acids in diets and ileal digesta
were determined by acid hydrolysis followed by HPLC deter-
mination with pre-column derivatization, according to the
procedures of Llames and Fontaine (1994). A prior oxidation
in performic acid was required for the determination of sulfur
AA. Tryptophan was determined under alkaline conditions
(because it is destroyed during acid hydrolysis) according to
the method of Delahaye and Landry (1992). Titanium dioxide
in feed and digesta were determined according to the method
of Short et al. (1996).

Experiment 2

Experiment 2 was conducted at The University of Queensland,
Gatton, Australia. A total of 80 Large White pigs (intact
males; initial BW 12.8 + 1.33 kg) were blocked based on
BW into individual floor pens (8 pens per treatment) and fed
experimental diets for 20 d. Two NC diets were formulated
based on corn, wheat, soybean meal, and rapeseed meal. One
of the NC diets contained a limestone of medium solubility
(70% soluble after 5 min incubation at pH 3.0 and 42 °C
according to the method of Kim et al. (2019) and the other
NC diet contained limestone of high solubility (92% soluble
after 5 min incubation under the same conditions using the
same method). Both diets were formulated to contain 0.59%
Ca, 0.18% standardized total tract digestible (STTD) P (with
no added feed phosphate), 0.30% PP, 1.14% SID Lys, and
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2,400 kcal/kg NE. The basal diets were supplemented with
phytase according to treatment (NC, NC + PhyG at 250 FTU/
kg, NC + PhyG at 500 FTU/kg, NC + PhyG at 1,000 FTU/
kg, or NC + PhyG at 2,000 FTU/kg). Titanium dioxide was
added to all diets at a level of 0.50%. Diets were provided in
pelleted form. Pigs were housed in an environmentally con-
trolled animal facility in which temperature was maintained
at 24 to 27 °C. The lighting regime was based on a 16:8 h
light:dark cycle.

On d 21 of the experiment, all pigs were euthanized by
pentobarbitone sodium injection and ileal digesta was col-
lected. Digesta samples were homogenized, freeze-dried,
and stored at - 20 °C for later analysis. Calcium and P in
diets were determined by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) following microwave-
assisted acid digestion, according to the AOAC method
985.01 (AOAC, 1996). Titanium in diet and ileal digesta
samples was determined according to the method of Lomer
et al. (2000) and measured on ash samples by ICP-MS at the
University of Queensland, Australia. Samples for AA analy-
sis were prepared using 24-h hydrolysis in 6 N hydrochloric
acid at 110 °C under an atmosphere of nitrogen. Samples
were oxidized in performic acid before acid hydrolysis for
Met and Cys analyses. Samples for Trp analysis were hydro-
lyzed using barium hydroxide. Amino acids in hydrolysates
were determined by cation-exchange chromatography cou-
pled with post-column derivatization (AOAC, 2000; method
982.30 E [a, b, c]).

Experiment 3

Experiment 3 was conducted at the University of Illinois,
Urbana IL, USA. A total of 120 weaned pigs (offspring of Line
359 boars and Camborough females, Pig Improvement Com-
pany, Hendersonville, TN, USA; initial BW 12.70 = 4.01 kg)
were blocked based on weaning group into individual floor
pens and fed experimental diets for 20 d. Three NC diets
were formulated based on ground corn, soybean meal, rape-
seed meal and cornstarch, to contain three different PP lev-
els (0.23%, 0.29%, and 0.35%) that spanned the range of
levels used in typical commercial diets. These diets were all
formulated to contain 0.17 % STTD P (this resulted in no
feed phosphates being added to the diet containing 0.35%
PP), 0.55% Ca, 1.10% SID Lys and, 2,289 to 2,381 kcal/kg
NE. The NC diets were supplemented with phytase according
to treatment (NC, NC + PhyG at 500 FTU/kg, NC + PhyG at
1,000 FTU/kg, NC + PhyG at 2,000 FTU/kg, and NC + PhyG
at 4,000 FTU/kg). Titanium dioxide was added to all diets
at a level of 0.40%. Diets were provided in mash form. Pigs
were housed in an environmentally controlled animal facility
in which temperature was maintained at 24 to 27 °C with a
light:dark cycle of 16:8 h.

On day 20, pigs were euthanized by injection with pen-
tobarbitone sodium and ileal digesta were collected. Digesta
samples were homogenized, freeze-dried, and stored at - 20
°C for later analysis. Calcium and P in diets were determined
by ICP-OES using an internally validated method (method
985.01 A, B, and C; AOAC, 2007) after wet ash sample
preparation (method 975.03 B[b]; AOAC, 2007). Amino
acids in diets and digesta were analyzed on a Hitachi amino
acid analyzer (Model No. 1.8800; Hitachi High Technolo-
gies America, Inc., Pleasanton, CA, USA) using ninhydrin for
post-column derivatization and norleucine as the internal
standard (Method 982.30 [a, b, c]; AOAC, 2019). Titanium in
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diet and digesta samples was determined according to Myers
et al. (2004).

Experiment 4

Experiment 4 was also conducted at the University of Illi-
nois, Urbana, IL, USA. A total of 18 castrated male pigs
(offspring of Line 359 boars and Camborough females, Pig
Improvement Company, Hendersonville, TN, USA; initial
BW 17.81 = 1.71 kg) were fitted with a T-cannula in the
distal ileum and allotted to floor pens in a 6 x 3 incomplete
Latin square design (6 experimental diets, three 11-d exper-
imental periods, 9 replicate pigs per treatment). The NC
diet was based on ground corn, soybean meal and rapeseed
meal, and contained no added feed phosphate. This diet
was formulated to contain ~0.23% PP, 0.53% Ca, 0.15%
STTD P, 1.10% SID Lys, and 2,472 kcal/kg NE. The NC
was supplemented with phytase according to treatment
(NC, NC + PhyG at 250 FTU/kg, NC + PhyG at 500 FTU/
kg, NC + PhyG at 1,000 FTU/kg, NC + PhyG at 2,000 FTU/
kg and NC + PhyG at 4,000 FTU/kg). Titanium dioxide was
added to all diets at a level of 0.40%. Diets were provided
in mash form.

The initial 5 d of each 11-d experimental period was con-
sidered the adaptation period and ileal digesta was collected
on d 10 and 11 using standard procedures. Digesta samples
were homogenized, freeze-dried, and stored at - 20 °C for
later analysis. Calcium, P, AA, and titanium in diets and ileal
digesta were determined as described for Experiment 3.

Experiment 5

Experiment 5 was conducted at Animalnutri Ciéncia e
Tecnologia, Lavras-MG, Brazil. A total of 500 mixed-
sex weaned pigs (DB GENETIC, Patos de Minas, Minas
Gerais, Brazil) of approximately 23 d of age (initial BW
6.53 = 0.89 kg) were blocked based on initial BW and allot-
ted to 5 dietary treatments (10 pens per treatment, 5 males
and 5 females per pen) and fed experimental diets for 42 d.
The NC diet was based on corn, soybean meal, and wheat
bran. This diet was formulated to contain 0.58% Ca, 0.15%
STTD P, 0.24% PP, 1.21% SID Lys, and 2,393 kcal/kg NE.
The NC was supplemented with phytase according to treat-
ment (NC, NC + PhyG at 250 FTU/kg, NC + PhyG at 500
FTU/kg, NC + PhyG at 1,000 FTU/kg, and NC + PhyG at
2,000 FTU/kg). Titanium dioxide was added to all diets at a
level of 0.50%. Diets were provided in mash form. Pigs were
housed in an environmentally controlled facility in which
temperature was maintained at 24 to 27 °C and lighting was
provided for 16 h per d.

