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ABSTRACT This study evaluated the effects of high
phytase doses and soybean meal (SBM) with different
CP content on growth performance, ileal nutrient di-
gestibility, digestible energy, plasmatic myo-inositol,
phosphate release in vitro, and bone composition of
broiler chickens. One thousand two hundred 1-day-old
broilers were distributed in a 2 X 2 completely ran-
domized factorial arrangement, with 2 phytase doses
(1,000 and 2,500 phytase units [FYT|/kg of feed) and 2
SBM with different CP concentrations (45 and 47%),
totaling 4 treatments with 12 replicates of 25 birds each.
The chickens received feed and water ad libitum. Diets
were based on corn and SBM, with different inclusions of
soybean hull used to dilute the CP content of SBM ac-
cording to each treatment. The inclusion of 2,500 FYT
increased weight gain from 0 to 21 d (P < 0.05), whereas
growth performance from 22 to 42 d was not affected, and
SBM had no effect on growth performance. At day 21,

ileal digestibility of dry matter, ash, and P, and digestible
energy were greater in diets with 2,500 FYT/kg
(P < 0.05), as well as phosphate in vitro release
(P < 0.01) compared to the lower dose. At day 42, diets
with SBM 47% CP and 2,500 FYT/kg promoted greater
digestibility of dry matter, ash, CP, Ca, P, and digestible
energy (P < 0.001), and greater phosphate release
(P < 0.05) in comparison to other treatments. myo-
inositol level in the plasma at 21 and 42 d was higher with
the use of 2,500 FYT compared to 1,000 FYT (P < 0.05).
The higher phytase dose increased tibia ash, toe ash, and
Seedor Index (P < 0.05) at day 21, and the Ca content in
tibia was higher with 2,500 FYT and SBM 47% CP at
day 42. In conclusion, higher phytase doses for broilers
improve weight gain, myo-inositol provision, and bone
mineral composition. Nutrient ileal digestibility can be
enhanced by higher phytase doses when in combination
with SBM of greater nutritional quality.
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INTRODUCTION

In poultry diets based on vegetable ingredients, up to
70% of P is present as phytate-P, bound to the phytic
acid molecule, and unavailable for digestion and absorp-
tion (Angel et al., 2001). Regular levels of phytate in
corn- and soybean meal (SBM)-based diets range from
2.5 to 4.0 g/kg, and can cause a negative impact on
growth performance and feed efficiency (Ravindran,
1995), as phytate can form complexes with protein,
amino acids, and also other minerals (Santos, 2012).
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Soybean meal is the main source of protein used in
poultry diets because of its relatively high CP content,
good amino acids profile, and bioavailability. The CP
content of SBM is still the major reason for its inclusion
in nutritional matrices (Ibafiez et al., 2020), but other
components are also relevant to determine the quality
of SBM. According to the NRC (1994), the phytate-P/
total P proportion on SBM is around 58.5%. Other anti-
nutritional components are also common in soybean, like
trypsin inhibitors and oligosaccharides - raffinose, sta-
chyose, polysaccharides - which can impair the availabil-
ity of dietary P, Ca, and other minerals, and also reduce
amino acids' digestibility and energy utilization (Hurrell,
2003; Kocher et al., 2003; Choct et al., 2010; Ibanez
et al., 2020).

One of the steps of SBM processing includes the
removal and reincorporation of soybean hull to the
meal, in order to dilute the CP content and lower costs,
but this addition of hull increases the oligosaccharides


https://doi.org/10.1016/j.psj.2020.12.015
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:l_bassi@yahoo.com.br

2 SENS ET AL.

and fiber content in SBM. As pointed out by [bafiez et al.
(2020), there is a negative correlation between CP and
fiber content of SBM, which depends, among other fac-
tors, on the amount of hulls added to the meal. In addi-
tion, 10% of the phytate content in grains is present in
the hull (Abdelrahman et al.; 1984); so non-dehulled
SBM may also contain more phytate. Some of the anti-
nutritional components present in SBM are thermola-
bile, susceptible to the high temperatures employed
during SBM processing, but phytate is thermal resistant
(Park et al., 2001) and needs to be eliminated via other
methods, that is utilization of exogenous phytase.

Phytases are commonly used to hydrolyze phytate
into free myo-inositol and 6 molecules of inorganic phos-
phate. Phytate degradation and elimination from the
gastrointestinal tract with the use of phytase is corre-
lated to significant improvements in P and Ca digestibil-
ity (Cowieson et al., 2006; Kiarie et al., 2015), ash
content in tibia bone (Sousa et al., 2015; Walk and
Rama Rao, 2020), weight gain (WG), and feed efficiency
(Broch et al., 2018), and the extent to which phytate is
eliminated from the tract can be intensified with greater
levels of phytase. Supplementation of broiler chicken di-
ets with phytase levels greater than those recommended
by the industry sector (>1,500 phytase units [FYT]/kg)
has been proved to enhance even further the solubility
and digestibility of nutrients beyond P—protein, amino
acids, and energy—Ileading to extra-phosphoric effects
(Cowieson et al., 2017; Dersjant-Li and Kwakernaak,
2019; Walk and Rama Rao, 2020).

Considering that the CP concentration in SBM is
related to different inclusions of soybean hull, which
may lead to different phytate concentrations, the objec-
tive of this study was to evaluate the supplementation of
broiler chicken diets with high levels of phytase and the
use of SBM with different protein contents on growth
performance, nutrient ileal digestibility, plasmatic
myo-inositol, phosphate release in vitro, and bone min-
eral composition.

MATERIALS AND METHODS

All experimental procedures were approved by the
Animal Use Ethics Committee of Federal University of
Parana.

