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Simple Summary: Although total calcium (Ca) is still commonly used in commercial poultry diet
formulation, it does not consider how much Ca the broilers can use on a biological level. This study
aimed to measure how much Ca and phosphorus (P) from plant-based feed ingredients the broilers
can digest, both with and without the addition of phytase. The goal of this study was to gather
information to aid in the transition towards a system that uses digestible Ca and P for poultry diet
formulation, improving accuracy, mineral utilization, and sustainability in global poultry farming.

Abstract: To begin formulating broiler diets on a digestible calcium (Ca) basis, robust Ca digestibility
values for ingredients and factors affecting this digestibility are needed. This study had three main
objectives: (1) determine the standardized ileal digestibility (SID) of Ca and phosphorus (P) for seven
plant-based feed ingredients in broilers, (2) assess the impact of phytate source on SID Ca from
limestone (LS), and (3) evaluate the effect of phytase on SID Ca and P for the different ingredients.
Two experiments were conducted to satisfy these objectives. In Experiment 1, a 4 × 2 × 2 factorial
design was used, with four plant-based feed ingredients (corn, wheat, sorghum, and full-fat soybean
meal (FFS)), two LS inclusions in the diet (absence of LS and the inclusion of LS required to achieve
0.65% Ca in the final diet), and two phytase doses (0 and 1000 FTU/kg diet). Experiment 2 utilized a
3 × 2 × 2 factorial design with three plant-based ingredients (soybean meal (SBM), rapeseed meal
(RSM), and sunflower meal (SFM)), two LS inclusions in the diet (absence of LS and the inclusion
of LS required to achieve 0.65% Ca in the final diet), and two phytase doses (0 and 1000 FTU/kg
diet). The trial had eight replicate pens (6 broilers/replicate) per treatment. Data were analyzed
using a factorial analysis in JMP Pro 16.0 with means separation performed when p < 0.05, using
Tukey HSD. The SID Ca in the absence of phytase for wheat (72.9%) and FFS (69.9%) was higher
(p < 0.05) than for sorghum (54.5%) and corn (46.3%). In Experiment 2, the SID Ca in the absence
of phytase from SFM (61.0%) was higher (p < 0.01) than RSM (42.7%) and SBM (46.8%). The SID
Ca from added LS was affected by the ingredient, with diets containing wheat and FFS resulting
in the lowest (p < 0.05) SID Ca versus those containing corn and sorghum irrespective of phytase
dose in Experiment 1, and the lowest (p < 0.05) for SBM and RSM vs. SFM in the absence of phytase
in Experiment 2. Phytase supplementation increased (p < 0.01) SID Ca and SID P across all feed
ingredients compared to non-supplemented diets. There was a two-way interaction (p < 0.01) of LS
addition and ingredient on SID P in both experiments. The results of this study provide SID Ca and
SID P values from the selected ingredients and show that phytate from different ingredients reacts
differently with Ca from LS and should be considered when developing SID coefficients of Ca and P
for use in commercial broiler feed formulation. The SID coefficients of Ca and P for the individual
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feed ingredients evaluated in this study will allow for the further development and transition towards
dCa and dP in commercial feed formulation.

Keywords: broiler; digestible calcium and digestible phosphorus; phytate phosphorus; plant-
based ingredients

1. Introduction

In modern broiler nutrition, calcium (Ca) remains the only macronutrient in commer-
cial feed formulations for which requirements are specified based on total content rather
than considering the digestibility or availability of the nutrient to the broiler [1,2]. This cou-
pled with the slow adoption of a digestible phosphorus (dP) system leads to the potential
over or undersupply of these nutrients to broilers. Most nutritionists utilize a total Ca (tCa)
to available (AvP) or dP ratio to formulate for Ca and P without fully understanding the
availability of Ca to the broiler from the ingredients used in the diet. Research has shown
that optimizing Ca nutrition can minimize inorganic phosphate use by reducing phytate
interactions with Ca particularly from limestone (LS) [3,4]. This underscores the need for
standardized ileal digestible (SID) Ca values for ingredients, that would allow for reduced
over or under formulation of Ca in broiler diets, and in doing so enhancing phytase efficacy
and P and Ca digestibility. Furthermore, the development of SID Ca coefficients from plant-
based feed ingredients allows for the formulation based on an actual digestible Ca (dCa)
value that can allow for reduced tCa in the diets in turn reducing LS inclusion. Reduction
in tCa has shown to lead to better amino acid [5], fat [6], phytase efficacy [7,8] and micro
mineral [9] absorption, allowing for lower nutrient levels, representing for more economical
and sustainable diets. The addition of LS is used as a predominant source of Ca in broiler
diets due to its affordability and availability, accounting for 60–75% of the analyzable Ca in
a typical grower diet. The variability in LS physical and chemical characteristics, such as
solubility, particle size, mineral composition, and geological origin, significantly influences
Ca digestibility in broilers [7,8,10–16]. Additionally, dietary phytate source, concentration
as well as phytase concentrations further affect Ca digestibility through mineral phytate
interactions [17,18]. Prediction equations to quantify these complex interactions influencing
Ca digestibility from LS have been developed and validated [19]. The effect of phytate-P
(PP) concentration on Ca digestibility from LS has been documented [18], however there is
limited work evaluating the impact of phytate source on Ca digestibility from LS [8], where
differences in Ca digestibility are noted based on the source of phytate in the diet.

The SID Ca values in published literature for individual feed ingredients demonstrate
inconsistencies that can be attributed to differences in the methodology used to determine
SID Ca [20]. Accurate Ca digestibility values for plant-based ingredients are essential for
more accurate diet formulation and optimization of phytase efficacy. There is limited data
available for Ca digestibility for feed ingredients of plant origin. Plant-based ingredients
by nature have a lower Ca content compared to ingredients of animal origin, which has led
to difficulty in determining the Ca digestibility as in the instance of corn (0.01 to 0.02% Ca).
When determining Ca digestibility coefficients for feed ingredients with low Ca content
(lowest in grains), it is essential to develop robust values due to the error associated with
the determination of these ingredients. Even though Ca in corn is low, in a withdrawal diet
with corn as the main grain, corn can account for 15 to 30% of the total analyzable Ca in
the diet, underscoring the importance of determining Ca digestibility in this ingredient.
In a typical commercial starter diet with an inclusion of 35% SBM with a Ca content of
0.24%, SBM can contribute 0.08% tCa or around 12% of the analyzable Ca in the diet. Feed
ingredients that contribute significant amounts of Ca to the diet, such as meat and bone
meals, monocalcium phosphate, and dicalcium phosphate, have been evaluated [8,21,22].
Currently, limited published values are available for the Ca digestibility from SBM [20,23]
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and few studies [23–25] are available for SID Ca from canola meals. There are no published
values to the author’s knowledge for SID Ca for other ingredients of plant origin.

Phytase is commonly added to poultry diets to enhance P availability through its
hydrolysis of phytate-bound P. However, its effects on Ca digestibility are less consistent,
with studies reporting variable outcomes [26–28]. Increasing the dose of phytase, often
exceeding the traditional 500 FTU/kg diet, has shown potential to improve growth perfor-
mance and nutrient digestibility, including that of Ca and P, by reducing the anti-nutritive
effects of phytate [29].

Given the complexities and inconsistencies in Ca and P digestibility across different
feed ingredients and the potential effects on phytase efficacy, this study aims to determine
the SID Ca and P from various feed ingredients with and without phytase supplementation
as well as the impact that different feed ingredients have on SID Ca from LS. The findings
will contribute to and further the development of more accurate broiler diet formulations,
promoting better nutrient utilization, improving the economics of production [30] and
reducing mineral excretion, which is important for the sustainability of poultry production.

2. Materials and Methods

The use of animals in the trial was approved by the University of Pretoria Animal
Ethics Committee. A total of 1700 day-old Ross 308 male broilers were obtained from
a local commercial hatchery located 1 h from the research site and placed in floor pens
with artificial lighting in an environmentally controlled house. The broilers were fed a
commercial type corn-soybean based pre-starter from placement to 8 days of age (0.90%
Ca and 0.50% dP), starter (0.80% Ca and 0.40% dP) from 9 to 16 days of age and grower
from 17 to 19 days of age (0.65% Ca and 0.28% dP), with all nutrients formulated to meet or
exceed nutrient requirements of the broiler [1] with the exception for Ca and P which were
formulated to meet but not exceed the broilers requirements [31,32]. Clean pine shavings
(5 cm deep) were used as bedding during the rearing phase. House temperature was set to
34 ◦C at placement and lowered based on broiler’s comfort. The lighting schedule followed
24 h light (L) and 0 h dark (D) from hatch to day 3, followed by 14 L:10 D from day 4 to 7, 16
L:8 D from day 8 to 12, and 18 L:6 D for the remainder of the trial. On day 19, broilers were
moved into battery cages (width × depth × height; 54 cm × 68 cm × 37 cm, respectively)
that were preassigned to a treatment (TRT) following a randomized complete block design,
with block included as a random effect. Broilers were weighed individually and selected to
ensure similar initial weight and to minimize within pen broiler weight variation. Each
cage contained six broilers, with the pen considered as a replicate, of which there were
8 per TRT. Each battery pen was equipped with a single nipple line (3 nipples) and a feeder
trough. Broilers were checked twice daily, and the weight and cause of mortalities were
recorded. Feed and water were offered for ad libitum consumption throughout the study.