On day 42, 2 pigs per pen (1:1 male to female ratio, of
average pen BW) from 7 replicate pens per treatment (selected
at random) were euthanized and ileal digesta was collected.
Digesta samples (pooled per pen) were homogenized, freeze-
dried, and stored at - 20 °C for later analysis. Diets were ana-
lyzed for Ca (method 968.08; AOAC, 2006), and P (method
946.06; AOAC, 2006). Amino acids were determined using
an AA-analyzer (LKB 4151 Alpha plus AA analyzer, LKB Bio-
chrom, Cambridge, UK) according to method 982.30 [a, b, c];
AOAC, 1990. Titanium in diets and ileal digesta was analyzed
according to Myers et al. (2004).

Calculations

Values for AID (expressed as percentages) were calculated
according to the following equation (Stein et al., 2007):

AID (%) = (1 [AA,,./AA,.] * [Tigiee/Tigigesta] ) % 100
where AA s the concentration of the AA in the digesta
(mg/kg DM), AA, is the concentration of the AA in the
diet (mg/kg DM), Ti,  is the titanium concentration in the
diet (mg/kg DM), and Tig, 1 the titanium concentration in
the digesta (mg/kg DM).

For determination of the AA digestibility improvement
from the supplemental phytase that was achieved above the
unsupplemented NC diet, a correction was made to remove
the dietary content of synthetic AA (feed-grade AA) from
the calculation. This was on the basis that the digestibility
of synthetic AA (Lys, Met and Thr) is already close to 100
% (Izquierdo et al., 1998; Oliveira et al., 2020; Selle et al.,
2020) and therefore considered unlikely to be improved by
supplemental phytase. Its removal from the calculation was
expected to yield a more accurate assessment of the degree of
improvement in the AA digestibility of raw materials achieved
by the phytase.

St

Statistical modeling

Pig was the experimental unit for all analyses. Relation-
ships between the AID of AA (individual and total AA, as
percentages) and increasing phytase dose (based on analyzed
values, log-transformed) were modeled in two ways based
on the combined dataset from all 5 experiments. First, the
AID of AA (percentages) among all datasets was modeled
against increasing (analyzed) phytase dose using log-linear
regression. Other model types including exponential were
tested but the log linear regression was determined to be the
model of best fit, as determined by the Akaike Information
Criterion. This approach included all the variation among
experiments as potential influencing factors. Second, the
digestibility response to the NC diet was accounted for by
calculating the percentage unit increase in AID of AA above
the response to the NC diet, at each analyzed phytase dose,
for each dataset separately. The relationship between the per-
centage unit increase in the apparent ileal digestibility (AID)
of amino acids (both individual and total, expressed in per-
centage points) and the analyzed phytate-phosphorus content
of the diet was evaluated; however, no significant correlation
was observed (P >0.05) The data from all datasets were
then modeled together against increasing log-transformed
analyzed phytase dose using log-linear regression. The aim
of the second modeling approach was to gain a truer indi-
cation of the degree of improvement achieved by the phytase
unimpeded by inherent differences in the AA digestibility of
the NC diets. Prior to performing the linear regressions, the
analyzed phytase dose data were log-transformed. Data were
then back-transformed to the corresponding normal values
afterwards. This approach was used because the log-linear
model was the model of best fit for the AID of AA response.
All statistical analyses were conducted in JMP16.0 (JMP,
2022). Differences and effects were considered significant at
P <0.05, whereas 0.05 < P < 0.1 was considered to be a tendency.

Results

Analyzed nutrients and phytase in the diets

The analyzed concentrations of nutrients in the diets
(averaged across NC and phytase-supplemented diets) are
presented for each dataset in Table 2. Within all datasets,

G20z Jequisydag ¢z uo senb Aq 6%90228/G7eieNs/sel/c601 01 /10p/a[ole/sel/wod dno dlwapede//:sdjy woy papeojumoq



Downloaded from https://academic.oup.com/jas/article/doi/10.1093/jas/skaf245/8220649 by guest on 23 September 2025

Journal of Animal Science, 2025, Vol. 103

‘pazA[eue jou ‘U

e'u eu §eSC 6THT (024 g€l $6°0 601 09°0 88°0 120 L1°E ¥T0 ¥8°1 L8 1C 8
0S8y 0181 51T 79§ (454 Lyl 68°0 ¥0'1 LS°0 €270 €L°0 80°€  6T0  T91 79 S¥=CT L
6€TY 0vTC 07Tl 789 eu €81 06°0 9Ll §§0 120 §8°0 e 8€°0 0s°1 79 ¥C 9
089t 90¥°C 60€°T 969 U 881 98°0 L0'T ¥$°0 89°0 8L°0 (S €€0 6S°1 79 T S
LYEY 6L£C 0LET 908 U (444 8L°0 $6°0 €50 €9°0 §9°0 6L°C YAl [ 79 ¥C 14

U 8S6°T L1H'T 100°T 789 9C¢e 06°0 €51 ¢$0 01 760 €6’y eu Wl 6 8¢ €

eu 68C7°C A 906 L19 V443 680 0s'1 1670 10°1 60 98t L w1 0L 8¢ [4

U Bu 8S0°T LY9 10T 8¢ 060 STl §9°0 66°0 6,0 Yy'e 0§°0 88°1 €< 8¢ 1

VZLIEY
000%+ 000°C+ 000°T+ 005+ 0ST+ (Te3o3) (Te3o3) (Te3o3) (Te3o3) (Te3o3) (rero1)  (peron)  (peron) e Lapiqujos 3y ‘Gurdures ‘ON
DN ON ON DN DN DN e[y o1J IAT, 16 A5 nn e} dsy suolsowr] 1B Mg ‘xoiddy 39sere(q
3y/N 1A Oserdyd pazdjeuy
¥8°0 970 840 06°0 8€°0 €C'l 161 L0 8¥°0 4 ¥T0 681 1+°0 §9°0 L8 1C 8
$8°0 0T0 SL0 98°0 €€°0 €1 0s'1 LL°0 St°0 SO'1 ¥T°0 LET 8¢€°0 ¢$0 79 S¥=C¢C L
¥6°0 €C0 SL0 80 0€0 €e'l 81 6L°0 6¥°0 80°T €€'0 [t 9%°0 120 79 ¥C 9
88°0 7T0 120 80 670 9C'1 Syl 840 LY'0 L0°T 670 991 1+°0 §9°0 79 ¥ S
8L°0 0T0 ¥9°0 8L°0 LT0 §C1 ge'1 1470 1+°0 10°1T o L6'1 €€°0 19°0 79 ¥C 14
01 Bu 060 01 §€0 ¥l 8S°1 06°0 §s0 €Tl 670 €Sl 610 §L°0 6 8¢ €
0’1 eu 88°0 10°1 1€°0 §C1 LST 680 §$°0 171 1€°0 161 60 L0 0L 8¢C [4
L0 8T0 ¥8°0 L8°0 611 0€'1 8’1 89°0 9¢°0 171 9T°0 ge'l 9%°0 ¥9°0 €< 8¢ 1
% ‘Ur ¢

(Te303) (Te303) (1e103) (Te303) (Te303) (Te303) (Te303) (Te303) (Te3o3)  (fe303)  (e303) 1e Liqnjos 8y ‘Surdwes ‘ON
1N diy, yr ayq PN sAT (Je101) no]  ([e303) 91 STH Sy g-areilyq deD d ) ouolsowrr] e A\ xoiddy 19sere(

(s1eselep g) §
© 0} | sjuawiadxa ul s}aIp [eluswiladxe ay} JO SaIAIOR 8seIAyd puUB (PaledIpuUl 8SIMIBYI0 SSajun 'Si se 9, ‘s}alp pejusus|ddns-aseiAyd pue [0J3U0D aAlebau Jo abeiane) uonisodulod JusLINU pazAjeuy ‘g ajqeL



Journal of Animal Science, 2025, Vol. XX, No. XX

analyzed PP concentrations were within 10% of formulated
values. Levels of native phytase in the unsupplemented NC
diets were generally below 250 FTU/kg except in experi-
ment 2 where analyzed phytase activities were 347 and 326
FTU/kg in the two NC diets containing medium and high
soluble limestone, respectively. After deduction of native
phytase activities in the respective NC, analyzed phytase
activities in the PhyG-supplemented diets confirmed the
supplementation of the phytase. Despite some variation
between analyzed and formulated phytase activity, good
separation between adjacent phytase levels was achieved
within all datasets. Analyzed phytase activities were used in
the modeling of AA digestibility responses to improve the
accuracy of the predictions.