Birds, Facilities, and Experimental Diets

One thousand two hundred 1-day-old Cobb 500
broiler chicks from a commercial hatchery were housed
in 2.06 m*> experimental pens (12.1 broilers/m?) with
wood shavings as litter, equipped with nipple drinkers
and tube feeders.

The initial temperature was set to 32°C and gradually
reduced to 18°C until day 42. During the first 10 days,
incandescent light was continuously provided (24 h);
thereafter, a lighting program of 9 h of darkness per
day was applied. Pens were checked daily for the
removal of dead birds. Feed and water were offered ad
libitum throughout the experimental period.

The dietary treatments were a 2 X 2 complete facto-
rial arrangement, which consisted of 2 SBM with
different protein concentrations (45 and 47% of CP)
and 2 phytase doses (1,000 and 2,500 FYT /kg of feed),
totaling 4 dietary treatments with 12 replicates of 25
birds each. Diets were based on corn and SBM, offered
in mashed form, and divided into 2 broiler development
stages: starter stage (1-21 d; Table 1) and grower-
finisher stage (22-42 d; Table 2).

Different levels of soybean hull, coming from the same
batch as the SBM, were included in the formula in order
to dilute the CP concentration of the SBM according to
each treatment. Geometric mean diameter of the diets
with SBM 45 and 47% CP was 753 and 709 pum, respec-
tively, and the geometric SD was 2.16 and 2.18%, respec-
tively. The CP (method 954.01), ash (method 942.05),
Ca (method 927.02), P (method 965.17), and crude fiber
(method 962.10) values of diets (Tables 1 and 2) and
main ingredients (Table 3) were analyzed according to
the Association of the Official Analytical Chemists
(AOAC, 1995). Soluble neutral detergent fiber and solu-
ble acid detergent fiber were analyzed by using the Van
Soest methodology (Van Soest et al., 1991). Phytate-P
of the diets was predicted by near-infrared reflectance
spectroscopy (Evonik Nutrition & Care, Sao Paulo,
Brazil), similar to Beeson et al. (2017), and total sugars
and digestible amino acids were also predicted by near-
infrared reflectance spectroscopy.

The phytase product used was Ronozyme HiPhos
(Ronozyme HiPhos GT, DSM Nutritional Products,
Kaiseraugst, Switzerland), which is a 6-phytase origi-
nating from Citrobacter braakii and expressed in Asper-
gillus oryzae, with a minimum activity of 20,000 FYT /g
of the product. One FYT is defined as the quantity of
enzyme that liberates 1 pmol of inorganic phosphate
per minute from 5.0 pmol/L sodium phytate at pH 5.5
and 37°C (Engelen et al., 1994). The activity of phytase
in the supplemented diets was measured at Biopract
GmbH, Berlin, Germany. Enzyme recovery was calcu-
lated as the percentage of the measured enzyme activity
in the diet to the expected enzyme activity estimated
from the amount and minimum activity of enzymes
added to the diets.

Growth Performance

All the birds and feed leftovers were weighted at 1, 21,
and 42 d of age to calculate feed intake, WG, and feed
conversion ratio (FCR) from 1 to 21 and 22 to 42 d, cor-
rected to the weight of dead birds.

Digestibility Assay

At 21 and 42 d, 240 broilers on each day (60 per treat-
ment) were randomly selected and euthanized by cervi-
cal dislocation, according to the method described by
Ludtke et al. (2010), and the ileal content was collected
for digestibility analyses. The birds were eviscerated,
and an ileal fraction was separated for content removal,
defined as 4 cm below Meckel’s diverticulum and 4 cm
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above the ileum-cecum-colon junction. The ileal content
of all 5 birds from each replicate was pooled, placed in
identified plastic containers, and frozen at —18°C.

Samples were subsequently thawed to room tempera-
ture and dried in a forced ventilation oven at 55°C until
constant weight. Feed and ileal samples were then
ground to a particle size of 0.5 mm. The DM content
was obtained by oven drying the samples at 105°C for
16 h, and CP (method 954.01), ash (method 942.05),
Ca (method 927.02), and P (method 965.17) contents
were analyzed according to the methodology described
by AOAC (1995). Gross energy of the samples was deter-
mined in a calorimetric bomb (Tka Werke C2000 Control
Oxygen Bomb Calorimeter, Ika-Werke GmbH & Co.,
Staufen, Germany). Acid-insoluble ash (AIA) was used
as an insoluble marker compound in the digestibility cal-
culations, and AIA content in the samples was deter-
mined according to methodology used by Scott and
Boldaji (1997).

Based on the results, the coefficient of apparent ileal
digestibility (CAID) was calculated according to the
following formula:

CAID (%) =

incubated at 40°C with 12.75 g of acid and alkaline so-
lutions (15% DM) for 15 min at pH 3.0 *£ 0.25, fol-
lowed by 4 h incubation at pH 6.5 * 0.25 with
stirring (25 rpm, rotisserie agitation), to simulate the
pH and temperature of crop and intestinal digestion
phases, respectively. Hydrochloric acid solution
(0.065-0.085 M) was used to reach pH 3.0 = 0.25, after
which a 0.75 M sodium bicarbonate solution was added
to adjust the reaction to pH 6.5 %= 0.25. The reaction
was carried out without digestive enzymes (pepsin or
pancreatin) in order to assess only the effect of exoge-
nous phytase in the diets.