2.1. Feeds and Treatments

The trial comprised two experiments to evaluate seven of the commonly used feed
ingredients representing in excess of 90% of plant based feed ingredients used globally.
Experiment 1 utilized a 4 × 2 × 2 factorial arrangement, with four different plant-based
feed ingredients (corn, wheat, sorghum, and full-fat soybean meal (FFS)), two LS inclusions
in the diet (no supplemental LS and inclusion of LS required to achieve 0.65% Ca in the
final diet) and two levels of phytase (0 and 1000 FTU/kg diet). The phytase used was a
novel-consensus bacterial 6-phytase variant expressed in Trichoderma reesei (Axtra® PHY
Gold, Danisco Animal Nutrition & Health, IFF, Oegstgeest, The Netherlands). All diets
used in Experiment 1 were formulated to contain a PP concentration of 0.144% with the
use of a basal diet (Table 1, with Ca, P, and PP formulated to 0.03% Ca, 0.7, and 0.05,
respectively). Experiment 2 utilized a 3 × 2 × 2 factorial arrangement, using three differing
plant-based feed ingredients (SBM, sunflower meal (SFM), and rapeseed meal (RSM)) two
LS inclusions in the diet (no supplemental LS and inclusion of LS required to achieve
the final diet of 0.65% Ca) with two levels of phytase (0 and 1000 FTU/kg diet). In both
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experiments, the diets with LS contained 0.65% Ca to ensure the diets were close to the
birds requirements [1,31–33]. All diets from Experiment 2 were standardized to a PP
concentration of 0.23% with the use of the same basal as in Experiment 1. There were
also four additional diets included (Table 2), which were used to determine SID Ca and P
from the ingredient and SID Ca from LS using the difference method outlined in Lemme
et al. [34].

Table 1. Low calcium and phytate phosphorus basal diet formulation.

Ingredient, %

Degermed corn, 6.5% CP 45.99
Rice 1, 7.3% CP 45.99
Hemoglobin 2, 90% CP 4.99
Soybean oil 3.03
Total 100.00

Formulated (analyzed) values
Total Ca 0.03 (0.03)
Total P 0.07 (0.10)
Phytate P 0.05 (0.10)

1 Polished jasmine rice. 2 Porcine hemoglobin.

Table 2. Formulation for diets used to calculate SID Ca from limestone (LS) and from the feed ingredients.

Ingredient, % Treatment 1 1 Treatment 2 2 Treatment 3 3 Treatment 4 4

LS 5 − + − +
Phytase 6, FTU/kg diet 0 0 1000 1000

Basal diet 7 95.96 95.96 95.96 95.96
Limestone 0.00 1.63 0.00 1.63

Celite 8 1.63 0.00 1.63 0.00
Vitamin premix 9 0.15 0.15 0.15 0.15
Mineral premix 10 0.15 0.15 0.15 0.15

Salt 0.20 0.20 0.20 0.20
Sodium bicarbonate 0.20 0.20 0.20 0.20

Choline chloride, 60% 0.20 0.20 0.20 0.20
Xylanase 11 0.01 0.01 0.01 0.01

TiO2 blend 12 1.50 1.50 1.50 1.50
Phytase 0.00 0.00 0.003 0.003

Total 100.00 100.00 100.00 100.00
Analyzed (formulated) values

Total Ca 0.03 (0.03) 0.65 (0.63) 0.03 (0.03) 0.65 (0.63)
Total P 0.07 (0.09) 0.07 (0.09) 0.07 (0.09) 0.07 (0.09)

Phytate P 13 0.05 (0.10) 0.05 (0.08) 0.05 (0.10) 0.05 (0.08)
1 Used in the calculation of SID Ca from the feed ingredient in the absence of phytase using the difference method.
2 Used in the calculation of SID Ca from the limestone and SID P from the ingredient in the absence of phytase
using the difference method. 3 Used in the calculation of SID Ca from the feed ingredient in the presence of
phytase using the difference method. 4 Used in the calculation of SID Ca from the limestone and SID P from the
ingredient in the presence of phytase using the difference method. 5 Limestone in the diet, where “−” indicates
the absence of any added limestone, and “+” indicates the addition of limestone in order to achieve a Ca content of
0.65%. The limestone had a particle size of 509.08 µm and a dynamic solubility, determined as per Kim et al. [16],
of 56, 88, and 97% at 5, 15, and 30 min, respectively. 6 A novel consensus bacterial 6-phytase variant (Axtra®

PHY GOLD (analyzed activity 42,820 FTU/g), Danisco Animal Nutrition & Health, IFF, The Netherlands) was
used. 7 Refer to Table 1. 8 Used as an inert filler (Minema Chemicals (Pty) Ltd., Johannesburg, South Africa).
9 Provided per kg of complete diet: vitamin A, 12,000 IU; vitamin D3, 5000 IU; vitamin E, 60 mg; vitamin K3,
2 mg; vitamin B1, 2 mg; vitamin B2, 5 mg; niacin (B3), 50 mg; pantothenic acod (B5), 12 mg; pyridoxine, 3 mg;
folic acid, 2 mg; vitamin B12, 0.01 mg; biotin, 0.10 mg. 10 Provided per kg of the complete diet: manganese from
manganese sulfate, 110 mg; iron from iron sulfate, 41.2 mg; zinc form zinc sulfate, 100 mg; copper from copper
sulfate, 10 mg; cobalt from cobalt sulfate, 0.5 mg; iodine from calcium iodate, 2.0 mg; selenium from sodium
selenite 0.3 mg. 11 A commercial xylanase supplied at 1220 U/kg (Axtra® XB, Danisco Animal Nutrition & Health,
IFF, The Netherlands). 12 Prepared by mixing 33.33% TiO2 and 66.66% corn, after which it was ground three times
in a hammer mill to pass through a 1.0 mm. 13 Calculated as analyzed phytic acid × 28.18%.



Animals 2024, 14, 3603 5 of 18

A commercial LS was obtained with a geometric mean diameter (GMD) of 509.1 µm
(SD = 155 µm) (Figure 1) determined using ANSI/ASAE method S319.4 [35]. This LS had
a solubility of 56, 88, and 97% at 5, 15, and 30 min, respectively (Figure 2) determined
using a glycine-buffered pH 3 solution as per methodology in Kim et al. [16]. The LS
was added after the diet was analyzed to achieve 0.65% Ca in all TRT diets except for
the LS-free diets. Basal diet was mixed in a Hobart 20 kg planetary mixer. A previously
prepared titanium dioxide (TiO2) mix, which contained 66.66% corn and 33.33% TiO2,
ground three times through a 1.0 mm hammermill screen, was included in all final diets at
1.5%, contributing a total PP of 0.002% and TiO2 of 0.50% to the final diets. This mix was
used to ensure a homogenous mix of the TiO2 into the final diet. The TiO2 was utilized as
an undigestible marker to determine digestibility. When diets in the absence of LS were
mixed, celite (Celite®, Minema, Johannesburg, South Africa) was added as an inert filler
to achieve 100% of the final diet. All diets were tested with and without phytase. To do
this, the diet, once mixed, was subdivided into two batches. Phytase was added to one
of the batches based on the analyzed activity of the product (A novel consensus bacterial
6-phytase variant (Axtra® PHY GOLD, Oegstgeest, The Netherlands (analyzed activity
42,820 FTU/g), Danisco Animal Nutrition & Health, IFF, The Netherlands), which was
used to achieve 1000 FTU/kg diet, which aligns with common commercial practice. The
diets were subsequently pelleted through a 3 mm die at a temperature reaching 74 ◦C at
the exit of the pellet die, with representative samples taken for later analysis.
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Figure 1. Particle size distribution of the limestone used in the study, determined based on the
ANSI/ASAE method S319.4 [35].

2.2. Ileal Sampling

Experimental diets were fed for 36 h to the broilers from day 19.5 to 21, following the
methodology in Proszkowiec-Weglarz and Angel [36] and Tamim et al. [3]. At the end of
36 h, all broilers in a pen were euthanized using a 3 gas mixture of 35% CO2, 35%N2, and
30% O2, followed by CO2 asphyxiation [37]. The distal half of the ileum, from Meckel’s
diverticulum to 3 cm above the ileocecal junction, was immediately removed. Digesta was
flushed from the excised distal ileum using ice-cold deionized distilled water, and distal
ileal content pooled by pen. The samples were then frozen at −20 ◦C and lyophilized.
Lyophilized samples were ground using a mortar and pestle to pass through a 0.25 mm
sieve and stored in airtight containers until further analysis.
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Figure 2. Dynamic solubility at 5, 15, and 30 min of the limestone used in the study, using a
glycine-buffered pH 3 solution as per method of Kim et al. [16].

2.3. Lab Analysis

The particle size of the LS was determined using the ANSI/ASAE method S319.4 [35].
Dynamic solubility of the LS was determined at 5, 15, and 30 min utilizing a pH 3 glycine
buffered solution, in accordance with the methodology of Kim et al. [16]. All diets were
ground to pass through a 0.5 mm screen prior to laboratory analysis, and samples were
analyzed in duplicate.

Diet and digesta DM content were determined by drying for 24 h in a forced draft
oven at 105 ◦C [38]). The Ca, P, and Ti content of the experimental diets and ileal digesta
were determined after ashing and acid digestion using inductively coupled plasma atomic
emission spectrometry [39]. Phytase activity was determined according to a modified
version of AOAC method 2000.12, where one FTU was defined as the quantity of phytase
that released 1 µmol of inorganic orthophosphate from a 0.0051 mol/L sodium phytate
substrate per min at pH 5.5 at 37 ◦C [40].