Within all datasets, analyzed dietary P was close to formu-
lated values, but analyzed Ca was more variable. The in vitro
solubility of the limestones used in the experiments ranged
from 53 to0 92% at 5 min (Kim et al, 2019; Table 1).

Modeling the percentage AID of AA against
increasing phytase dose

A total of 18 individual AA was analyzed in all experiments,
including Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val, Ala,
Asp, Cys, Glu, Gly, Ser, Pro, and Tyr. The AID of total AA in
the NC diet without added phytase ranged from 57.5% in
dataset 1 to 86.3% in dataset 3 (data not shown).

The percentage AID of individual and total AA was mod-
eled against increasing analyzed PhyG dose, by log-linear
regressions fitted to the combined data from all 8 datasets.
The results are presented in Table 3. For the NC diet with-
out added phytase, the model-predicted AID of total and

individual AA varied from a minimum of 36.2% for Gly
to a maximum of 81.6% for Met. The mean AID of total
AA was 68.6%. The AID percentage of total AA and of Arg,
Asp, Cys, Gly, His, Ile, Lys, Phe, Ser, Thr, Trp, and Tyr all
increased log-linearly with increasing PhyG within the dose
range 0 to 4,000 FTU/kg (P < 0.05), whereas the AID per-
centage of Ala, Glu, and Leu tended to increase log-linearly
(P=0.089, P=0.058 and P =0.052, respectively; Table 3).
By this analysis, at 1,000 FTU/kg, the model predicted that
PhyG increased the AID of total AA by 3.8 percentage units
compared with the NC (from 68.6 to 72.4%), and at 4,000
FTU/kg the predicted increase was 4.5 percentage units (from
68.6 to 73.1%) vs. no PhyG.

Relationship between AID of CP and phytate (IP, );
an example from Experiment 4

Figure 1 shows how the AID of CP (%) increased linearly
(P < 0.05) with increasing phytate digestibility (AID IP, ) of
the diet in Experiment 4 (the AID IP,  was calculated at each

analyzed phytase level and the data modeled against AID of
CP).

Modeling the percentage unit improvement in AID
of AA in response to increasing phytase level

Figure 2 shows the predicted percentage unit increase above
the response to the NC diet (using data generated from the
second modeling exercise) in the AID of A) indispensable,
and B) dispensable AA, in response to increasing PhyG dose,
as modeled by log-linear regression on the combined data-
sets. The associated parameters and statistical significance of
the regressions are presented in Table 4. In this analysis, the

Table 3. Estimated apparent ileal amino acid digestibility (%) in response to increasing analyzed phytase activity', modeled for all eight datasets by log-

linear regression; results of the first statistical modeling analysis

Phytase (PhyG) level, FTU/kg? Log Linear
0 250 500 1,000 2,000 4,000 P-value
Amino acid
Ala 65.30 67.78 68.09 68.40 68.71 69.02 0.089
Arg 81.74 83.95 84.23 84.51 84.79 85.06 0.007
Asp 68.88 71.61 71.95 72.29 72.64 72.98 0.010
Cys 43.34 48.55 49.20 49.86 50.51 51.17 0.042
Glu 76.54 78.47 78.72 78.96 79.20 79.45 0.058
Gly 36.21 44.72 45.78 46.85 47.92 48.99 0.002
His 72.38 74.81 75.12 75.42 75.73 76.03 0.043
e 70.58 73.33 73.68 74.02 74.37 74.72 0.036
Leu 71.20 73.74 74.05 74.37 74.69 75.01 0.052
Lys® 78.78 80.67 80.91 81.15 81.39 81.62 0.024
Met* 81.64 82.77 82.91 83.05 83.20 83.34 0.254
Phe 72.37 75.18 75.53 75.88 76.23 76.59 0.011
Pro 65.93 66.84 66.95 67.07 67.18 67.30 0.583
Ser 65.56 69.07 69.51 69.95 70.39 70.83 0.022
Thr? 60.77 64.32 64.77 65.22 65.66 66.11 0.036
Tep 63.38 69.90 70.72 71.54 72.35 73.17 <0.001
Tyr 71.17 74.01 74.36 74.72 75.08 75.43 0.026
Val 64.86 67.34 67.65 67.96 68.28 68.59 0.127
Total AA 68.62 71.61 71.98 72.35 72.73 73.10 0.021

'Above the analyzed activity in the negative control diet without added phytase.

2Phytase dose levels were log transformed prior to performing the regression and then back-transformed afterwards.

G20z Jequisydag ¢z uo senb Aq 6%90228/G7eieNs/sel/c601 01 /10p/a[ole/sel/wod dno dlwapede//:sdjy woy papeojumoq



90

80

70

AID CP, %
3
°
&

50

40

30
30 40 50 60

Journal of Animal Science, 2025, Vol. 103

70 80 90 100

AID IP; ¢, %

Figure 1. The relationship between apparent ileal digestibility (AID) of crude protein (%) and AID IP_ (in diets with phytase dose levels between 0 and
4,000 FTU/kg), in pigs of ~24 kg BW fed corn-soybean meal-based diets containing 0.23% phytate-P (P < 0.001); data from Experiment 4.

estimated improvements for Lys, Met, and Thr excluded the
contribution from the synthetic form of these AA. The fitted
linear relationships were statistically significant (P < 0.05) for
all individual AA and total AA. In all cases, increasing the dose
of PhyG within the range of 250 to 4,000 FTU/kg resulted
in increases in the improvements in AID of AA. Amongst
the indispensable AA (Figure 2A), the improvements in AID
with PhyG at 1,000 and 2,000 FTU/kg were greatest for Trp
(+ 6.1 and + 6.8 percentage units, respectively) followed by
Thr (+ 3.4 and + 3.8 percentage units, respectively) and least
for His (+ 1.8 and + 2.0 percentage units, respectively) and
Met (+ 1.8 and + 2.0 percentage units, respectively). Among
the dispensable AA (Figure 2B), improvements in AID with
PhyG at 1,000 and 2,000 FTU/kg were greatest for Gly
(+ 7.5 and + 8.3 percentage units, respectively) and Cys (+ 5.6
and + 6.2 percentage units, respectively) and least for Glu
(+ 2.2 and + 2.4 percentage units, respectively) and Ala (+ 2.5
and + 2.7 percentage units, respectively).

Prediction of expected AA contributions from PhyG
based on the modeled improvements in AID of AA

An example of how the modeled relationship between the
percentage unit improvements in AID of AA and increasing
phytase dose can be used to predict the expected AA contri-
butions of the phytase when applied at a given dose to a U.S.
type diet, an EU type diet or an Asian type diet, is given in
Figure 3. According to this example, the predicted digestible
Lys contribution (matrix value) of PhyG dosed at 1,000 FTU/
kg in a U.S. type diet (corn-soybean meal) is 0.028 % whereas
that of Met + Cys is 0.024% and those of Thr and Trp are,
respectively, 0.026% and 0.015%. The predicted digestible
AA contributions (matrix values) would be impacted by total
AA content as well as the proportion of synthetic AA that is
to be included in the diet. This can be factored into the calcu-
lation, as shown in the example (Figure 3).