Once the incubation time was finalized, supernatants
were collected, filtered, and diluted. High performance
anion-exchange chromatography with conductivity
detection (HPAEC-CD) was used to quantify the
amount of soluble phosphate (PO, ®) using standard
solution series with fluoride, chloride, nitrite, sulfate,
bromide, nitrate, and phosphate in 6 concentration
levels (0.0025-0.075 g/L). PO, * was quantified on
an Dionex ICS-5000" Capillary HPIC System (Thermo
Fisher Scientific, Waltham, MA) equipped with an Ion-

_ (Nutrient in the diet)—(Nutrient in the ileal digesta XIF)

where IF (indigestibility factor) is the ratio between the
ATA content in the diet and the AIA in the excreta or
ileal digesta. Ileal digestible energy (IDE) was calculated
according to the following formula:

Nutrient in the diet

Pac AS11-HC column (250 X 4 mm) and an IonPac
AS11-HC guard column (4 X 50 mm). Potassium hy-
droxide (30 mM) mobile phase was used with a
1.5 mL/min flow.

IDE (kcal / kg DM) = GE of the diet—(GE of the ileal digesta X IF)

Plasmatic myo-inositol

At 21 and 42 d, 2 birds per replicate were randomly
chosen to collect 3 to 5 mL of blood, held in tubes with
heparin (Vacutainer Plus, BD, Franklin Lakes, NJ).
Immediately after blood collection, the tubes were
centrifuged at 3,000 rpm for 10 min to separate the
plasma from blood. After centrifugation, the obtained
plasma was held in graduated microtubes and frozen at
—20°C before being used for analysis. Concentration of
myo-inositol (MYO) in the plasma was determined by
mass spectrometry using an UPLC system (ACQUITY
UPLC System, Waters, Milford, MA) according to the
method described by Leung et al. (2011).

Phosphate (PO, ) Release In Vitro

Twelve feed samples of each treatment from each
phase (starter and grower/finisher, totaling 24 samples
of each treatment) were separated for in vitro tests,
which were conducted according to the methodology
described by Zyla et al. (1999). For the in vitro incuba-
tion model, 2.25 g of each sample were weighted and

Bone Mineral Composition

At 21 and 42 d of age, 2 broilers per replicate,
randomly selected from the 5 broilers euthanized for ileal
content collection on the same sampling day, had their
left legs manually removed. Tibial bones were severed
from the leg without boiling and cleaned of litter and
excrement. Bones were then cleaned with ether to
remove any remnants of fat and muscle, and oven-
dried at 105°C for 12 h. Bone length and weight mea-
surements were then noted by using a digital caliper
and a digital scale to the nearest 0.0001 g, and used in
the calculation of the Seedor Index (SI), by dividing
the bone weight by its length, as an indicative of bone
mineral density (Seedor, 1993). Dried bones were ashed
in a muffle furnace at 600°C and ash (method 942.05),
Ca (method 927.02), and P (method 965.17) contents
were analyzed according to AOAC (1995). Toes were
also removed from the same 21-d-old broiler chickens
euthanized for tibia collection. The middle toe was clip-
ped and cleaned; skin, flesh, and toenail of the middle toe
were kept intact; toes were ashed to determine ash con-
tent (method 942.05).
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Table 1. Composition and calculated analysis of the starter (0-21 d) diets.

SBM 45% + 1,000 FYT

SBM 47% + 1,000 FYT

SBM 45% + 2,500 FYT SBM 47% + 2,500 FYT

Ingredients (%)

Corn 55.963
SBM 30.040
Soybean hull 5.810
Soybean oil 3.650
Limestone 1.070
Dicalcium phosphate 0.970
Sodium chloride 0.470
L-Lysine HC1 0.283
L-Threonine 0.085
L-Valine 0.071
DL-Methionine 0.326
Choline chloride 0.070
Vitamin premix’ 0.130
Mineral premix” 0.050
Phytase” 0.005
Celite" (marker) 1.000
Calculated chemical composition
Metabolizable energy (kcal) 3,070
Sodium (%) 0.20
Chlorine (%) 0.35
Analyzed chemical composition

CP (%) 21.09
Ca (%) 1.00
Total P (%) 0.60
Ash (%) 6.70
Crude fiber (%) 4.18
Acid detergent fiber (%) 6.12
Neutral detergent fiber (%) 12.65

Analyzed composition via near-infrared reflectance spectroscopy
Phytate-P (%) 0.22
Total sugars (%) 3.68
Digestible lysine (%) 1.20

Digestible methionine (%) 0.62
Methionine + cysteine (%) 0.90
Digestible threonine (%) 0.73
Digestible tryptophan (%) 0.20
Digestible valine (%) 0.86

3,070

60.615 55.963 60.615
30.050 30.040 30.050
2.980 5.810 2.980
1.800 3.650 1.800
1.120 1.070 1.120
0.970 0.970 0.970
0.470 0.470 0.470
0.292 0.283 0.292
0.074 0.085 0.074
0.063 0.071 0.063
0.311 0.326 0.311
0.070 0.070 0.070
0.130 0.130 0.130
0.050 0.050 0.050
0.005 0.013 0.013
1.000 1.000 1.000
3,070 3,070
0.20 0.20 0.20
0.35 0.35 0.35
21.13 21.03 21.60
0.99 1.10 1.06
0.62 0.59 0.61
6.90 6.79 6.83
3.29 4.31 3.22
4.87 6.09 4.78
11.21 12.55 11.07
0.25 0.19 0.24
3.55 3.64 3.57
1.18 1.21 1.22
0.58 0.61 0.64
0.86 0.85 0.91
0.74 0.72 0.79
0.21 0.19 0.24
0.90 0.87 0.91

Abbreviations: FYT, phytase units; SBM, soybean meal.

!Supplied per kilogram of product: copper, 20 g; iron, 100 g; iodine, 2 g; manganese, 130 g; zinc, 130 g.

2Supplied per kilogram of product: vitamin A, 11,000,000 UT; vitamin D3, 4,000,000 UI; vitamin E, 55,000 UI; vitamin K3, 3 g; vitamin B1, 2.3 g;
vitamin B2, 7 g; pantothenic acid, 12 g; vitamin B6, 4 g; vitamin B12, 25 mg; nicotinic acid, 60 g; folic acid, 2 g; biotin, 250 mg; selenium, 300 mg.