2.4. Calculations

The determination of SID has its drawbacks based on the assumption of constant
basal endogenous losses [41]. However, research has shown that the endogenous losses for
Ca and P are impacted by diet type [42] but appear to be constant when methodology is
standardized [36]. The SID of Ca and P were calculated based on the following formula
using TiO2 as the inert marker:

SID (%) =
(Nutrient / TiO2)diet−(Nutrient / TiO2)ileal

(Nutrient / TiO2)diet
× 100 − endogenous loss (%) (1)

Endogenous losses for Ca and P were determined as the mean obtained for eight
studies being 106.8 (1.01 SE) mg/kg DMI and 146.29 (3.35 SE) mg/kg DMI, respectively [36].

dCa and dP were calculated as follows:

Digestible Nutrient(%) = (SID Nutrient)× Nutrientdiet (2)

where Nutrientdiet is the analyzed total Ca or P concentration of the feed ingredient.
The digestibility was determined using the difference method [34]. The SID of Ca

from LS was calculated based on the following formulas:

Digestible Cadiet = (Digestible CaLS) +
(

Digestible CaLS free diet

)
(3)
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SID CaLS =
Digestible CaLS

CaLS
(4)

The SID of Ca or P from the ingredient was calculated based on the following formulas:

Digestible NutrientDiet

= (Digestible NutrientBasal)× Inclusion +
(

Digestible NutrientIng

)
× Inclusion

(5)

SID NutrientIng =
Digestible NutrientIng

NutrientIng
(6)

where NutrientDiet is the analyzed total Ca or P concentration of the feed ingredient.

2.5. Statistical Analysis

Data were analyzed using the fit model platform in JMP 16.0 [43]. The basal diets
were used for the calculation of SID Ca from feed ingredients as well as LS and SID P from
the ingredient. Where the SID Ca from the ingredient and LS was determined, the effect
of LS was not included in any model for Ca, as the ingredient SID Ca was determined in
the absence of LS, and the SID Ca from LS was determined using the diet supplemented
with LS. A factorial analysis was conducted for both experiments to determine the main
effects and their interactions. Tukey HSD [44] separation was conducted when an effect
was significant. Significance was accepted at p < 0.05.

3. Results

The analyzed dietary values for Experiment 1 (Tables 2–4) and Experiment 2
(Tables 2, 5 and 6) were close to those formulated for Ca, P, PP, and phytase. For both
experiments, phytase activities in non-phytase diets were all below 100 FTU/kg diet, the
detection limit of the assay, demonstrating that no cross-contamination occurred during
the mixing of the TRT diets between phytase and non-phytase diets (Tables 5 and 6).
No differences in mortality and growth parameters were noted between treatments in
both experiments.

Table 3. Dietary formulations of test diets for Experiment 1.

Ingredient |-------Corn------| |-----Sorghum-----| |-------Wheat-------| |---------FFS 1---------|

LS 2 − + − + − + − +

Phytase 3, FTU/kg diet 0/1000 0/1000 0/1000 0/1000 0/1000 0/1000 0/1000 0/1000

Ingredients, %

Corn, 8% CP 71.15 71.15 − − − − − −
Sorghum, 8% CP − − 89.53 89.53 − − − −
Wheat, 12% CP − − − − 51.92 51.92 − −
FFS, 36% CP − − − − − − 47.12 47.12
Basal 4 27.03 27.03 8.68 8.68 46.31 46.31 51.27 51.27
Limestone − 1.62 − 1.59 − 1.57 − 1.41
Celite 5 1.62 − 1.59 − 1.57 − 1.41 −
Vitamin premix 6 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Mineral premix 7 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Salt 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Sodium bicarbonate 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Choline chloride, 60% 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
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Table 3. Cont.

Ingredient |-------Corn------| |-----Sorghum-----| |-------Wheat-------| |---------FFS 1---------|

Xylanase 8 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ti blend 9 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Formulated (analyzed values)

Total Ca 0.03 (0.03) 0.65 (0.67) 0.04 (0.03) 0.65 (0.67) 0.04 (0.05) 0.65 (0.66) 0.12 (0.12) 0.65 (0.67)
Total P 0.17 (0.18) 0.17 (0.17) 0.21 (0.21) 0.21 (0.21) 0.22 (0.24) 0.22 (0.24) 0.21 (0.21) 0.21 (0.23)
Phytate P 10 0.14 (0.12) 0.14 (0.12) 0.14 (0.13) 0.14 (0.13) 0.14 (0.14) 0.14 (0.14) 0.14 (0.15) 0.14 (0.15)

1 Full-fat soybean meal. 2 Limestone in the diet, where “−” indicates the absence of any added limestone, and
“+” indicates the addition of limestone in order to achieve a Ca content of 0.65%. The limestone has a particle
size of 509.08 µm and a dynamic solubility, determined as per Kim et al. [16], of 56, 88, and 97% at 5, 15, and
30 min, respectively. 3 A novel consensus bacterial 6-phytase variant (Axtra® PHY GOLD (analyzed activity 42,820
FTU/g), Danisco Animal Nutrition & Health, IFF, The Netherlands) was used. 4 Refer to Table 1. 5 Used as an
inert filler (Minema Chemicals (Pty) Ltd., South Africa). 6 Provided per kg of complete diet: vitamin A, 12,000 IU;
vitamin D3, 5000 IU; vitamin E, 60 mg; vitamin K3, 2 mg; vitamin B1, 2 mg; vitamin B2, 5 mg; niacin (B3), 50 mg;
pantothenic acod (B5), 12 mg; pyridoxine, 3 mg; folic acid, 2 mg; vitamin B12, 0.01 mg; biotin, 0.10 mg. 7 Provided
per kg of the complete diet: manganese from manganese sulfate, 110 mg; iron from iron sulfate, 41.2 mg; zinc form
zinc sulfate, 100 mg; copper from copper sulfate, 10 mg; cobalt from cobalt sulfate, 0.5 mg; iodine from calcium
iodate, 2.0 mg; selenium from sodium selenite 0.3 mg. 8 A commercial xylanase supplied at 1220 U/kg (Axtra®

XB, Danisco Animal Nutrition & Health, IFF, The Netherlands). 9 Prepared by mixing 33.33% TiO2 and 66.66%
corn after which it was ground three times in a hammer mill to pass through a 1.0 mm. 10 Calculated as analyzed
phytic acid × 28.18%.

Table 4. Formulated and analyzed values for phytase in Experiment 1 diets.

Ingredient LS 1 Formulated Phytase 2,
FTU/kg Diet

Analyzed Phytase, FTU/kg
Diet

Corn − 0/1000 <100/1020
Corn + 0/1000 <100/1056
Wheat − 0/1000 <100/1093
Wheat + 0/1000 <100/1017
Sorghum − 0/1000 <100/1094
Sorghum + 0/1000 <100/1080
FFS 3 − 0/1000 <100/1062
FFS + 0/1000 <100/1100

1 “−” indicates the absence of any added limestone, and “+” indicates the addition of limestone in order to
achieve a Ca content in the final diet of 0.65%. 2 A novel consensus bacterial 6-phytase variant (Axtra® PHY
GOLD (analyzed activity 42,820 FTU/g), Danisco Animal Nutrition & Health, IFF, The Netherlands) was used.
3 Full-fat soybean meal.

Table 5. Dietary formulation of test diets in Experiment 2.

Ingredient |-------------SBM 1-----------| |-------------RSM 2-----------| |---------SFM 3--------|

LS 4 − + − + − +

Phytase 5, FTU/kg diet 0/1000 0/1000 0/1000 0/1000 0/1000 0/1000

Ingredients, %

SBM, 46% CP 65.10 65.10 − − − −
RSM, 35% CP − − 28.03 28.03 − −
SFM, 38% CP − − − − 28.85 28.85
Basal 31.21 31.21 68.42 68.42 67.3 67.3
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Table 5. Cont.

Ingredient |-------------SBM 1-----------| |-------------RSM 2-----------| |---------SFM 3--------|
Limestone − 1.28 − 1.14 − 1.44
Celite 6 1.28 − 1.14 − 1.44 −
Vitamin premix 7 0.15 0.15 0.15 0.15 0.15 0.15
Mineral premix 8 0.15 0.15 0.15 0.15 0.15 0.15
Salt 0.20 0.20 0.20 0.20 0.20 0.20
Sodium bicarbonate 0.20 0.20 0.20 0.20 0.20 0.20
Choline chloride, 60% 0.20 0.20 0.20 0.20 0.20 0.20
Xylanase 9 0.01 0.01 0.01 0.01 0.01 0.01
Ti blend 10 1.50 1.50 1.50 1.50 1.50 1.50
Total 100.00 100.00 100.00 100.00 100.00 100.00
Formulated (analyzed values)

Total Ca 0.19 (0.17) 0.65 (0.66) 0.23 (0.26) 0.65 (0.70) 0.15 (0.12) 0.65 (0.66)
Total P 0.33 (0.36) 0.33 (0.36) 0.31 (0.31) 0.31 (0.33) 0.29 (0.28) 0.29 (0.28)
Phytate P 11 0.23 (0.24) 0.23 (0.24) 0.23 (0.20) 0.23 (0.20) 0.23 (0.22) 0.23 (0.22)