Discussion

To the best of our knowledge, the current analysis represents
the first published study in which AA digestibility responses to

phytase in pigs, determined using data from multiple trials of
the same phytase, have been modeled together. Such analyses
form the basis of digestible AA matrix generation by phytase
manufacturers and are important for generating a matrix that is
both robust and yet can be tailored to the specific diet to which
the phytase is to be added. The deliberate inclusion among the
8 datasets of variation in diet composition (cereal and oilseed
composition, PP content, limestone solubility), diet form (mash
or pellet), pig sex and breed, was aimed at being able to account
for some of the major factors known to cause variation in ani-
mal responses to dietary interventions in the field and hence at
deriving matrix values that would be more robust in production
practice. A similar modeling approach was recently undertaken
for the same phytase using data from multiple experiments con-
ducted with broilers (Dersjant-Li et al., 2022b). Analyzed phy-
tase levels were used to model the dose-response to improve the
accuracy of model-derived predictions.

In the first analysis, AID percentages were modeled unad-
justed for among-experiment differences in the response to
the NC. The digestibility of AA by pigs and broilers in mixed
diets is inherently linked to the AA composition and digest-
ibility of the individual protein substrates present in a given
diet and it is assumed that there is additivity among ingredi-
ents in mixed diets (Stein et al., 2005). The digestibility of AA
varies among diets depending on the raw material composi-
tion of the diet, which also affects the dynamics of AA release
and absorption by the animal (Chen et al., 2019; Lee et al.,
2020; Norgaard et al., 2021; Hu et al., 2022). This is one
of the main reasons why wide variation in AA digestibility
values is obtained from different experiments, as illustrated
by the systematic review of Cowieson et al. (2017) in which
individual AA digestibility coefficients in the control (unsup-
plemented) diets from 28 experiments ranged from ~0.35 to
~0.95, with most datapoints clustered between 0.6 and 0.9,
which is still a wide range. The average digestibility coeffi-
cient for the sum of all AA across all 28 experiments reported
by Cowieson et al. was 0.75 + 0.013. In the present study, the
response to the NC diet also varied but to a lesser extent; the
AID of total AA ranged from 57.5% (in dataset 1) to 86.3%
(in dataset 2; data not shown).
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Figure 2. Predicted percentage unit increase' above the response to the negative control diet in the apparent ileal digestibility of A) indispensable? and
B) dispensable amino acids, in response to increasing phytase dose®, based on log-linear regression?; results of the second statistical modeling analysis.
'Calculated individually for each of the eight datasets to account for between-dataset differences in AID of AA in the negative control diet without
phytase. The resulting data were then pooled and modeled together via linear regression.?For Lys, Met and Thr the calculated percentage unit increase
in AID excludes the concentration of supplemental synthetic AA. *Above the analyzed activity in the negative control without phytase.*Phytase doses
were log transformed prior to performing the regression and then back-transformed afterwards

The results of the first modeling analysis showed a clear  the phytase on AA digestibility. This is consistent with indi-
log-linear improvement in the AID of total AA and of 12 of  vidual reports of the effect of PhyG and certain other phy-
18 individual AA with PhyG supplemented within the range tases on AA digestibility in pigs in which improvements in the
from 250 to 4,000 FTU/kg, indicating a beneficial effect of =~ AID of most individual AA and total AA have been observed
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Table 4. Parameters of the fitted log-linear relationship' between the
percentage point improvement (above the respective negative control)
in apparent ileal digestibility of individual and total amino acids (Y) and
increasing analyzed phytase activity (X)?; results of the second statistical
modeling analysis

Journal of Animal Science, 2025, Vol. 103

(Espinosa et al., 2022; Lagos et al., 2022), but is in contrast
with the results of other studies where no beneficial effect on
AA digestibility was observed (She et al., 2018; Arredondo et
al., 2019; Mesina et al., 2019). Such differences may be due
to differences in the properties and main functional area of
different phytases because different phytases exhibit differing

Intercept Slope Log Linear - ) ) :
P-value? efficacy when applied at an equivalent dose (Dersjant-Li and

Kwakernaak, 2019; Dersjant-Li et al., 2021). The PhyG phy-
Item a b tase has a low pH optimum (pH 3.5-4.5 in vitro) and wide
Amino acid pH range of activity (pH 2.0-5.0; Christensen et al., 2020)
Ala 0.0014 0.0083 0.022 that make it well suited to the low pH conditions of the pig
Arg 20.0022 0.0072 <0.001 stomach (~pH 3.0; Li et al., 2008) where phytate hydrolysis
Asp -0.0015 0.0124 <0.001 by plhytase precl.om.inar}tly occurs. T(}ilis phytase also hafs ; high
Cys 0.0011 0.0185 <0.001 P-re ease capacity in pigs (estlmaFe as 1.83 grams of digest-

ible P equivalence from monocalcium phosphate per kilogram
Glu -0.0014 0.0078 0.008 . . .

of diet, on average, based on bone ash, weight gain, or feed
Gl_y -0.0025 0.0258 <0.001 conversion ratio when the phytase is dosed at 1,000 FTU/
His -0.0012 0.0063 0.005 kg; Dersjant-Li et al., 2020). The model-predicted increases
Ile -0.0004 0.0112 <0.001 in AID of total AA with the phytase at 500 or 1,000 FTU/kg
Leu -0.0023 0.0096 <0.001 from the first modeling analysis compare favorably with the
Lys’ 0.0005 0.0099 <0.001 observed improvements in total AA digestibility coefficients
Met® 0.0001 0.0066 <0.001 reported for the 28 experiments analyzed by Cowieson et al.
Phe -0.0020 0.0105 <0.001 (2017), in which doses ranged fr'om 250 FTU/kg to 20,000

FTU/kg although most observations were at 500 or 1,000
Pro 0.0004 0.0115 0.002 .

FTU/kg. Reasons for the apparently greater improvement
Ser 0.0000 0.0132 <0.001 in AID of total AA with PhyG compared with the average
Thr? -0.0011 0.0132 <0.001 response reported in the Cowieson et al. (2017) systematic
Trp -0.0026 0.0214 <0.001 review may include that the present analysis focused on mul-
Tyr -0.0011 0.0120 <0.001 tiple studies of a single phytase rather than of multiple phy-
Val -0.0016 0.0100 <0.001 tases, the latter of which is likely to have introduced greater
Total AA 0.0011 0.0084 0.001 variation in the results.

"The linear equation is: Y = b* logX + a.

*Phytase levels were log transformed prior to performing the regression
and then back-transformed afterwards.