*RONOZYME HiPhos GT with 20,000 FYT/g (DSM Nutritional Products, Kaiseraugst, Switzerland).

“Celite insoluble marker (Celite 400, Celite Corp., Lompoc, CA).

Experimental Design and Statistical
Analysis

All collected data were tested for residue normality by
Shapiro-Wilk test, and after a normal distribution was
detected, data were used for a two-way ANOVA using
the linear model of ExpDes package (Experimental De-
signs Package, E. B. Ferreira et al., Belo Horizonte,
Minas Gerais, Brazil) Ferreira et al., 2013, including 2
main factors and their interaction, on R program (R
Foundation for Statistical Computing, Vienna,
Austria). When significant interactions were observed,
their deployment was submitted to Tukey test at 5%
probability for mean comparison.

RESULTS AND DISCUSSION

The analysis of phytase recovery in the experimental
diets showed a low variation between expected and

analyzed values (Table 4), which certifies that the
enzyme activity was in line with each dietary treatment
proposal.

Growth Performance

No interaction between factors was observed
(P > 0.05) for growth performance variables from 0 to
21 d and 22 to 42 d (Table 5). When evaluating the
main effects, the inclusion of 2,500 FYT/kg of feed
increased WG from 0 to 21 d (P < 0.05) by 3.11%
compared to broiler chickens fed diets containing 1,000
FYT/kg. The effects of phytase on growth performance
are well known, and there seems to be an even further
response with higher doses. In a recent study, Broch
et al. (2018) evaluated increasing levels of phytase up
to 3,000 FYT for 21-day-old broiler diets and reported
a linear response for all growth performance measure-
ments. Kiarie et al. (2015) also observed that phytase
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Table 2. Composition and calculated analysis of the grower/finisher (22-42 d) diets.

SBM 45% + 1,000 FYT

SBM 47% + 1,000 FYT

SBM 45% + 2,500 FYT SBM 47% + 2,500 FYT

Ingredients (%)

Corn 63.971
SBM 24.200
Soybean hull 4.100
Soybean oil 3.700
Limestone 0.770
Dicalcium phosphate 0.970
Sodium chloride 0.470
L-Lysine HCI 0.220
L-Threonine 0.054
L-Valine 0.043
DL-Methionine 0.247
Choline chloride 0.050
Vitamin premix’ 0.100
Mineral premix” 0.100
Phytase’ 0.005
Celite” (marker) 1.000
Calculated chemical composition
Metabolizable energy (kcal) 3,220
Sodium (%) 0.18
Chlorine (%) 0.32
Analyzed chemical composition

CP (%) 18.38
Ca (%) 0.80
Total P (%) 0.50
Ash (%) 6.09
Crude fiber (%) 3.61
Acid detergent fiber (%) 5.20
Neutral detergent fiber (%) 11.83

Analyzed composition via near-infrared reflectance spectroscopy

Phytate-P (%) 0.23
Total sugars (%) 3.18
Digestible lysine (%) 0.95
Digestible methionine (%) 0.48
Methionine + cysteine (%) 0.80
Digestible threonine (%) 0.60
Digestible tryptophan (%) 0.19
Digestible valine (%) 0.74

3,220

66.548 63.963 66.540
24.200 24.200 24.200
2.320 4.100 2.320
2.900 3.700 2.900
0.790 0.770 0.790
0.970 0.970 0.970
0.470 0.470 0.470
0.220 0.220 0.220
0.048 0.054 0.048
0.038 0.043 0.038
0.241 0.247 0.241
0.050 0.050 0.050
0.100 0.100 0.100
0.100 0.100 0.100
0.005 0.013 0.013
1.000 1.000 1.000
3,220 3,220
0.18 0.18 0.18
0.32 0.32 0.32
18.82 18.57 18.41
0.73 0.80 0.79
0.51 0.54 0.53
6.04 6.03 5.98
2.91 3.55 2.98
4.38 5.16 4.41
10.98 11.78 11.02
0.21 0.24 0.19
2.97 3.25 3.05
1.01 0.97 0.94
0.53 0.52 0.50
0.72 0.79 0.78
0.67 0.68 0.63
0.20 0.17 0.17
0.78 0.75 0.72

Abbreviations: FYT, phytase units; SBM, soybean meal.

'Supplied per kilogram of product: copper, 20 g; iron, 100 g; iodine, 2 g; manganese, 130 g; zinc, 130 g.

2Supplied per kilogram of product: vitamin A, 11,000,000 UT; vitamin D3, 4,000,000 UI; vitamin E, 55,000 UL; vitamin K3, 3 g; vitamin B1, 2.3 g;
vitamin B2, 7 g; pantothenic acid, 12 g; vitamin B6, 4 g; vitamin B12, 25 mg; nicotinic acid, 60 g; folic acid, 2 g; biotin, 250 mg; selenium, 300 mg.

*RONOZYME HiPhos GT with 20,000 FYT/g (DSM Nutritional Products, Kaiseraugst, Switzerland).

“Celite insoluble marker (Celite 400, Celite Corp., Lompoc, CA).

inclusion linearly increased growth performance of
broilers fed a low Ca and P diet supplemented with
2,000 FTU, as WG improved by 20% and FCR by
7.4% in comparison to birds fed the same diet without
phytase. According to Walk et al. (2014), the benefits
of phytase on WG and FCR of poultry are associated
with greater phytate destruction and provision of
inositol rather than excess intake of Ca and P. High phy-
tase doses tested by the authors resulted in almost com-
plete hydrolysis of IPg, increasing inositol concentration
in the gizzard and improving growth performance.