1 Soybean meal. 2 Rapeseed meal. 3 Sunflower meal. 4 Limestone in the diet, where “−” indicates the absence
of any added limestone, and “+” indicates the addition of limestone in order to achieve a Ca content of 0.65%.
The limestone has a particle size of 509.08 µm and a dynamic solubility, determined as per Kim et al. [16], of
56, 88, and 97% at 5, 15, and 30 min, respectively. 5 A novel consensus bacterial 6-phytase variant (Axtra® PHY
GOLD (analyzed activity 42,820 FTU/g), Danisco Animal Nutrition & Health, IFF, The Netherlands) was used.
6 Used as an inert filler (Minema Chemicals (Pty) Ltd., South Africa). 7 Provided per kg of complete diet: vitamin
A, 12,000 IU; vitamin D3, 5000 IU; vitamin E, 60 mg; vitamin K3, 2 mg; vitamin B1, 2 mg; vitamin B2, 5 mg;
niacin (B3), 50 mg; pantothenic acod (B5), 12 mg; pyridoxine, 3 mg; folic acid, 2 mg; vitamin B12, 0.01 mg; biotin,
0.10 mg. 8 Provided per kg of the complete diet: manganese from manganese sulfate, 110 mg; iron from iron
sulfate, 41.2 mg; zinc form zinc sulfate, 100 mg; copper from copper sulfate, 10 mg; cobalt from cobalt sulfate,
0.5 mg; iodine from calcium iodate, 2.0 mg; selenium from sodium selenite 0.3 mg. 9 A commercial xylanase
supplied at 1220 U/kg (Axtra® XB, Danisco Animal Nutrition & Health, IFF, The Netherlands). 10 Prepared by
mixing 33.33% TiO2 and 66.66% corn after which it was ground three times in a hammer mill to pass through a
1.0 mm. 11 Calculated as analyzed phytic acid × 28.18%.

Table 6. Formulated and analyzed values for phytase in Experiment 2 diets.

Ingredient LS 1 Formulated Phytase 2,
FTU/kg Diet

Analyzed Phytase,
FTU/kg Diet

SBM 3 − 0/1000 <100/1132
SBM + 0/1000 <100/1060
RSM 4 − 0/1000 <100/1097
RSM + 0/1000 <100/932
SFM 5 − 0/1000 <100/1083
SFM + 0/1000 <100/1091

1 “−” indicates the absence of any added limestone, and “+” indicates the addition of limestone in order to
achieve a Ca content of the final diet of 0.65%. 2 A novel consensus bacterial 6-phytase variant (Axtra® PHY
GOLD (analyzed activity 42,820 FTU/g), Danisco Animal Nutrition & Health, IFF, The Netherlands) was used.
3 Soybean meal. 4 Rapeseed meal. 5 Sunflower meal.

The results in Table 7 summarize the SID Ca and P in the four basal diets in the
presence and absence of LS and phytase. The diets (TRT 1–4) were included in both
experiments to allow for the calculation of the SID Ca and P of the ingredients and the SID
Ca of the LS using the difference method (Equations (3)–(6)).
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Table 7. The standardized ileal digestibility (SID) Ca and P of the basal diets in the presence and
absence of limestone and phytase.

Diet LS 1 Phytase 2,
FTU/kg Diet

SID Ca SID P

Treatment 1 − 0 23.76 63.59
Treatment 2 − 1000 29.30 66.81
Treatment 3 + 0 71.88 48.03
Treatment 4 + 1000 75.20 67.26
SEM 3 1.23 0.96

1 “−” indicates the absence of any added limestone, and “+” indicates the addition of limestone in order to
achieve a Ca content of the final diet of 0.65%. 2 A novel consensus bacterial 6-phytase variant (Axtra® PHY
GOLD (analyzed activity 42,820 FTU/g), Danisco Animal Nutrition & Health, IFF, The Netherlands) was used.
3 Standard error of the mean.

3.1. Experiment 1

The ingredients SID Ca and P and LS SID Ca in the presence of different ingredients
from Experiment 1 are presented in Table 8. For SID Ca of the ingredients there was an
ingredient × phytase interaction (p < 0.05). However, for SID Ca from LS, there was a main
effect (p < 0.05) of ingredient and phytase dose. When evaluating the response in SID Ca
from ingredients, there was an ingredient effect (p < 0.05), with corn and sorghum showing
similar (p > 0.05) SID Ca in the absence of phytase (46.40% and 54.44%, respectively). Corn
had the lowest (p < 0.01) SID Ca of all feed ingredients evaluated in the absence of phytase
(46.40%). A higher (p < 0.001) SID Ca was observed in the feed ingredients such as wheat
and FFS compared to corn and sorghum in the absence of phytase (72.87% and 69.85% vs.
46.40% and 54.44%, respectively). An improvement (p < 0.001) in SID Ca with phytase
supplementation was noted for corn, wheat, and sorghum (46.40% to 69.81%, 72.87% to
87.32%, and 54.44% to 77.57%, respectively). However, this improvement in SID Ca with
phytase supplementation was not noted for FFS.

Table 8. Standardized ileal digestibility (SID) of Ca and P from different feed ingredients and
limestone (LS) inclusions.

Ingredient LS 1 Phytase 2,
FTU/kg Diet SID Ca Ing

3 SID P 4 SID Ca LS
5

Corn − 0 46.40 d 74.92 bc

Corn − 1000 69.81 b 88.96 a

Corn + 0 7.93 g 66.13
Corn + 1000 64.49 d 69.24

Wheat − 0 72.87 b 69.79 cd

Wheat − 1000 87.32 a 81.64 ab

Wheat + 0 33.32 f 53.87
Wheat + 1000 75.20 bc 64.18

FFS 6 − 0 69.85 b 78.85 bc

FFS − 1000 72.98 ab 88.78 a

FFS + 0 46.54 e 63.76
FFS + 1000 78.92 bc 67.93

Sorghum − 0 54.44 cd 78.36 bc

Sorghum − 1000 77.57 ab 90.33 a

Sorghum + 0 42.97 ef 75.38
Sorghum + 1000 82.74 ab 83.00

SEM 7 3.32 1.59 4.31
Main effects
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Table 8. Cont.

Ingredient LS 1 Phytase 2,
FTU/kg Diet SID Ca Ing

3 SID P 4 SID Ca LS
5

Ingredient
Corn 67.68 ab

Wheat 59.03 b

FFS 65.85 b

Sorghum 79.19 a

SEM 3.16

LS −
+

SEM

Phytase 0 64.78 b

1000 71.09 a

SEM 2.19
p-values (Ingredient × LS × Phytase) 8

Ingredient <0.001 <0.01 <0.001
LS <0.01
Phytase <0.001 <0.01 0.048
Ingredient × LS <0.01
Ingredient × Phytase 0.02 <0.01 0.856
LS × Phytase <0.01
Ingredient × LS × Phytase <0.01

a–g Means within a column with different superscripts differ (p < 0.05). Main effects are shown only when the
interaction was not significant (p > 0.05). 1 “−” indicates the absence of any added limestone, and “+” indicates
the addition of limestone in order to achieve a Ca content in the final diet of 0.65%. 2 A novel consensus bacterial
6-phytase variant (Axtra® PHY GOLD (analyzed activity 42,820 FTU/g), Danisco Animal Nutrition & Health, IFF,
The Netherlands) was used. 3 Standard ileal digestibility of Ca from the ingredient. 4 Standard ileal digestibility of
P from the ingredient. 5 Standard ileal digestibility of Ca from the limestone. 6 Full-fat soybean meal. 7 Standard
error of the mean. 8 Where the interaction or effect was not pertinent there was no p-value reported.

There was no interaction for SID Ca from LS in the present study; however, there was
a main effect (p < 0.001) of ingredient on SID Ca from LS. An improvement (p < 0.05) in SID
Ca from LS was observed when diets containing primarily sorghum were fed compared to
those with wheat and FFS. An improvement (p < 0.05) in SID Ca from LS was also noted
irrespective of phytate source when diets were supplemented with phytase (64.78% vs.
71.09%).

A three-way interaction (p < 0.01) was present for SID P between ingredient, LS, and
phytase supplementation. There was a reduction (p < 0.01) in SID P when LS was added
to the diet in the absence of phytase for corn, wheat, FFS, and sorghum (74.92% to 7.93%,
69.79% to 33.32%, 78.85% to 46.54%, and 78.36% to 42.97%, respectively), with the extent of
the effect of LS varying by ingredient, resulting in the interaction seen. The lowest (p < 0.01)
SID P was noted for corn with the addition of LS in the absence of phytase (7.93%). When
phytase was added to diets containing LS, there was an improvement (p < 0.01) in SID P
for all feed ingredients evaluated. Phytase addition was able to overcome the detrimental
effect of LS on SID P in wheat, FFS, and sorghum diets, where no difference (p > 0.05) in
SID P was noted between diets without LS or phytase and diets supplemented with both
LS and phytase. The only exception was when diets contained corn, where there was a
reduction (p < 0.01) in SID P in the diet with LS and phytase compared to the diet without
LS or phytase (64.49% vs. 74.92%). However, in corn diets, phytase increased (p < 0.05)
SID P from 7.93 to 64.49%, showing a 56.56% improvement. In the absence of LS, phytase
improved (p < 0.05) SID P for all four ingredients tested.