3The calculated AID percentage improvements for these AA excluded the
concentration of supplemental synthetic AA.
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Figure 3. Predicted digestible amino acid (AA) contributions of three different pig diet compositions when supplemented with 1,000 FTU/kg of PhyG
phytase, calculated based on the total AA concentration and synthetic AA inclusion of the diet and the log linear model-predicted improvement in AID
of AA (percentage unit improvement) by the phytase shown in Fig. 2. Main ingredients of the U.S. diet: corn, 55.4%; soybean meal, 17.8%; whey
permeate, 15.0%; soybean protein concentrate, 5.0%; blood meal, 3.0%; limestone, 1.4%; monocalcium phosphate, 1.0%. Main ingredients of the EU
diet: barley, 28.6%; corn, 27.0%; wheat, 15.0%; soybean meal, 20.0%; peas, 4.0%; fat, 1.9%: limestone, 0.9%; monocalcium phosphate, 0.5%. Main
ingredients of the Asian diet: corn, 55.0%; soybean meal 25.0%; wheat, 10.0%; tallow, 3.8%, corn gluten meal, 3.0%; dicalcium phosphate, 1.3%;
limestone, 0.4%. As an example: for calculation of the expected contribution of Lys: in a US-style diet containing 1.5% total Lys, with Lys HCL inclusion
at 0.45%, the actual content of synthetic Lys would be 0.45 x 78% (the purity of Lys) = 0.35%. Therefore, the content of Lys excluding the synthetic
component would be 1.50-0.35 = 1.15%. According to the fitted linear regression for the effect of PhyG on apparent ileal digestibility of Lys shown in
Fig. 2A and Table 9, the expected Lys contribution by PhyG at 1,000 FTU/kg is 2.5% of 1.15 = 0.028% g/kg (or 0.28 g/kg).
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in broilers, although a clear relationship between phytate-P
level and the increase in P digestibility from phytase has been
shown in both species (Espinosa et al., 2021; Dersjant-Li et
al., 2022b). Further research is needed to evaluate more fully
the relationship between phytate-P level in the diet and the
AA-‘release’ afforded by phytase. However, in practice, diets
containing higher phytate-P levels are usually formulated with
a higher total AA content to ensure the digestible AA require-
ment is met. As the generated digestible AA matrix uses the
total AA content of the diet as a known input variable, in this
way the matrix is indirectly adjusted for the dietary phytate-P
level.

The observation that the AID of AA continued to increase
incrementally up to the maximum dose (4,000 FTU/kg) for all
individual AA does not agree with the conclusions by Cowi-
eson et al. (2017) who observed no significant dose-response
relationship between phytase supplementation and the coeffi-
cient of AID of total AA within the range 250 to 2,000 FTU/
kg. In the present study, there was a log-linear improvement
in AID of total AA with PhyG at 4,000 vs. 250 FTU/kg. The
phytase used in this experiment enables a rapid and exten-
sive breakdown of IP, , (Christensen et al., 2020; Dersjant-Li
2022a). It is therefore hypothesized that the positive dose-
response relationship between phytase supplementation and
AID of total AA is a result of the phytase effecting incremen-
tally greater increases in IP, degradation and that this reduced
the availability of IP, and lower IP-esters to exert antinutritive
effects on protein and AA availability and absorption. The
observation from experiment 4 that there was a clear, pos-
itive, association between increasing digestibility of phytate
(at increasing PhyG dose level) and improved AID of AA sup-
ports that the improved AA digestibility may have resulted
from increased phytate degradation by PhyG.

The second modeling analysis revealed that phytase supple-
mentation resulted in statistically significant improvements in
AID above the NC diet for all individual AA and for total AA.
The model-predicted improvements were greatest for those
individual AA whose digestibility was low in the basal diet
without phytase (Trp and Thr among the indispensable AA
and Gly and Cys among the dispensable AA, although Ser,
Tyr, and Pro were also highly improved) and lowest for Met
whose digestibility was high in the basal diet. The observation
that AA with low digestibility in the NC diet had the great-
est improvement when phytase was added to the diet may
reflect that there was greater capacity for an improvement
by phytase in those AA whose inherent digestibility is low.
This phenomenon was also observed in the compara-
ble meta-analysis of broiler experiments performed by
Dersjant-Li et al. (2022b). Also similar to the present study,
the meta-analysis of pig studies by Cowieson et al. (2017)
reported Trp and Thr to be among the AA whose digestibil-
ity was most improved by phytase and Met to be among the
least improved by phytase. A meta-analysis by Zouaoui et
al. (2018) that included 137 experiments with pigs equally
observed a positive linear effect of phytase supplementation
on ileal digestibility of Met and Thr. Improvements in Thr
and Trp digestibility are relevant because these are among the
most limiting AA in diets for pigs. Tryptophan is important in
the development of weaned piglets, specifically in growth per-
formance, intestinal mucosal barrier function, immune regu-
lation, appetite and the stress response (Le Floc’h and Seve,
2007), whereas Thr is a major constituent of mucin secretions
(Faure et al., 2005). Phytate in pig diets increases mucin secre-

1

tions in the small intestine (Woyengo and Nyachoti, 2013),
whilst evidence from broiler studies indicates that this may
be reduced by phytase (Cowieson et al., 2004). Other studies
using different phytases have found no such effect (Mesina et
al., 2019), which may be due to the different pH optima of
different phytases. The present data indicate that PhyG may
have a relatively greater effect on those AA that are involved
in endogenous protein losses via mucin secretion (Thr, Ser,
and Pro) and less effect on Met, which is not a major compo-
nent of mucin. Further studies are needed to confirm this and
its relation to mucin production. The digestibility of Cys was
greatly improved by PhyG whereas no effect of exogenous
phytase on the ileal digestibility of Cys was reported by Cow-
ieson et al. (2017). Whether this effect on Cys is unique to
the PhyG phytase or was an anomaly in the data is unknown.
The low digestibility of Cys in the NC diet compared with
other AA may be the reason why a greater improvement was
observed for Cys than for other AA. However, this was also
evident in the control diets reviewed in Cowieson et al. (2017).

The modeled relationship between the percentage unit
improvement in AID of AA and increasing phytase level
enabled us to predict (as an example) the expected AA con-
tribution of the phytase when applied at 1,000 FTU/kg to a
US-, EU- or Asian-type of diet of known AA content. This
calculated contribution is the amount of AA by which, in
practice, the diet formulation could be reduced to account for
the activity of the enzyme. The lack of a relationship between
dietary PP level and the increase in AID of AA from phytase
within the combined dataset means that the generated matrix
values should be equally applicable to diets of differing PP
levels. Their application to diets of higher digestible P content
than that used here is less certain but there is no a priori rea-
son to expect that a higher digestible P content in the basal
diet would affect changes in the AID of AA in response to
phytase supplementation. Although increasing dietary P con-
tent increases feed intake in pigs (Saraiva et al., 2009) and
this may be expected to increase AA intake; increased AA
digestibility in response to increased dietary available P con-
tent is not consistently shown in the literature and in broil-
ers, increasing dietary P content has very limited impact on
AA digestibility (Dersjant-Li and Kwakernaak, 2019). This
may be because increasing P in the diet alone does not reduce
phytate-AA interactions, therefore has limited effect on AA
digestibility, whereas phytase reduces phytate-AA interac-
tions resulting in the potential to increase AA digestibility. On
this basis, it is expected that the digestible AA matrix values
generated here would apply equally to diets with higher P
content as to the P-deficient diet employed here.

It is considered that this approach to matrix derivation,
which takes account of the actual feed formulation (and its
associated AA concentration), will generate predicted digest-
ible AA contributions that are more accurate than ‘one matrix
fits all’ approach. The approach may also facilitate formu-
lating diets with lower protein, thereby reducing N excre-
tion from pig production. Finally, the approach may enable
greater inclusion of alternative ingredient sources of protein
and AA within the diet, by using the phytase to increase the
AID of AA from those ingredients by a known amount. The
next step is to validate the matrix values generated in this
modeling exercise in growth performance experiments under
commercial production settings.