The protein concentration of SBM had no significant
effect (P > 0.05) on growth performance variables in
both the evaluated age groups, contrary to other studies.
Park et al. (2001), for instance, obtained higher WG and
feed efficiency in broilers fed SBM with 48.3% CP
compared to an SBM with 45% CP. Gerber et al. (2006)
also observed greater WG and FCR on 21-day-old

Table 3. Nutritional composition of corn, soybean meal, and soy-
bean hull.

Nutrient (%) Corn Soybean meal Soybean hull

Analyzed chemical composition

CP 8.30 50.10 12.40
Crude fiber 2.01 3.11 37.62
Neutral detergent fiber 10.90 9.02 61.55
Acid detergent fiber 2.92 5.40 46.93
Ash 1.11 5.65 4.49
Ca 0.03 0.38 0.36
Total P 0.23 0.64 0.13
Analyzed composition via near-infrared reflectance spectroscopy
Phytate-P 0.15 0.38 0.07
Total sugars 1.10 9.70 1.11
Digestible lysine 0.18 2.78 0.43
Digestible methionine 0.15 0.63 0.09
Methionine + cysteine 0.29 1.28 0.14
Digestible threonine 0.29 1.71 0.18
Digestible tryptophan 0.06 0.59 0.06
Digestible valine 0.31 2.09 0.29
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Table 4. Expected and analyzed' phytase activity recovered in
feed samples.

Phytase” (FYT/kg)
Starter diet

Grower-finisher diet

Treatment Expected Analyzed FExpected Analyzed
SBM 45% + 1,000 FYT 1,000 938 1,000 987
SBM 47% + 1,000 FYT 1,000 1,040 1,000 1,023
SBM 45% + 2,500 FYT 2,500 2,426 2,500 2,332
SBM 47% + 2,500 FYT 2,500 2,359 2,500 2,864

Abbreviations: FYT, phytase units; SBM, soybean meal.

}Recovery analysis performed by Biopract GmbH, Berlin, Germany.

2Enzyme activity is expressed as the quantity of product added in the
feed.

broilers fed SBM with 48% CP compared to 44% CP.
These reported improvements in growth performance
can be associated to the nutritional composition of
SBM, as SBM with greater CP content, or less hull, con-
tains relatively less fiber and higher metabolizable energy
than non-dehulled SBM (Swick, 1998; Ibdfnez et al.,
2020). However, the alteration of SBM CP content in
this study with the different additions of hull was presum-
ably not sufficient to cause significant effects on growth
performance or even to generate an interaction with the
supplemented phytase doses on performance variables.

Digestibility

No interaction was observed between factors for
CAID variables at 21 d (P > 0.05; Table 6). When
analyzing the main effects separately, protein concentra-
tion of SBM had a significant effect on the CAID of P
(P < 0.05), as the SBM with 45% CP resulted in a
3.92% higher P digestibility compared to SBM 47%.
Phytase supplementation had significant effects on
CAID of DM, ash, P, and also IDE (P < 0.01) which
were, respectively, increased by 2.13, 2.77, 8.1%, and
175 kcal with the inclusion of 2,500 FYT in comparison
to the 1,000 FYT dose. Similarly, Cowieson et al. (2006)

and Kiarie et al. (2015) demonstrated that high doses of
phytase (1,200 and 2,000 FTU/kg, respectively)
improved apparent and total P digestibility compared
with lower doses of phytase, which is duly expected since
more phytate-P is released and absorbed.

Although the CAID of CP and Ca were affected
neither by SBM protein concentration nor by phytase in-
clusion at 21 d (P > 0.05), an interaction was observed
for ileal digestibility of all the evaluated nutrients and
IDE at 42 d (P < 0.05; Table 7). The highest CAID of
DM, CP, ash, Ca, and P, as well as IDE, were obtained
from broilers fed SBM with 47% CP and supplemented
with 2,500 FYT when compared to treatments with
lower protein concentration (45%), and lower phytase
dose (1,000 FYT). Regarding Ca, higher dietary levels
of this mineral can contribute to the formation of stable
complexes between Ca and phytate, inhibiting the latter
hydrolysis (Amerah et al., 2014), but Ravindran et al.
(2008) demonstrated that phytase supplementation
(500 FTU /kg) can efficiently improve the ileal availabil-
ity of Ca and other minerals. Similar to our results,
Santos et al. (2008) verified that Ca digestibility was
not affected by phytase in 21-day-old broilers, but was
rather improved with the use of 1,000 FTU in older
broiler diets (35-day-old). The authors linked this result
to the higher Ca:P ratio in their starter diets, although in
the current study the Ca:P ratio was kept at 2:1 in both
diets. The lack of effect on Ca digestibility, and also CP
digestibility at 21 d is more likely related to age factors
that affect phytase efficacy, such as gut development
(Babatunde et al., 2019).

Extra-phosphoric effects were observed in this study,
as DM, Ca, and CP ileal digestibility, and also energy
utilization were improved by the higher phytase dose.
Other studies have highlighted the effect of high doses
of phytase on increasing dietary energy, digestibility,
and solubility of nutrients other than P in broiler diets
(Walk et al., 2013; Cowieson et al., 2017; Dersjant-Li
and Kwakernaak, 2019; Walk and Rama Rao, 2020).

Table 5. Effect of protein concentration of SBM and phytase doses on FI, WG, and FCR of broiler chickens.