3.2. Experiment 2

Table 9 summarizes the SID Ca and P from ingredients generally used as protein
sources and SID Ca from LS in the presence of these different feed ingredients. An interac-
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tion (p < 0.05) was present for all parameters measured. When evaluating the response in
SID Ca from various feed ingredients, there was an ingredient effect (p < 0.05), with SBM
and RSM having similar SID Ca in the absence of phytase (46.80% and 42.65%, respectively).
The lowest (p < 0.01) SID Ca in the absence of phytase was for RSM (42.65%). The SID Ca
was higher in SFM compared to RSM and SBM in the absence of phytase (60.99% vs. 42.65%
and 46.80%, respectively). An improvement (p < 0.001) in SID Ca from ingredients with
phytase supplementation was noted for SBM and RSM (46.80% to 67.77% and 42.65% to
62.32%, respectively). However, this improvement in SID Ca with phytase supplementation
was not noted for SFM. An interaction (p < 0.001) between ingredient and phytase was
present for SID Ca from LS. The SID Ca from LS in diets without phytase supplementation
was lowest (p < 0.001) in diets comprising SBM and RSM (37.76% and 39.73%) compared to
SFM (52.51%). Supplementation of phytase improved (p < 0.05) SID Ca from LS for all three
ingredients tested. However, when diets were supplemented with phytase at 1000 FTU/kg
diet, the differences (p > 0.05) in SID Ca from LS between different feed ingredients was no
longer noted leading to the interaction effect observed.

Table 9. Standardized ileal digestibility (SID) of Ca and P from different feed ingredients and
limestone (LS) inclusions.

Ingredient LS 1 Phytase 2,
FTU/kg SID Ca Ing

3 SID P 4 SID Ca LS
5

SBM 6 − 0 46.80 b 81.59 bc

SBM − 1000 67.77 a 89.86 a

SBM + 0 49.11 f 37.76 c

SBM + 1000 77.51 c 56.64 ab

RSM 7 − 0 42.65 b 57.88 e

RSM − 1000 62.32 a 81.70 bc

RSM + 0 31.99 g 39.73 c

RSM + 1000 59.04 de 56.26 ab

SFM 8 − 0 60.99 a 74.93 c

SFM − 1000 61.65 a 85.94 ab

SFM + 0 33.75 g 52.51 b

SFM + 1000 65.69 d 61.02 a

SEM 9 2.35 1.60 2.42
p-values (Ingredient × LS × Phytase) 10

Ingredient 0.01 <0.001 <0.001
LS <0.001
Phytase <0.001 <0.001 0.09
Ingredient × LS <0.001
Ingredient × Phytase <0.001 0.014 <0.001
LS × Phytase <0.001
Ingredient × LS × Phytase <0.001

a–g Means within a column with different superscripts differ (p < 0.05). Main effects are shown only when the
interaction is not significant (p > 0.05). 1 Limestone in the diet, where “−” indicates the absence of any added
limestone, and “+” indicates the addition of limestone in order to achieve a Ca content of 0.65%. 2 A novel
consensus bacterial 6-phytase variant (Axtra® PHY GOLD (analyzed activity 42,820 FTU/g), Danisco Animal
Nutrition & Health, IFF, The Netherlands) was used. 3 Standard ileal digestibility of Ca from the ingredient.
4 Standard ileal digestibility of P from the ingredient. 5 Standard ileal digestibility of Ca from the limestone.
6 Soybean meal. 7 Rapeseed meal. 8 Sunflower meal. 9 Standard error of the mean. 10 The analysis of the
interactions and effects were reported, however in the case where the interaction or effect was not explored there
was no p-value reported.

A three-way interaction (p < 0.001) was present for SID P between ingredient, LS, and
phytase supplementation. There was a reduction (p < 0.001) in SID P when LS was added
to the diets compared to when no LS was added, in the absence of phytase, for SBM, RSM,
and SFM (81.59% to 49.11%, 57.88% to 31.99%, and 74.93% to 33.75%, respectively). The
lowest (p < 0.001) SID P was noted for RSM and SFM with LS addition and no phytase
supplementation. When phytase was added to diets with LS, there was an improvement
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(p < 0.01) in SID P for all ingredients evaluated. The addition of phytase was able to
overcome the detrimental effect of LS on SID P in SBM and RSM, where no difference
(p > 0.05) in SID P was noted between diets without LS or phytase (0 FTU/kg diet) as
compared with diets supplemented with both LS and phytase (1000 FTU/kg diet). The
only exception was SFM, where there was a reduction (p < 0.001) in SID P from the diet
with LS and 0 FTU/kg diet compared to the diet with LS and 1000 FTU/kg of diet (74.93%
vs. 65.69%). However, phytase improved (p < 0.05) SID P in the absence of LS for all
feed ingredients.

4. Discussion

To date, broiler feed formulations and requirements do not consider the availability
of Ca. Based on the findings of this study and others [7,8,10–12,14–16,22–24], it is evident
that this approach needs to be reevaluated. The present study demonstrated differences
in the SID Ca and P between various feed ingredients. Despite the importance of under-
standing SID Ca from different feed ingredients, research on SID Ca from plant-based feed
ingredients is limited. There are some predetermined SID Ca values for corn, SBM, and
canola; however, there is significant variation between these values, mainly being driven
by differences in methodology [24,45].

The SID Ca from various feed ingredients determined in this study, such as corn
(46.4%), are similar to those of earlier research and were within the range of 12 samples [20]
and close to the assumed value of 50%, which did not include any animal experimental work
from David [46]. When evaluating the SID Ca from SBM, there was similarity with some
prior research (46.8% vs. 49% [20]); however, slight differences were observed compared to
that reported by other authors (54.0% [23]). The SID Ca for other ingredients, such as RSM,
however, varied considerably from previously determined values of 31% [24]; 17.8% [25];
and 53 at day 21 and 22% at day 42, respectively [23] compared to that determined in this
study (42.7% at 21 days). In another study [23], where the SID Ca from SBM and RSM were
determined to be higher than in the present study, the source of these differences is in large
part due to methodology. The diets in that study contained very low Ca concentrations
(less than 0.2% Ca), which is deficient at 21 and 42 days and were fed for 72 h, allowing for
adaptation [36] to a deficiency, which results in an upregulation of Ca digestibility [36,47]
within 40 h after the deficient diet is fed. Conversely, the lower SID Ca noted in [24] for
RSM was determined in an experiment where the birds were fed diets in excess of Ca
requirements for birds 24 days of age (0.90%) for 72 h, allowing the birds to adapt to the
excess Ca [36,47], resulting in a down-regulation of Ca absorption. There are no other
known SID Ca values for the other ingredients determined in this study. The values for SID
P from ingredients in this study are similar to those in published tables such as CVB [48]
for ingredients such as SBM, wheat, FFS, RSM, and SFM. However, differences were noted
when comparing the SID P from corn and sorghum. This may in part be due to the very
low Ca content in these grains as well as factors that affect SID P, such as Ca content [5,49],
PP, and total P content [4], LS source [8,16], leading to the potential differences in SID P
noted for these feed ingredients across published tables.

The improvements seen in this study due to the inclusion of phytase on SID Ca from
both LS and various feed ingredients (except for FFS and SFM) highlight its crucial role
in improving Ca availability in broiler diets. The inconsistent benefit of phytase for FFS
and SFM may be pertaining to the nutrient composition or presence of antinutritional
factors affecting the response. Extensive work on the impact of phytase on Ca digestibility
has shown that phytase increases SID Ca by hydrolyzing phosphates from PP and that
the affinity of lower inositol phosphates for Ca ions is reduced, releasing chelated Ca
ions [5,49–53]. However, the degree and impact of phytase on Ca digestibility have been
variable [8,26–28,54]. There are several factors that affect Ca digestibility, such as intrinsic
digestibility of Ca from different raw materials, concentration of Ca in the diet [49,55,56],
age of the animal [56], and nPP or phytate concentrations [57,58] could contribute to
the inconsistencies seen in dietary Ca digestibility and phytase response reported in the
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literature. This work highlights the different interactions between the phytic acid in the
ingredient and LS Ca and the effects on Ca made available by phytase.

Phosphorus from phytate has generally been considered to have a low availability
in monogastric animals. Results from this study showed that when LS is not added, the
P digestibility can be as high as 81.59%. Prior work has shown similar results [3,59]. The
interaction between PP and Ca from LS is pivotal in determining the availability of P from
phytate in ingredients and diets. This interaction and the subsequent detrimental effect on
SID P have been documented extensively in prior research [5,49] and were noted in this
study, where the addition of LS resulted in a reduced SID P in all feed ingredients in the
absence of phytase. This highlights the inhibitory effects of Ca from LS on P digestibility
in broilers. Due to this interaction between Ca and phytate being substrate driven, excess
Ca or excess phytate can exacerbate this effect. There has been extensive work evaluating
the impact of PP concentration on Ca and P digestibility [3,8,18]. Due to the saturable
nature of phytate, high phytate concentrations are known to increase the formation of
insoluble complexes with Ca, significantly reducing the digestibility of Ca and P [16,58].
However, supplementation of a phytase that is highly active in the upper gastrointestinal
tract and that is added at a high concentration can hydrolyze most of the phytate prior
to the chelation with Ca, minimizing this negative impact and enhancing overall nutrient
utilization [59,60]. In this context, the addition of phytase is crucial to mitigate the negative
impact of LS Ca, especially when LS has high solubility in the acid stomach [8] on Ca
and P absorption. Studies have shown that higher doses of phytase (e.g., 1000 FTU/kg
diet) are more effective in breaking down phytate complexes, thus improving Ca and P
digestibility [17,61–66]. In the current study, phytase supplementation not only improved
Ca digestibility but also improved P digestibility, making P digestibility similar to that of
diets without LS addition. This likely occurred because phytase reduced the formation of
insoluble Ca–phytate complexes through the hydrolysis of phytate prior to the chelation of
Ca and phytate, thereby facilitating better P absorption [57,67]. Understanding SID Ca of
ingredients and of LS Ca can result in better choice of LS and reduced concentrations of
Ca in the diet. The reduction in dietary Ca has been seen as a potential strategy to reduce
these Ca and phytate interactions and, in doing so, further improve P digestibility [68].
The findings of this study highlight the benefit of phytase and its importance in poultry
nutrition, particularly in formulating diets to maximize nutrient digestibility.