In conclusion, the data obtained from this work support
the use of PhyG phytase in swine diets for the improvement
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of AA digestibility. Modeling of the combined data from 8
datasets from 5 experiments that incorporated variation in
diet composition, diet form, pig breed, age and sex revealed
log-linear improvements in the AID of 18 individual AA and
total AA when PhyG was supplemented in the range from
250 to 4,000 FTU/kg. Improvements were greatest for Trp,
Thr, Gly, and Cys. An example of how the generated model
can be used to make predictions of the digestible AA contri-
bution from the phytase (matrix value) at a given dose when
supplemented to different diets of known AA concentration
is provided. Using the known AA concentration of the specific
diet to which the phytase will be added as one of the input
parameters allows for greater accuracy in matrix prediction
and supports the derivation of diet-specific recommendations
in commercial feed formulations.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.

Acknowledgments

The authors would like to thank Dr Joelle Buck (Newbury,
UK) for her assistance with the writing of this manuscript,
which was sponsored by Danisco Animal Nutrition & Health
(IFF), The Netherlands, in accordance with Good Publication
Practice guidelines.

Conflict of interest statement. The authors declare no conflict
of interest.

Author Contributions

Deepak Ettungalpadi Velayudhan (Conceptualization, Data
curation, Formal analysis, Investigation, Methodology,
Project administration, Writing - original draft, Writing -
review & editing), Yueming Dersjant-Li (Conceptualization,
Investigation, Methodology, Project administration, Writing
- review & editing), Rosil Lizardo (Resources, Supervision,
Visualization, Writing - review & editing), Arun Kumar
(Resources, Supervision, Visualization, Writing - review &
editing), Hans Stein (Resources, Supervision, Visualization,
Writing - review & editing), Charmaine Espinosa
(Visualization, Writing - review & editing), Vinicius Cantarelli
(Resources, Supervision, Visualization, Writing - review &
editing), Rachael Hardy (Writing - review & editing), Ester
Vinyeta (Supervision, Writing - review & editing), and Leon
Marchal (Supervision, Writing - review & editing)

References

Adedokun, S. A., A. Owusu-Asiedu, D. Ragland, P. Plumstead, and O.
Adeola. 2015. The efficacy of a new 6-phytase obtained from Butt-
iauxella spp. expressed in Trichoderma reesei on digestibility of
amino acids, energy, and nutrients in pigs fed a diet based on corn,
soybean meal, wheat middlings, and corn distillers’ dried grains
with solubles. J. Anim. Sci. 93:168-175. d0i:10.2527/jas.2014-
7912

AOAC. 1990. Official methods of analysis. 15th ed. Arlington, VA:
Association of Official Analytical Chemists.

AOAC. 1996. Official methods of analysis. 16th ed. Washington, DC:
Association of Official Analytical Chemists.

AOAC. 2000. Official methods of analysis. 17th ed. Arlington, VA:
Association of Official Analytical Chemists.

Journal of Animal Science, 2025, Vol. 103

AOAC. 2006. Official methods of analysis of AOAC International. 18th
ed. Washington DC: Association of Analytical Chemists.

AOAC. 2007. Official methods of analysis of AOAC International. 18th
ed. Rev 2nd ed. Gaithersburg, MD.

AOAC. 2019. Official methods of analysis of AOAC International. 21st
ed. Washington DC: Association of Official Analytical Chemists.

Arredondo, M. A., G. A. Casas, and H. H. Stein. 2019. Increasing lev-
els of microbial phytase increases the digestibility of energy and
minerals in diets fed to pigs. Anim. Feed Sci. Technol. 248:27-36.
doi:10.1016/j.anifeedsci.2019.01.001

Babatunde, O. O., A. Bello, Y. Dersjant-Li, and O. Adeola. 2021. Evalu-
ation of the responses of broiler chickens to varying concentrations
of phytate phosphorus and phytase. L. Starter phase (day 1-11 post
hatching). Poult. Sci. 100:101396. d0i:10.1016/}.psj.2021.101396

Bello, A., C. Kwakernaak, and Y. Dersjant-Li. 2022a. Effects of lime-
stone solubility on the efficacy of a novel consensus bacterial 6-
phytase variant to improve mineral digestibility, retention and bone
ash in young broilers fed low-calcium diets containing no added
inorganic phosphate. J. Anim. Sci. 100:skac337. doi:10.1093/jas/
skac337

Chen, H., P. A. Wierenga, W. H. Hendriks, and A. J. M. Jansman. 2019.
In vitro protein digestion kinetics of protein sources for pigs. Ani-
mal. 13:1154-1164. d0i:10.1017/S1751731118002811

Christensen, T., Y. Dersjant-Li, V. Sewalt, R. Mejldal, S. Haaning, S.
Pricelius, I. Nikolaev, R. A. Sorg, and A. de Kreij. 2020. In vitro
characterization of a novel consensus bacterial 6-phytase and one
of its variants. Curr. Biochem. Eng. 6:156-171. doi:10.2174/22127
11906999201020201710

Cowieson, A. J., T. Acamovic, and M. R. Bedford. 2004. The effects of
phytase and phytic acid on the loss of endogenous amino acids and
minerals from broiler chickens. Br. Poult. Sci. 45:101-108. doi:10.
1080/00071660410001668923

Cowieson, A. J., J. P. Ruckebusch, J. O. B. Sorbara, J. W. Wilson, P.
Guggenbuhl, L. Tanadini, and E F. Roos. 2017. A systematic view
on the effect of microbial phytase on ileal amino acid digestibility
in pigs. Anim. Feed Sci. Technol. 231:138-149. doi:10.1016/j.ani-
feedsci.2017.07.007

Delahaye, S., and J. Landry. 1992. Determination of tryptophan in pure
proteins and plant material by three methods. Analyst. 117:1875-
1877. doi:10.1039/AN9921701875

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

Dersjant-Li, Y., K. Van de Belt, C. Kwakernaak, and L. Marchal. 2020.
Buttiauxella phytase maintains growth performance in broilers fed
diets with reduced nutrients under a commercial setting. J. Appl.
Anim. Nutr. 8:49-59. d0i:10.3920/jaan2020.0002

Dersjant-Li, Y., R. Davin, T. Christensen, and C. Kwakernaak. 2021.
Effect of two phytases at two doses on performance and phy-
tate degradation in broilers during 1-21 days of age. PLoS One.
16:€0247420. doi:10.1371/journal.pone.0247420

Dersjant-Li, Y., T. Christensen, S. Knudsen, A. Bello, M. Toghyani, S. Y.
Liu, P. H. Selle, and L. Marchal. 2022a. Effect of increasing dose
level of a novel consensus bacterial 6-phytase variant on phytate
degradation in broilers fed diets containing varied phytate levels.
Br. Poult. Sci. 63:395-405. doi:10.1080/00071668.2021.2000586

Dersjant-Li, Y., A. Bello, T. Stormink, M. R. Abdollahi, V. Ravindran, O.
O. Babatunde, O. Adeola, M. Toghyani, S. Y. Liu, P. H. Selle, et al.
2022b. Modeling improvements in ileal digestible amino acids by
a novel consensus bacterial 6-phytase variant in broilers. Poult. Sci.
101:101666. doi:10.1016/j.psj.2021.101666

Engelen, A. J., F. C. van der Heeft, P. H. G. Randsdorp, W. A. C. Somers,
J. Schaefer, and B. J. C. van der Vat. 2001. Determination of phy-
tase activity in feed by a colorimetric enzymatic method: collabora-
tive Interlaboratory study. J. AOAC Int. 84:629-633. d0i:10.1093/
jaoac/84.3.629

Espinosa, C. D., M. S. E Oliveira, D. E. Velayudhan, Y. Dersjant-Li,
and H. H. Stein. 2021. Influence of a novel consensus bacterial