0-21d 22-42d
SBM (% CP)  Phytase (FYT/kg) FI (g) WG (g) FCR (g/g) FI (g) WG (g) FCR (g/g)
SBM X phytase
45 1,000 855.33 782.45 1.097 3,640.51 2,226.10 1.635
47 866.00 784.27 1.093 3,699.28 2,274.33 1.626
45 2,500 881.24 808.40 1.083 3,638.52 2,215.35 1.642
47 881.68 808.47 1.085 3,633.67 2,245.28 1.618
SEM 11.135 6.744 0.005 37.085 22.060 0.004
Effect of SBM (% CP)
45 868.28 795.42 1.090 3,639.49 2,220.65 1.640
47 873.84 796.37 1.089 3,666.39 2,259.74 1.622
Effect of phytase (FYT /kg)
1,000 866.28 783.36 1.095 3,669.84 2,250.01 1.631
2,500 881.46 808.43 1.084 3,636.05 2,230.22 1.630
P-values
SBM 0.620 0.888 0.880 0.472 0.081 0.062
Phytase 0.078 0.006 0.135 0.367 0.370 0.971
Interaction 0.648 0.896 0.678 0.395 0.680 0.386

Abbreviations: FCR, feed conversion ratio; FI, feed intake; FYT, phytase units; SBM, soybean meal; WG, weight

gain.
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Table 6. Effect of protein concentration of SBM and phytase doses on the CAID of DM, CP, ash, Ca,
and P, and IDE of broiler chickens at 21 d.

SBM (% CP)  Phytase (FYT/kg) DM (%) CP (%) Ash(%) Ca (%) P (%) IDE (kcal)
SBM X phytase
45 1,000 70.79 81.89 51.62 63.05 71.53 3,472
47 69.65 81.39 50.16 59.69 65.03 3,431
45 2,500 71.55 81.71 52.40 63.42 77.06 3,616
47 73.25 82.88 54.92 62.50 75.70 3,639
SEM 0.754 0.594 1.130 1.880 1.526 30.100
Effect of SBM (% CP)
45 7117 81.80 52.01 63.23 74.29 3,544
47 71.45 82.13 52.54 61.10 70.37 3,535
Effect of phytase (FYT/kg)
1,000 70.27 81.64 50.89 61.37 68.28 3,452
2,500 72.40 82.30 53.66 62.96 76.38 3,627
P-values
SBM 0.716 0.577 0.641 0.261 0.013 0.770
Phytase 0.006 0.277 0.018 0.403 <0.001 <0.001
Interaction 0.070 0.165 0.086 0.519 0.100 0.297

Abbreviations: CAID, coefficient of apparent ileal digestibility; FYT, phytase units per kg of feed; IDE, ileal
digestible energy; SBM, soybean meal.

As stated by Beeson et al. (2017), greater concentrations
of phytase in the diet can intensify the dephosphoryla-
tion of phytate, contributing to the elimination of IPg
and lesser phytate esters (IP5-IP;) from the tract and
therefore increasing the availability of the previously
phytate-bound nutrients, in addition to improving the
overall nutrient solubility as the antinutritional effects
caused by the presence of phytate are hindered.

The digestibility results obtained from the interac-
tion between phytase and protein concentration of
SBM are possibly related to the different inclusions of
soybean hull to the diets, because, as mentioned before,
dehulled SBM has a better nutritional quality than
non-dehulled SBM (Swick, 1998; Ibafiez et al., 2020).
Studies have demonstrated that greater presence of
indigestible carbohydrates in SBM, such as fiber and
oligosaccharides, can hinder the utilization of dietary
protein, amino acids, and energy in diets for poultry

(Kocher et al., 2003; Gerber et al., 2006; Choct et al.,
2010; Singh et al., 2019), and that is because enzymes
will have limited access to substrates held in the cell
wall. Other aspects of SBM also have an influence on
the nutritional value, for example source and genotype,
which in turn affects the digestibility of SBM nutrients
(Coca-Sinova et al., 2008), and its response to exoge-
nous enzymes (Singh et al., 2019). In addition, 10%
of phytate content in grains are located in the hull
(Abdelrahman et al., 1984), so a greater inclusion of
hull would also increase the presence of phytate in
the diet. According to Cowieson et al. (2016), the con-
centration of phytate in a diet required to elicit a
response of high phytase dosing is not known, although
there seems to be a particular threshold over which
phytase responses are elevated, or higher phytase inclu-
sion concentrations are justified. In this study, the use
of an SBM with greater concentration of CP (47%), or

Table 7. Effect of protein concentration of SBM and phytase doses on CAID of DM, CP, ash, Ca, and

P, and IDE of broiler chickens at 42 d.

SBM (% CP)  Phytase (FYT/kg) DM (%) CP (%) Ash (%) Ca (%) P (%) IDE (kcal)
SBM X phytase'
45 1,000 67.61° 80.54" 49.77° 59.49>  75.90°  3,155°
47 67.34" 80.63" 46.08° 52.67° 70.45°  3,160°
45 2,500 68.59" 79.85" 46.00° 52.61¢ 7479 3,345°
47 76.42° 84.08" 54.03" 64.82*  81.22"  3,641"
SEM 0.654 0.352 0.606 1.183 0.843 31.271
Effect of SBM (% CP)
45 69.10 80.19 47.88 56.05 7534 3,250
47 71.80 82.30 50.06 58.74 75.83 3,401
Effect of phytase (FYT /kg)
1,000 67.47 80.58 47.92 56.08 7317 3,158
2,500 72.50 81.96 50.00 58.71 78.01 3,493
P-values
SBM <0.001 0.647 0.001 0.313 0.845 0.030
Phytase 0.061 0.837 0.008 0.070 0.006 <0.001
Interaction 0.001 0.027 <0.001 <0.001 <0.001 <0.001

Abbreviations: CAID, coefficient of apparent ileal digestibility; FYT, phytase units per kg of feed; IDE, ileal
digestible energy; SBM, soybean meal.
"Means followed by superscripted letters (a, b, ¢) differ in the same column (P < 0.05).
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less inclusion of hull, together with a higher dose of
phytase (2,500 FYT/kg), led to improvements in
nutrient and energy utilization at 42 d.