The impact of phytate concentration on Ca and P digestibility is well documented [18,57,59].
However, limited studies have evaluated if phytate source influences Ca digestibility. The
impact of phytate source on Ca and P digestibility, as observed in this study, aligns with
prior findings [8,68]. These studies showed that corn-derived phytate had a large adverse
effect on SID Ca and P due to its high reactivity with Ca, leading to the formation of insolu-
ble Ca-phytate complexes in the gastric area of the gastrointestinal tract, thus reducing the
beneficial effects of phytase [3,60]. This may be explained in part by cereal-derived phytate
having a higher reactivity toward divalent cations than protein-source phytate because it is
stored as free or loosely bound molecules, exposing reactive phosphate groups that readily
chelate minerals like calcium and magnesium, particularly in acidic conditions [51]. In
contrast, phytate in protein sources is tightly bound to proteins, forming stable complexes
that reduce its ability to interact with minerals, limiting chelation and mineral bioavail-
ability relative to cereal grains [69,70]. In the current study, corn had the lowest SID P,
even with the addition of 1000 FTU/kg of diet. This amount of phytase was unable to
increase the digestibility of P to that of the same diets without LS added. This is consistent
with previous findings that the phytate digestibility in corn remains low in the presence
of phytase [8,68]. Li et al. [8] observed that the effectiveness of phytase in improving Ca
and P digestibility varied with the source and concentration of dietary phytate. High
concentrations of phytase (1000 FTU/kg diet) were more effective in counteracting the
negative effects of diets high in phytate originating from corn. Phytase addition in this
study was able to increase P digestibility in diets with wheat, sorghum, and FFS back to
digestibility’s of P seen in diets with the same ingredients but without LS addition. In
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Experiment 2, SFM had the lowest P digestibility in the absence of phytase, and phytase
was unable to take P digestibility to the level seen in the diet without LS. This suggests that
similar to corn, SFM exhibits a phytate that is more interactive with ionized Ca from LS,
leading to a phytate–Ca chelation that is less susceptible to the action of phytase. To the
authors’ knowledge, there is no existing research in vivo documenting these interactions.
The primary limitation is that, in certain cases, only a single value for SID Ca is available,
which may compromise the robustness. Further research is required to evaluate the vari-
ability of SID Ca within individual feed ingredients. Preliminary findings [30] indicate that
when diets are formulated using ingredient-specific SID Ca values and fed to broilers, the
resulting dietary SID Ca levels closely align with the formulated targets.

5. Conclusions

In conclusion, several key points emerge from this study. First, the digestibility of
Ca should be considered in feed formulation, given the considerable differences in Ca
digestibility among different feed ingredients. Second, the interaction between Ca and
phytate, as well as the efficacy of phytase, is influenced by the sources of phytate and
by LS addition. Therefore, establishing robust reference values for SID Ca in plant-based
feed ingredients and understanding the factors affecting SID Ca from LS are essential.
This knowledge is critical for advancing a dCa and dP system, ensuring more precision
when formulating diets to maximize nutrient digestibility and, in doing so, minimize
environmental mineral excretion. More research on ingredient dCa values is needed, but it
will be important to have these values generated with the same methodology. Adoption
into industry will require shadow formulation with dCa values for feed ingredients, and
preliminary research into commercial diets so far shows improvements in performance
and economics.

Author Contributions: All authors were involved in planning the study, carrying out the experiments
and provided input as well as review of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Danisco Animal Nutrition & Health (IFF), 2342 BH Oegstgeest,
The Netherlands, and Cargill Animal Nutrition and Health, Veilingweg 23, 5334 LD Velddriel,
The Netherlands.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of the University of Pretoria (NAS343/2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are unavailable due to privacy or ethical restrictions by the institutions.

Acknowledgments: The authors gratefully acknowledge the students who played a pivotal role in
this study, assisting with data collection and experimental procedures, and whose contributions were
integral to its success.

Conflicts of Interest: Wenting Li, Yueming Dersjant-Li are employees of Danisco Animal Nutrition,
IFF. Henk Enting is an employee of Cargill Animal Nutrition and Health. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

References
1. Cobb-Vantress Inc. Cobb500 Broiler Performance and Nutrition Supplement Specifications. 2022, pp. 8–9. Available online:

https://www.cobbgenetics.com/assets/Cobb-Files/2022-Cobb500-Broiler-Performance-Nutrition-Supplement.pdf (accessed on
16 June 2024).

2. Aviagen. Ross 308 Broiler Nutrition Specifications; Aviagen Ltd.: Newbridge, UK, 2022; Available online: www.aviagen.com
(accessed on 16 June 2024).

3. Tamim, N.M.; Angel, R.; Christman, M. Influence of dietary calcium and phytase on phytate phosphorus hydrolysis in broiler
chickens. Poult. Sci. 2004, 83, 1358–1367. [CrossRef] [PubMed]

https://www.cobbgenetics.com/assets/Cobb-Files/2022-Cobb500-Broiler-Performance-Nutrition-Supplement.pdf
www.aviagen.com
https://doi.org/10.1093/ps/83.8.1358
https://www.ncbi.nlm.nih.gov/pubmed/15339011


Animals 2024, 14, 3603 16 of 18

4. Plumstead, P.W.; Leytem, A.B.; Maguire, R.O.; Spears, J.W.; Kwanyuen, P.; Brake, J. Interaction of calcium and phytate in broiler
diets. 1. Effects on apparent prececal digestibility and retention of phosphorus. Poult. Sci. 2008, 87, 449–458. [CrossRef]

5. Selle, P.H.; Cowieson, A.J.; Ravindran, V. Consequences of calcium interactions with phytate and phytase for poultry and pigs.
Livest. Sci. 2009, 124, 126–141. [CrossRef]

6. Atteh, J.O.; Leeson, S. Effects of Dietary Saturated or Unsaturated Fatty Acids and Calcium Levels on Performance and Mineral
Metabolism of Broiler Chicks. Poult. Sci. 1984, 63, 2252–2260. [CrossRef] [PubMed]

7. Angel, R. Update on ingredient calcium digestibility: Impact of presence and source of phytate and source of calcium. In
Proceedings of the Australian Poultry Science Symposium, Sydney, NSW, Australia, 17–20 February 2019; pp. 51–56.

8. Li, W.; Angel, R.; Plumstead, P.W.; Enting, H. Effects of Limestone Particle Size, Phytate, Calcium Source, and Phytase on
Standardized Ileal Calcium and Phosphorus Digestibility in Broilers. Poult. Sci. 2021, 100, 900–909. [CrossRef] [PubMed]

9. Champagne, E.T. Effects of pH on Mineral-Phytate, Protein-Mineral-Phytate, and Mineral-Fiber Interactions. Possible Conse-
quences of Atrophic Gastritis on Mineral Bioavailability from High-Fiber Foods. J. Am. Coll. Nutr. 1988, 7, 499–508. [CrossRef]
[PubMed]

10. Angel, R. Impact of calcium and phytate source and calcium particle size on calcium and phosphorus digestibility of ingredients
and digestible calcium and phosphorus needs for broilers. In XXXV Curso Especialización FEDNA: Avances en Nutrición y
Alimentación Animal; Rebollar, P.G., De Blas, C., Mateos, G.G., Eds.; FEDNA: Madrid, Spain, 2019; pp. 177–186.

11. Anwar, M.N.; Ravindran, V.; Morel, P.C.H.; Ravindran, G.; Cowieson, A.J. Apparent ileal digestibility of calcium in lime-stone for
broiler chickens. Anim. Feed Sci. Technol. 2016, 213, 142–147. [CrossRef]

12. Anwar, M.N.; Ravindran, V.; Morel, P.C.H.; Ravindran, G.; Cowieson, A.J. Effect of limestone particle size and calcium to
non-phytate phosphorus ratio on true ileal calcium digestibility of limestone for broiler chickens. Brit. Poult. Sci. 2016, 57, 707–713.
[CrossRef] [PubMed]

13. Anwar, M.N.; Ravindran, V.; Morel, P.C.H.; Ravindran, G.; Cowieson, A.J. Effect of calcium source and particle size on the true
ileal digestibility and total tract retention of calcium in broiler chickens. Anim. Feed. Sci. Technol. 2017, 224, 39–45. [CrossRef]

14. David, L.S.; Abdollahi, M.R.; Ravindran, G.; Walk, C.L.; Ravindran, V. Studies on the measurement of ileal calcium digest-ibility
of calcium sources in broiler chickens. Poult. Sci. 2019, 98, 5582–5589. [CrossRef] [PubMed]

15. Kim, S.-W.; Li, W.; Angel, R.; Proszkowiec-Weglarz, M. Effects of limestone particle size and dietary Ca concentration on apparent
P and Ca digestibility in the presence or absence of phytase. Poult. Sci. 2018, 97, 4306–4314. [CrossRef] [PubMed]

16. Kim, S.-W.; Li, W.; Angel, R.; Plumstead, P.W. Modification of a limestone solubility method and potential to correlate with
in vivo limestone calcium digestibility. Poult. Sci. 2019, 98, 6837–6848. [CrossRef]

17. Babatunde, O.O.; Bello, A.; Dersjant-Li, Y.; Adeola, O. Evaluation of the responses of broiler chickens to varying concentrations of
phytate phosphorus and phytase. I. Starter phase (day 1–11 post hatching). Poult. Sci. 2021, 100, 101396. [CrossRef]

18. Venter, K.; Li, W.; Angel, R.; Plumstead, P.W.; Proszkowiec-Weglarz, M.; Enting, H.; Ellestad, L.E. Calcium and phosphorus
digestibility in broilers as affected by varying phytate concentrations from corn. Poult. Sci. 2024, 104, 104191. [CrossRef] [PubMed]

19. Angel, R.; Venter, K.; Li, W.; Plumstead, P. Calcium digestibility of ingredients and limestone digestible Ca equation de-velopment—
How close are we to implementation. In Proceedings of the FEDNA Symposium, Madrid, Spain, 12–14 December 2023.