G20z Jequisydag ¢z uo senb Aq 6%90228/G7eieNs/sel/c601 01 /10p/a[ole/sel/wod dno dlwapede//:sdjy woy papeojumoq


https://doi.org/10.2527/jas.2014-7912
https://doi.org/10.2527/jas.2014-7912
https://doi.org/10.1016/j.anifeedsci.2019.01.001
https://doi.org/10.1016/j.psj.2021.101396
https://doi.org/10.1093/jas/skac337
https://doi.org/10.1093/jas/skac337
https://doi.org/10.1017/S1751731118002811
https://doi.org/10.2174/2212711906999201020201710
https://doi.org/10.2174/2212711906999201020201710
https://doi.org/10.1080/00071660410001668923
https://doi.org/10.1080/00071660410001668923
https://doi.org/10.1016/j.anifeedsci.2017.07.007
https://doi.org/10.1016/j.anifeedsci.2017.07.007
https://doi.org/10.1039/AN9921701875
https://doi.org/10.1016/j.anifeedsci.2019.05.018
https://doi.org/10.3920/jaan2020.0002
https://doi.org/10.1371/journal.pone.0247420
https://doi.org/10.1080/00071668.2021.2000586
https://doi.org/10.1016/j.psj.2021.101666
https://doi.org/10.1093/jaoac/84.3.629
https://doi.org/10.1093/jaoac/84.3.629

Journal of Animal Science, 2025, Vol. XX, No. XX

6-phytase variant on mineral digestibility and bone ash in young
growing pigs fed diets with different concentrations of phytate-bound
phosphorus. J. Anim. Sci. 99:1-12. d0i:10.1093/jas/skab211

Espinosa, C. D., L. J. Torres, D. E. Velayudhan, Y. Dersjant-Li, and H.
H. Stein. 2022. Tleal and total tract digestibility of energy and nutri-
ents in pig diets supplemented with a novel consensus bacterial 6-
phytase variant. J. Anim. Sci. 100:skac364. doi:10.1093/jas/skac364

Faure, M., D. Moennoz, F. Montigon, C. Mettraux, D. Breuille, and
O. Ballevre. 2005. Dietary threonine restriction specifically
reduces intestinal mucin synthesis in rats. J. Nutr. 135:486-491.
doi:10.1093/jn/135.3.486

Greiner, R., and U. Konietzny. 2011. Phtase: biochemistry, enzymology
and characteristics relevant to animal feed use. In: Bedford, M. R.
and G. Partridge, editors. Enzymes in farm animal nutrition. 2nd
ed. London, UK: CAB International; p. 96-128.

Hu, N., Z. Shen, L. Pan, G. Qin, Y. Zhao, and N. Bao. 2022. Effects of
protein content and the inclusion of protein sources with different
amino acid release dynamics on the nitrogen utilization of weaned
piglets. Anim. Biosci. 35:260-271. d0i:10.5713/ab.21.0142

Humer, E., C. Schwarz, and L. Schedle. 2015. Phytate in pig and poul-
try nutrition. J. Anim. Phys. Anim. Nutr. 99:605-625. d0i:10.1111/
jpn.12258

Izquierdo, O. A., C. M. Parsons, and D. H. Baker. 1998. Bioavailability
of lysine in l-lysine HCL. J. Anim. Sci. 66:2590-2597. doi:10.2527/
jas1988.66102590x

JMP. 2022. Version 16. Cary, NC: SAS Institute Inc.; p. 1989-2022.

Kim, S. W., W. Li, R. Angel, and P. W. Plumstead. 2019. Modification
of a limestone solubility method and potential to correlate with
in vivo limestone calcium digestibility. Poult. Sci. 98:6837-6848.
doi:10.3382/ps/pez423

Ladics, G.S., K. H. Han, M. S. Jang, H. Park, V. Marshall, Y. Dersjant-Li,
and V. J. Sewalt. 2020. Safety evaluation of a novel variant of con-
sensus bacterial phytase. Toxicol. Rep. 7:844-851. do0i:10.1016/j.
toxrep.2020.07.004

Lagos, L. V., M. R. Bedford, and H. H. Stein. 2022. Apparent digest-
ibility of energy and nutrients and efficiency of microbial phytase
is influenced by body weight of pigs. J. Anim. Sci. 100:skac269.
doi:10.1093/jas/skac269

Lee,S. A.,J.Y.Ahn, A. R. Son, and B. G. Kim. 2020. Standardized ileal digest-
ibility of amino acids in cereal grains and co-products in growing pigs.
Asian-Australas. J. Anim. Sci. 33:1148-1155. doi:10.5713/ajas.19.0449

Le Floc’h, N., and B. Seve. 2007. Biological roles of tryptophan and
its metabolism: potential implications for pig feeding. Livest. Sci.
112:23-32. d0i:10.1016/.1ivsci.2007.07.002

Li,Z.,G.Yi,].Yin,P.Sun, E. Li,and C.Knigh.2008. Effects of organicacids
on growth performance, gastrointestinal pH, intestinal microbial
populations and immune responses of weaned pigs. Asian-Australas.
J. Anim. Sci. 21:252-261. d0i:10.5713/ajas.2008.70089

Li, W., R. Angel, S. W. Kim, E. Jimenez-Moreno, M. Proszkowiec-
Weglarz, and P. W. Plumstead. 2015. Age and adaptation to Ca and P
deficiencies: 2. Impacts on amino acid digestibility and phytase effi-
cacy in broilers. Poult. Sci. 94:2917-2931. doi:10.3382/ps/pev273

Liu, N., Y. J. Ru, E D. Li, and A. J. Cowieson. 2008. Effect of diet con-
taining phytate and phytase on the activity and messenger ribonu-
cleic acid expression of carbohydrase and transporter in chickens.
J. Anim. Sci. 86:3432-3439. doi:10.2527/jas.2008-1234

Llames, C. R., and ]. Fontaine. 1994. Determination of amino acids
in feeds: collaborative study. J. AOAC Int. 77:1362-1402.
do0i:10.1093/jaocac/77.6.1362

Lomer, M. C., R. P. Thompson, ]J. Commisso, C. L. Keen, and J. J.
Powell. 2000. Determination of titanium dioxide in foods using
inductively coupled plasma optical emission spectrometry. Analyst.
125:2339-2343. doi:10.1039/b006285p

Menezes-Blackburn, D., S. Gabler, and R. Greiner. 2015. Performance
of seven commercial phytases in an in vitro simulation of poultry
digestive tract. J. Agric. Food Chem. 63:6142-6149. d0i:10.1021/
acs.jafc.5b01996

Mesina, V. G. R., L. V. Lagos, R. C. Sulabo, C. L. Walk, and H. H. Stein.
2019. Effects of microbial phytase on mucin synthesis, gastric pro-
tein hydrolysis, and degradation of phytate along the gastrointes-

13

tinal tract of growing pigs. J. Anim. Sci. 97:756-767. doi:10.1093/
jas/sky439

Myers, W. D., P. A. Ludden, V. Nayigihugu, and B. W. Hess. 2004.
Technical note: a procedure for the preparation and quantitative
analysis of samples for titanium dioxide. J. Anim. Sci. 82:179-183.
doi:10.2527/2004.821179x

Norgaard, J. V., I. C. Florescu, U. Krogh, and T. S. Nielsen. 2021.
Amino acid absorption profiles in growing pigs fed different pro-
tein sources. Animals (Basel). 11:1740. doi:10.3390/ani11061740

Oliveira, M. E S., J. J. Abelilla, N. W. Jaworski, J. K. Htoo, and H. H.
Stein. 2020. Crystalline amino acids do not influence calculated values
for standardized ileal digestibility of amino acids in feed ingredients
included in diets for pigs. J. Anim. Sci. 98:1-8. doi:10.1093/jas/skaa333