myo-inositol

No interactions were observed for plasma MYO
(P > 0.05; Table 8) at 21 and 42 d. This variable was
not affected by SBM protein content at either of the
evaluated ages (P > 0.05), but plasma MYO of both
21 and 42-day-old broiler chickens was, respectively,
26.76 and 9.97% higher with the use of 2,500 FYT
compared to the lower dose (P < 0.01). By potentializing
phytate hydrolysis, the use of higher doses of phytase
also increases the concentration and absorption of
myo-inositol, which results from the complete dephos-
phorylation of phytate, as has been verified by other
studies (Cowieson et al., 2015; Sommerfeld et al., 2018;
Walk and Olukosi, 2019). Once absorbed, the MYO
molecule seems to take part in many metabolic func-
tions, such as glycose transportation processes by acting
as an insulin-mimetic, lipid metabolism, osmotic balance
in specific tissues, mineral absorption, and antioxidant
functions (Gonzalez-Uarquin et al., 2020). For this
reason, greater cellular concentrations of MY O are often
associated to better growth performance and nutrient
availability for broiler chickens (Pirgozliev et al., 2017,
Sommerfeld et al., 2018; Pirgozliev et al., 2019). In the
current study, however, even though plasma MYO was
increased by the higher phytase dose at 42 d, it appar-
ently had no effect on growth performance from 22 to
42 d.

PO, 3 Release In Vitro

The determination of PO, ® in chemical samples has
been carried out by many studies with ion chromatog-
raphy methods (Kaiser et al., 2001; DeBorba et al.,

1050
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Figure 1. Effect of different phytase doses on phosphate in vitro
release of corn- and soybean meal-based starter diets of broiler chickens
(P < 0.01; SEM = 18.012). Means followed by different superscripted
letters (a, b) differ (P < 0.05). Abbreviation: FYT, phytase units.

2004; Geng et al., 2008). Talamond et al. (2000) pro-
posed the use of HPAEC-CD as a technique to determine
the presence of phytic acid in food samples, and the au-
thors proved that it was capable of quantifying this an-
alyte from different sources, such as cereals and oilseeds.
In the current study, the HPAEC-CD technique was
used to quantify PO, * from feed samples, by measuring
the conductivity generated by PO, * groups released
from IPg hydrolysis and comparing it with previously
defined standard curves.

In the starter phase diets, PO, ® availability was
greater in feed containing 2,500 FYT /kg rather than
1,000 FYT/kg (P < 0.01; Figure 1), as in vitro PO, ~*
release was increased by 11.07% with the higher phytase
dose. This result is an outcome of a greater rate of phy-
tate dephosphorylation, as the PO, * groups are being
released from the IPg myo-inositol ring. Other studies
also used ion chromatography to evaluate the efficacy
of phytase in vitro, but with different phosphate or sugar
phosphate detection methods, that is quantifying phy-
tate lower esters (IP5-IP;) rather than the presence of
PO, ® groups. Menezes-Blackburn et al. (2015)
compared the efficacy of 7 commercial phytases in an
in vitro simulation of poultry gastrointestinal tract and
observed that the use of increasing doses up to 1,000
FTU resulted in greater presence of myo-inositol phos-
phate esters in wheat samples compared to lower doses
of the enzymes. Zeller et al. (2015) also detected greater
in vitro concentrations of IP5-IP; on corn-SBM complete
diets with the addition of 3 commercial phytases
(1 Aspergillus niger and 2 FEscherichia coli) at the
same doses (~450 phytase units/kg) compared to the
same diet without phytase. Similarly, Hirvonen et al.
(2019) reported a reduction of feed phytate and accumu-
lation of lower phosphate esters in corn, SBM, and com-
plete corn-SBM diets, as IPg from corn and SBM
samples, for example, was 100% hydrolyzed with the
addition of 1,500 and 2,000 FTU/kg doses. Although
the detection method of phosphates in these previous

Table 8. Effect of protein concentration of SBM and phytase doses
on the plasmatic levels of MY O in broiler chickens at 21 and 42 d of
age.

MYO (pmol/L)

SBM (% CP) Phytase (FYT/kg) 21d 42d
SBM X phytase
45 1,000 243.42 252.00
47 209.33 240.25
45 2,500 286.25 266.83
47 307.00 276.75
SEM 16.188 11.487
Effect of SBM (% CP)
45 264.83 259.39
47 258.17 258.44
Effect of phytase (FYT /kg)
1,000 226.37 246.05
2,500 296.33 271.78
P-values
Soybean 0.682 0.936
Phytase 0.001 0.030
Interaction 0.104 0.350

Abbreviations: FYT, phytase units per kg of feed; MY O, myo-inositol;
SBM, soybean meal.
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Figure 2. Effect of protein concentration of SBM and different phytase doses on phosphate in vitro release of corn- and SBM-based grower /finisher
diets of broiler chickens (P < 0.05; SEM = 22.670). Means followed by different superscripted letters (a, b) differ (P < 0.05). Abbreviations: FYT,

phytase units; SBM, soybean meal.

studies differs from the one applied in the current study,
they equally prove the enzyme efficacy in hydrolyzing
phytate, and how this reaction can be further potential-
ized with the use of greater doses, above 1,000 FYT /kg.

In the grower /finisher diets, there was an interaction
between phytase doses and protein content of SBM
(P > 0.05; Figure 2), as the diet with SBM 47% CP
and 2,500 FYT /kg resulted in a greater in vitro release
of PO, ? compared to other treatments. This outcome
can be compared to the observed values with nutrient
ileal digestibility at 42 d, in which this same dietary

treatment had the best results for nutrient CAID and
IDE. Again, this greater PO, * release could be linked
to the better nutritional quality of the SBM (less hull in-
clusion; less phytate and higher concentration of CP),
which, together with a greater phytase dose, led to a
more efficient phytase activity.