20. Angel, R.; Li, W.; Plumstead, P.W. Towards a digestible calcium requirement and a digestible calcium system. In Proceedings of
the World’s Poultry Congress, Paris, France, 7–12 August 2022; pp. 324–334.

21. Angel, R. Rethinking calcium and phosphorus nutrition in poultry: The importance of calcium digestibility. XXXIII Curso De
Especializacion FEDNA. Adv. Nutr. Aliment. Anim. 2017, 141, e7.

22. Anwar, M.N.; Ravindran, V.; Morel, P.C.H.; Ravindran, G.; Cowieson, A.J. Measurement of true ileal calcium digestibility in meat
and bone meal for broiler chickens using the direct method. Poult. Sci. 2016, 95, 70–76. [CrossRef] [PubMed]

23. David, L.S.; Abdollahi, M.R.; Bedford, M.R.; Ravindran, V. True ileal calcium digestibility in soybean meal and canola meal, and
true ileal phosphorus digestibility in maize-soybean meal and maize-canola meal diets, without and with microbial phytase, for
broiler growers and finishers. Brit. Poult. Sci. 2021, 62, 293–303. [CrossRef] [PubMed]

24. Anwar, M.N.; Ravindran, V.; Morel, P.C.H.; Ravindran, G.; Cowieson, A.J. Measurement of the true ileal calcium digestibility of
some feed ingredients for broiler chickens. Anim. Feed. Sci. Technol. 2018, 237, 118–128. [CrossRef]

25. Moss, A.F.; Chrystal, P.V.; Dersjant-Li, Y.; Selle, P.H.; Liu, S.Y. Responses in digestibilities of macro-minerals, trace minerals and
amino acids generated by exogenous phytase and xylanase in canola meal diets offered to broiler chickens. Anim. Feed. Sci.
Technol. 2018, 240, 22–30. [CrossRef]

26. Sebastian, S.; Touchburn, S.P.; Chavez, E.R.; Lague, P.C. The effects of supplemental microbial phytase on the performance and
utilization of dietary calcium, phosphorus, copper, and zinc in broiler chickens fed corn-soybean diets. Poult. Sci. 1996, 75,
729–736. [CrossRef] [PubMed]

27. Sebastian, S.; Touchburn, S.P.; Chavez, E.R.; Laguë, P.C. Efficacy of supplemental microbial phytase at different dietary calcium
levels on growth performance and mineral utilization of broiler chickens. Poult. Sci. 1996, 75, 1516–1523. [CrossRef] [PubMed]

28. Walk, C.L.; Bedford, M.R.; McElroy, A.P. Influence of limestone and phytase on broiler performance, gastrointestinal pH, and
apparent ileal nutrient digestibility. Poult. Sci. 2012, 91, 1371–1378. [CrossRef] [PubMed]

29. Ravindran, V. Phytases in poultry nutrition. An overview. In Proc. Aust. Poult. Sci. Symp. 1995, 7, 135–139.

https://doi.org/10.3382/ps.2007-00231
https://doi.org/10.1016/j.livsci.2009.01.006
https://doi.org/10.3382/ps.0632252
https://www.ncbi.nlm.nih.gov/pubmed/6514667
https://doi.org/10.1016/j.psj.2020.10.075
https://www.ncbi.nlm.nih.gov/pubmed/33518143
https://doi.org/10.1080/07315724.1988.10720266
https://www.ncbi.nlm.nih.gov/pubmed/2852683
https://doi.org/10.1016/j.anifeedsci.2016.01.014
https://doi.org/10.1080/00071668.2016.1196341
https://www.ncbi.nlm.nih.gov/pubmed/27277341
https://doi.org/10.1016/j.anifeedsci.2016.12.002
https://doi.org/10.3382/ps/pez314
https://www.ncbi.nlm.nih.gov/pubmed/31198961
https://doi.org/10.3382/ps/pey304
https://www.ncbi.nlm.nih.gov/pubmed/30590821
https://doi.org/10.3382/ps/pez423
https://doi.org/10.1016/j.psj.2021.101396
https://doi.org/10.1016/j.psj.2024.104191
https://www.ncbi.nlm.nih.gov/pubmed/39217662
https://doi.org/10.3382/ps/pev319
https://www.ncbi.nlm.nih.gov/pubmed/26546671
https://doi.org/10.1080/00071668.2020.1849559
https://www.ncbi.nlm.nih.gov/pubmed/33196290
https://doi.org/10.1016/j.anifeedsci.2018.01.010
https://doi.org/10.1016/j.anifeedsci.2018.03.011
https://doi.org/10.3382/ps.0750729
https://www.ncbi.nlm.nih.gov/pubmed/8737837
https://doi.org/10.3382/ps.0751516
https://www.ncbi.nlm.nih.gov/pubmed/9000277
https://doi.org/10.3382/ps.2011-01928
https://www.ncbi.nlm.nih.gov/pubmed/22582295


Animals 2024, 14, 3603 17 of 18

30. Venter, K.M.; Angel, R.; Plumstead, P.W. Pieces of the puzzle for formulating to digestible calcium: Ingredient digestible Ca with
validation in complete diets and implementation of a digestible calcium system on performance and economics. In Proceedings
of the FEDNA Symposium, Madrid, Spain, 12–14 December 2023.

31. Jimenez-Moreno, E.; CAngel, R.; Kim, S.W.; Proszkowiec-Weglarz, M.; Ward, N. Dietary calcium and non-phytate phosphorus
requirements of broiler chickens in the prestarter phase. In Proceedings of the 19th European Symposium on Poultry Nutrition,
Potsdam, Germany, 26–29 August 2013.

32. Jimenez-Moreno, E.; CAngel, R.; Kim, S.W.; Proszkowiec-Weglarz, M.; Ward, N. Dietary calcium and phosphorus requirements of
broiler chickens in the starter phase. Poult. Sci. 2013, 92 (E-Suppl. 1), 147–148.

33. Driver, J.P.; Pesti, G.M.; Bakalli, R.I.; Edwards, H.M. Calcium requirements of the modern broiler chicken as influenced by dietary
protein and age. Poult. Sci. 2005, 84, 1629–1639. [CrossRef] [PubMed]

34. Lemme, A.; Ravindran, V.; Bryden, W.L. Ileal digestibility of amino acids in feed ingredients for broilers. World’s Poult. Sci. J. 2004,
60, 423–438. [CrossRef]

35. American Society of Agricultural and Biological Engineers. Method of Determining and Expressing Fineness of Feed Materials by
Sieving (ANSI/ASAE S319.4); ASABE: St. Joseph, MI, USA, 2004.

36. Proszkowiec-Weglarz, M.; Angel, R. Calcium and phosphorus metabolism in broilers: Effect of homeostatic mechanism on
calcium and phosphorus digestibility. J. Appl. Poult. Res. 2013, 22, 609–627. [CrossRef]

37. Coenen, A.; Smit, A.; Zhonghua, L.; Van Luijtelaar, G. Gas mixtures for anaesthesia and euthanasia in broiler chickens. J. World’s
Poult. Sci. 2000, 56, 225–234. [CrossRef]

38. AOAC International. Official Methods of Analysis, 17th ed.; Method 934.01; AOAC International: Gaithersburg, MD, USA, 2000.
39. AOAC. Macro and Micro Elements in Plant Tissues by ICP-AES; Association of Official Agricultural Chemists: Arlington, VA, USA,

1999; pp. 110–116.
40. Engelen, A.J.; van der Heeft, F.C.; Randsdorp, P.H.; Somers, W.A.; Schaefer, J.; van der Vat, B.J. Determination of phytase activity

in feed by a colorimetric enzymatic method: Collaborative interlaboratory study. J. AOAC Int. 2001, 84, 629–633. [CrossRef]
41. Ravindran, V. Progress in ileal endogenous amino acid flow research in poultry. J. Anim. Sci. Biotechnol. 2021, 12, 5. [CrossRef]

[PubMed]
42. Anwar, M.N.; Ravindran, V. Influence of methodology on the measurement of ileal endogenous calcium losses in broiler chickens.

J. Appl. Anim. Res. 2020, 48, 264–267. [CrossRef]
43. JMP, Version 16, SAS Institute: Cary, NC, USA, 2021.
44. Tukey, J.W. Comparing individual means in the analysis of variance. Biometrics 1949, 5, 99. [CrossRef]
45. Angel, R.; Proszkowiec-Weglarz, M.; Jimenez-Moreno, E.; Kim, S.W.; Plumstead, P. Impact of time and diet calcium and

phosphorus deficiencies on their digestibilities in single ingredients. In Proceedings of the 19th European Symposium on Poultry
Nutrition, Postdam, Germany, 26–29 August 2013.