Pacquette, L. H., J. J. Thompson, I. Malaviole, R. Zywicki, E Woltjes,
Y. Ding, A. Mittal, Y. Ikeuchi, B. Sadipiralla, S. Kimura, et al. 2018.
Minerals and trace elements in milk, milk products, infant formula,
and adult/pediatric nutritional formula, ICP-MS Method: Collab-
orative Study, AOAC Final Action 2015.06, ISO/DIS 21424, IDF
243.]J. AOAC Int. 101:536-561. d0i:10.5740/jaoacint.17-0318

Ravindran, V., S. Cabahug, G. Ravindran, and W. L. Bryden. 1999. Influ-
ence of microbial phytase on apparent ileal amino acid digestibility of
feedstuffs for broilers. Poult. Sci. 78:699-706. doi:10.1093/ps/78.5.699

Saraiva, A., J. L. Donzele, R. E M. de oliveira, M. L. T. de Abreu, E C. O.
Silva, and E A. Santos. 2009. Available phosphorus levels in diets for
swine from 15 to 30 kg genetically selected for meat deposition. R.
Bras. Zootec. 38:307-313. doi:10.1590/51516-35982009000200013

Selle, P. H., and V. Ravindran. 2007. Microbial phytase in poultry
nutrition. Anim. Feed Sci. Technol. 135:1-41. doi:10.1016/j.ani-
feedsci.2006.06.010

Selle, P. H., A. J. Cowieson, N. P. Cowieson, and V. Ravindran. 2012.
Protein-phytate interactions in pig and poultry nutrition: a reap-
praisal. Nutr. Res. Rev. 25:1-17.d0i:10.1017/50954422411000151

Selle, P. H., J. C. de Paula Dorigam, A. Lemme, P. V. Chrystal, and S.
Y. Liu. 2020. Synthetic and crystalline amino acids: alternatives to
soybean meal in chicken-meat production. Animals (Basel). 10:729.
doi:10.3390/ani10040729

She, Y., J. C. Sparks, and H. H. Stein. 2018. Effects of increasing con-
centrations of an Escherichia coli phytase on the apparent ileal
digestibility of amino acids and the apparent total tract digestibility
of energy and nutrients in corn-soybean meal diets fed to growing
pigs. J. Anim. Sci. 96:2804-2816. doi:10.1093/jas/sky152

Short, F. J., P. Gorton, J. Wiseman, and K. N. Boorman. 1996. Deter-
mination of titanium dioxide added as an inert marker in chicken
digestibility studies. Anim. Feed Sci. Technol. 59:215-221.
doi:10.1016/0377-8401(95)00916-7

Skoglund, E. S., N. -G. Carlsson, and A. -S. Sandberg. 1998. High-
performance chromatographic separation of inositol phosphate
isomers on strong anion exchange columns. J. Agric. Food Chem.
46:1877-1882. doi:10.1021/j£9709257

Stein, H. H., C. Pedersen, A. R. Wirt, and R. A. Bohlke. 2005. Additivity
of values for apparent and standardized ileal digestibility of amino
acids in mixed diets fed to growing pigs. J. Anim. Sci. 83:2387-
2395.d0i:10.2527/2005.83102387x

Stein, H. H., B. Seve, M. F. Fuller, P. J. Moughan, and C. E. M. de Lange;
Committee on Terminology to Report AA Bioavailability and
Digestibility. 2007. Invited review: amino acid bioavailability and
digestibility in pig feed ingredients: terminology and application. J.
Anim. Sci. 85:172-180. d0i:10.2527/jas.2005-742

Velayudhan, D. E., A. Kumar, L. Marchal, and Y. Dersjant-Li. 2022.
Effect of limestone solubility on mineral digestibility and bone ash
in nursery pigs fed diets containing graded level of inorganic phos-
phorus or increasing dose of a novel consensus bacterial 6-phytase
variant. J. Anim. Sci. 100:skac179. doi:10.1093/jas/skac179

Woyengo, T. A., and C. M. Nyachoti. 2013. Review: Anti-nutritional
effects of phytic acid in diets for pigs and poultry — current knowl-
edge and directions for future research. Can. J. Anim. Sci. 93:9-21.
doi:10.4141/cjas2012-017

Zouaoui, M., M. P. Létourneau-Montminy, and E Guay. 2018. Effect of
phytase on amino acid digestibility in pig: a meta-analysis. Anim.
Feed Sci. Technol. 238:18-28. doi:10.1016/j.anifeedsci.2018.01.019

G20z Jequisydag ¢z uo senb Aq 6%90228/G7eieNs/sel/c601 01 /10p/a[ole/sel/wod dno dlwapede//:sdjy woy papeojumoq


https://doi.org/10.1093/jas/skab211
https://doi.org/10.1093/jas/skac364
https://doi.org/10.1093/jn/135.3.486
https://doi.org/10.5713/ab.21.0142
https://doi.org/10.1111/jpn.12258
https://doi.org/10.1111/jpn.12258
https://doi.org/10.2527/jas1988.66102590x
https://doi.org/10.2527/jas1988.66102590x
https://doi.org/10.3382/ps/pez423
https://doi.org/10.1016/j.toxrep.2020.07.004
https://doi.org/10.1016/j.toxrep.2020.07.004
https://doi.org/10.1093/jas/skac269
https://doi.org/10.5713/ajas.19.0449
https://doi.org/10.1016/j.livsci.2007.07.002
https://doi.org/10.5713/ajas.2008.70089
https://doi.org/10.3382/ps/pev273
https://doi.org/10.2527/jas.2008-1234
https://doi.org/10.1093/jaoac/77.6.1362
https://doi.org/10.1039/b006285p
https://doi.org/10.1021/acs.jafc.5b01996
https://doi.org/10.1021/acs.jafc.5b01996
https://doi.org/10.1093/jas/sky439
https://doi.org/10.1093/jas/sky439
https://doi.org/10.2527/2004.821179x
https://doi.org/10.3390/ani11061740
https://doi.org/10.1093/jas/skaa333
https://doi.org/10.5740/jaoacint.17-0318
https://doi.org/10.1093/ps/78.5.699
https://doi.org/10.1590/S1516-35982009000200013
https://doi.org/10.1016/j.anifeedsci.2006.06.010
https://doi.org/10.1016/j.anifeedsci.2006.06.010
https://doi.org/10.1017/S0954422411000151
https://doi.org/10.3390/ani10040729
https://doi.org/10.1093/jas/sky152
https://doi.org/10.1016/0377-8401(95)00916-7
https://doi.org/10.1021/jf9709257
https://doi.org/10.2527/2005.83102387x
https://doi.org/10.2527/jas.2005-742
https://doi.org/10.1093/jas/skac179
https://doi.org/10.4141/cjas2012-017
https://doi.org/10.1016/j.anifeedsci.2018.01.019

	Modeling improvements in digestible amino acids by a consensus bacterial 6-phytase variant in grower pigs
	Introduction
	Materials and Methods
	Ethical considerations
	Overview of experiments
	Phytase enzyme, diet preparation, and provision
	Common chemical analyses
	Experiment 1
	Experiment 2
	Experiment 3
	Experiment 4
	Experiment 5
	Calculations
	Statistical modeling

	Results
	Analyzed nutrients and phytase in the diets
	Modeling the percentage AID of AA against increasing phytase dose
	Relationship between AID of CP and phytate (IP3-6); an example from Experiment 4
	Modeling the percentage unit improvement in AID of AA in response to increasing phytase level
	Prediction of expected AA contributions from PhyG based on the modeled improvements in AID of AA

	Discussion
	Supplementary Data
	Acknowledgments
	References