Bone Mineral Composition and Toe Ash

Adequate bone mineralization is a reflection of good
bone quality, associated to high animal growth

Table 9. Effect of protein concentration of SBM and phytase doses on ash, Ca, and P percentage and SI of tibia bone and toe ash of 21-day-

old broiler chickens and tibia bone of 42-day-old broiler chickens.

21d 42 d
SBM (% CP)  Phytase (FYT/kg) Ash (%) Ca (%) P (%) SI(mg/mm) Toeash (%) Ash (%) Ca(%) P (%) SI(mg/mm)
Interaction’
45 1,000 56.06 19.81° 10.02 25.74 42.44 44.39 15.64™P 8.42 73.22
47 56.58 22.03* 10.13 25.31 43.70 44.36 15.41%P 8.26 74.79
45 2,500 58.23 22.82% 10.28 27.42 44.12 43.89 15.17° 8.37 73.04
47 58.56 21.50" 10.14 27.66 44.14 44.83 15.85" 8.63 75.23
SEM 0.291 0.332 0.051 0.267 0.388 0.654 0.188 0.142 1.948
Effect of SBM (% CP)
45 57.14 21.32 10.15 26.58 43.28 44.14 15.46 8.41 73.13
47 57.57 21.75 10.13 26.48 43.91 44.60 15.69 8.45 75.01
Effect of phytase (FYT /kg)
1,000 56.30 20.90 10.07 25.52 42.44 44.38 15.92 8.36 74.00
2,500 58.40 22.15 10.21 27.53 44.13 44.36 15.23 8.50 74.14
P-values
SBM 0.352 0.456 0.836 0.882 0.112 0.980 0.921 0.343 0.945
Phytase <0.001 0.040 0.155 0.004 0.008 0.505 0.242 0.842 0.339
Interaction 0.837 0.003 0.161 0.619 0.116 0.479 0.020 0.120 0.874

Abbreviations: FY'T, phytase units per kg of feed; SBM, soybean meal; SI, Seedor Index.
"Means followed by superscrpited letters (a, b, ¢) differ in the same column (P < 0.05).
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performance, substantial to support muscular develop-
ment (Cardoso et al., 2010), and is commonly used as
an indicator of adequate dietary P availability and
absorption (Watkins, 1992); hence its importance in
studies involving phytase supplementation. In this
study, an effect of interaction (P < 0.01) was
observed for Ca content in the tibia bone on day 21
(Table 9). Broiler chickens fed the diet with SBM
45% and 1,000 FYT showed a lower bone Ca content
than other treatments. When increasing the phytase
dose to 2,500 FYT, bone Ca content was statistically
similar for both SBM protein concentrations. Possibly,
the dietary treatment with lower phytase dose and
inferior nutritional quality of SBM (i.e., higher addi-
tion of soybean hull) enabled the formation of Ca-
phytate complexes that impaired Ca availability
(Amerah et al., 2014), which could explain the less
Ca retention in the bone, although Ca digestibility
at 21 days was not significantly affected by the die-
tary treatments. On day 42, an interaction was
observed for Ca content as well (P < 0.05). Using
SBM 47% and 2,500 FYT provided greater Ca con-
tent in the tibia. Ca digestibility for the same dietary
treatment on day 42 was also greater than the other
treatments, which helps explain the increased Ca con-
tent found in the tibia. Treatments had no effect on
the tibia mineral composition variables (ash, P, and
SI) on day 42.

Considering the main effects observed on day 21, sup-
plementation with a higher phytase dose (2,500 FYT)
resulted in a 2.10% greater ash content in the bone
(P < 0.001), greater SI (P < 0.01), and 1.69% greater
toe ash (P < 0.01) in comparison to the lower dose
(1,000 FYT). Greater bone ash is associated with an in-
crease in the amount of available P (Mitchell and
Edwards, 1996), and is also described as an efficient
parameter to estimate the amount of released phytate-
P in corn- and SBM-based diets (Pereira et al., 2012).
Many studies have similarly reported greater ash con-
tent in the tibia bone of broilers fed phytase-
supplemented diets (Camden et al., 2001; Han et al.,
2009; Sousa et al., 2015; Walk and Rama Rao, 2020).
Toe ash is also considered to be equivalent to tibia
bone ash as a means of determining bone quality (Fritz
and Roberts, 1968; Yoshida and Hoshii, 1983; Yan
et al., 2005), and was also increased with the use of a
higher phytase dose. SI takes into consideration bone
volume, and a greater SI value means greater bone min-
eral density (Seedor, 1993), possibly a reflection of higher
bone ash content.

SBM protein concentration had no significant effect
on bone mineral composition variables (P > 0.05), and
treatments did not affect bone P content (P > 0.05) in
either of the age groups. Because ash content was signif-
icantly greater with the use of a higher phytase dose, P
content in the bone was expected to increase as well.
Walk and Rama Rao (2020) have shown, however,
that random variabilities or differences in Ca and P con-
tent in the bone matrix could explain variabilities
regarding bone mineral composition results.

CONCLUSIONS

The supplementation of a higher phytase dose (2,500
FYT /kg) in both starter and grower /finisher stages pro-
moted positive effects on ileal nutrient digestibility,
digestible energy, and bone mineralization, in addition
to greater myo-inositol provision, and phosphate
in vitro release. Even though the CP concentration of
SBM had no significant effects per se, the detected inter-
actions showed that the use of an SBM of superior nutri-
tional quality combined with higher phytase doses
enhances diet digestibility, energy utilization, and phy-
tate hydrolysis, although growth performance was not
altered by the dietary treatments.
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