46. David, L.S.; Abdollahi, M.R.; Bedford, M.R.; Ravindran, V. Requirement of digestible calcium at different dietary concen-trations
of digestible phosphorus for broiler chickens 3. broiler finishers (d 25 to 35 Post-Hatch). Poult. Sci. 2023, 102, 102492. [CrossRef]

47. Morrissey, R.; Wasserman, R. Calcium absorption and calcium-binding protein in chicks on differing calcium and phos-phorus
intakes. Am. J. Physiol. 1971, 220, 1509–1515. [CrossRef]

48. CVB. CVB Feed Table 2021. In Chemical Composition and Nutritional Values of Feedstuffs; CVB: Wageningen, The Netherlands, 2021.
49. Shafey, T.; McDonald, M. Effects of dietary ca to phosphorus ratio on ca tolerance of broiler chickens. Aust. J. Exp. Agric. 1990,

30, 483. [CrossRef]
50. O’Dell, B.L.; De Boland, A. Complexation of phytate with proteins and cations in corn germ and oil seed meals. J. Agric. Food

Chem. 1976, 24, 804–808. [CrossRef]
51. Cheryan, M.; Rackis, J.J. Phytic acid interactions in food systems. Crit. Rev. Food Sci. Nutr. 1980, 13, 297–335. [CrossRef]
52. Wise, A. Dietary factors determining the biological activity of phytase. Nutr. Abstr. Rev. 1983, 53, 791–806.
53. Luttrell, B.M. The biological relevance of the binding of calcium ions by inositol phosphates. J. Biol. Chem. 1993, 268, 1521–1524.

[CrossRef] [PubMed]
54. Pallauf, J.; Rimbach, G. Nutritional significance of phytic acid and phytase. Arch Tierernaehr. 1997, 50, 301–319. [CrossRef]

[PubMed]
55. Sommerfeld, V.; Schollenberger, M.; Kühn, I.; Rodehutscord, M. Interactive effects of phosphorus, calcium, and phytase

supplements on products of phytate degradation in the digestive tract of broiler chickens. Poult. Sci. 2018, 97, 1177–1188.
[CrossRef] [PubMed]

56. Li, W.; Angel, R.; Kim, S.-W.; Jiménez-Moreno, E.; Proszkowiec-Weglarz, M.; Plumstead, P.W. Impacts of age and calcium on
phytase efficacy in broiler chickens. Anim. Feed Sci. Technol. 2018, 238, 9–17. [CrossRef]

57. Mohammed, A.; Gibney, M.J.; Taylor, T.G. The effects of dietary levels of inorganic phosphorus, calcium and cholecalciferol on
the digestibility of phytate-p by the chick. Br. J. Nutr. 1991, 66, 251–259. [CrossRef] [PubMed]

58. Li, W.; Angel, R.; Kim, S.-W.; Brady, K.; Yu, S.; Plumstead, P.W. Impacts of dietary calcium, phytate, and nonphytate phosphorus
concentrations in the presence or absence of phytase on inositol hexakisphosphate (IP6) degradation in different segments of
broilers digestive tract. Poult. Sci. 2016, 95, 581–589. [CrossRef] [PubMed]

59. Tamim, N.M.; Angel, R. Phytate phosphorus hydrolysis as influenced by dietary calcium and micro-mineral source in broiler
diets. J. Agric. Food Chem. 2003, 51, 4687–4693. [CrossRef] [PubMed]

https://doi.org/10.1093/ps/84.10.1629
https://www.ncbi.nlm.nih.gov/pubmed/16335133
https://doi.org/10.1079/WPS200426
https://doi.org/10.3382/japr.2012-00743
https://doi.org/10.1079/WPS20000017
https://doi.org/10.1093/jaoac/84.3.629
https://doi.org/10.1186/s40104-020-00526-2
https://www.ncbi.nlm.nih.gov/pubmed/33413625
https://doi.org/10.1080/09712119.2020.1781133
https://doi.org/10.2307/3001913
https://doi.org/10.1016/j.psj.2023.102492
https://doi.org/10.1152/ajplegacy.1971.220.5.1509
https://doi.org/10.1071/EA9900483
https://doi.org/10.1021/jf60206a034
https://doi.org/10.1080/10408398009527293
https://doi.org/10.1016/S0021-9258(18)53883-7
https://www.ncbi.nlm.nih.gov/pubmed/8420927
https://doi.org/10.1080/17450399709386141
https://www.ncbi.nlm.nih.gov/pubmed/9345595
https://doi.org/10.3382/ps/pex404
https://www.ncbi.nlm.nih.gov/pubmed/29325118
https://doi.org/10.1016/j.anifeedsci.2018.01.021
https://doi.org/10.1079/BJN19910029
https://www.ncbi.nlm.nih.gov/pubmed/1662069
https://doi.org/10.3382/ps/pev354
https://www.ncbi.nlm.nih.gov/pubmed/26740131
https://doi.org/10.1021/jf034122x
https://www.ncbi.nlm.nih.gov/pubmed/14705897


Animals 2024, 14, 3603 18 of 18

60. Selle, P.H.; Ravindran, V. Microbial phytase in poultry nutrition. Anim. Feed Sci. Technol. 2007, 135, 1–41. [CrossRef]
61. Ravindran, V.; Selle, P.; Bryden, W. Effects of phytase supplementation, individually and in combination, with glycanase, on the

nutritive value of wheat and barley. Poult. Sci. 1999, 78, 1588–1595. [CrossRef] [PubMed]
62. Augspurger, N.R.; Webel, D.M.; Baker, D.H. An Escherichia coli phytase expressed in yeast effectively replaces inorganic

phosphorus for finishing pigs and laying hens. J. Anim. Sci. 2007, 85, 1192–1198. [CrossRef] [PubMed]
63. Babatunde, O.O.; Bello, A.; Dersjant-Li, Y.; Adeola, O. Evaluation of the responses of broiler chickens to varying concentrations of

phytate phosphorus and phytase. II. grower phase (day 12–23 post hatching). Poult. Sci. 2022, 101, 101616. [CrossRef]
64. Bello, A.; Kwakernaak, C.; Dersjant-Li, Y. Effects of limestone 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. 2022, 100, skac337. [CrossRef] [PubMed]

65. Christensen, T.; Dersjant-Li, Y.; Sewalt, V.; Mejldal, R.; Haaning, S.; Pricelius, S.; Nikolaev, I.; Sorg, R.A.; De Kreij, A. In vitro
characterization of a novel consensus bacterial 6-phytase and one of its variants. Curr. Biochem. Eng. 2020, 6, 156–171. [CrossRef]

66. Dersjant-Li, Y.; Bello, A.; Stormink, T.; Abdollahi, M.R.; Ravindran, V.; Babatunde, O.O.; Adeola, O.; Toghyani, M.; Liu, S.Y.; Selle,
P.H. Modeling improvements in ileal digestible amino acids by a novel consensus bacterial 6-phytase variant in broilers. Poult.
Sci. 2022, 101, 101666. [CrossRef] [PubMed]

67. Dersjant-Li, Y.; Christensen, T.; Knudsen, S.; Bello, A.; Toghyani, M.; Liu, S.Y.; Selle, P.H.; Marchal, L. 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. 2022, 63, 395–405. [CrossRef]

68. Dersjant-Li, Y.; Awati, A.; Schulze, H.; Partridge, G. Phytase in non-ruminant animal nutrition: A critical review on phytase
activities in the gastrointestinal tract and influencing factors. J. Sci. Food Agric. 2015, 95, 878–896. [CrossRef] [PubMed]

69. Torre, M.; Rodriguez, A.R.; Saura-Calixto, F. Effects of dietary fiber and phytic acid on mineral availability. Crit. Rev. Food Sci.
Nutr. 1991, 30, 1–22. [CrossRef]

70. Raboy, V. Myo-Inositol-1,2,3,4,5,6-Hexakisphosphate. Phytochemistry 2003, 64, 1033–1043. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.anifeedsci.2006.06.010
https://doi.org/10.1093/ps/78.11.1588
https://www.ncbi.nlm.nih.gov/pubmed/10560833
https://doi.org/10.2527/jas.2006-340
https://www.ncbi.nlm.nih.gov/pubmed/17264240
https://doi.org/10.1016/j.psj.2021.101616
https://doi.org/10.1093/jas/skac337
https://www.ncbi.nlm.nih.gov/pubmed/36239636
https://doi.org/10.2174/2212711906999201020201710
https://doi.org/10.1016/j.psj.2021.101666
https://www.ncbi.nlm.nih.gov/pubmed/35101685
https://doi.org/10.1080/00071668.2021.2000586
https://doi.org/10.1002/jsfa.6998
https://www.ncbi.nlm.nih.gov/pubmed/25382707
https://doi.org/10.1080/10408399109527539
https://doi.org/10.1016/S0031-9422(03)00446-1
https://www.ncbi.nlm.nih.gov/pubmed/14568069

	Introduction 
	Materials and Methods 
	Feeds and Treatments 
	Ileal Sampling 
	Lab Analysis 
	Calculations 
	Statistical Analysis 

	Results 
	Experiment 1 
	Experiment 2 

	Discussion 
	Conclusions 
	References

