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Abstract. Efforts to reduce phosphorus (P) excretion from pigs have increased during the past few decades and it has
been recognised that interactions among dietary P, calcium (Ca), phytate, and microbial phytase exist. However, limited
research has been reported on Ca digestibility, but to optimise the use of both Ca and P, digestibility values of Ca are
needed. Due to endogenous losses of Ca, values for standardised total tract digestibility (STTD) of Ca in different Ca
supplements and feed ingredients have been determined, and these values may be used to formulate mixed diets.
Phytate may bind intrinsic Ca in feed ingredients of plant origin as well as extrinsic Ca from ingredients of animal origin
or Ca supplements, but not all forms of Ca in Ca supplements will bind to phytate. Therefore, the effect of phytase
on the STTD of Ca may vary depending on the amount of Ca bound to phytate and in some cases microbial phytase will
result in increased STTD of Ca from animal proteins or Ca supplements. Dietary fibre may increase the STTD of Ca,
but particle size and soybean oil do not influence the STTD of Ca. Requirements for digestible Ca by growing pigs
has not yet been determined, but with the availability of values for the STTD of Ca in most commonly used feed
ingredients, the basis for determining such values has been prepared. In conclusion, data for the STTD of Ca and the
effects of microbial phytase in many feed ingredients have been determined and future research will be directed at

determining the requirements for digestible Ca by different groups of pigs.
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Introduction

Concerns about phosphorus (P) scarcity and P pollution have
increased during the past decades. The main concerns are that
most of the P that is fed to livestock is from phosphate rock,
which is a limited resource and expensive, and the P from
manure is a potential pollutant in water and may cause
eutrophication (Sims et al. 1998; Carpenter and Bennet 2011;
FAO 2011). During the past decades, scientists have conducted
research to identify solutions to optimise the use of P and also to
reduce P excretion. As a result, one of the most common
practices in the feeding of pigs and poultry is the inclusion of
microbial phytase in the diet, which increases the digestibility of
P (Akinmusire and Adeola 2009; Almeida and Stein 2010;
Rodriguez et al. 2013) and may improve growth performance
of pigs (Patience et al. 2015). However, results of some
experiments indicate that the activity of microbial phytase is
reduced as dietary calcium (Ca) concentration increases
(Lei et al. 1994; Lantzsch et al. 1995; Brady et al. 2002; Selle
et al. 2009). Excess dietary Ca also results in reduced
digestibility of P (Clark 1969; Stein et al. 2011) and it is,
therefore, important that the concentration of Ca in the diets

does not exceed the requirement. However, Ca supplements
such as limestone and Ca carbonate are inexpensive and
because of a lack of data demonstrating the exact requirements
for Ca, it is possible that Ca is sometimes included in excess of
the requirement.

Values for the standardised total tract digestibility (STTD)
of P in most ingredients used in swine diets have been
determined in recent years and the requirements for STTD
P by growing pigs and sows have been reported (NRC 2012).
However, for Ca, only total Ca values in ingredients and total
Ca requirements for growing pigs and sows are available, but
because it has been demonstrated that endogenous losses of
Ca exist in pigs (Gonzalez-Vega et al. 2013), it will be more
accurate to express requirements for dietary Ca as STTD Ca.
As a consequence, using values for STTD of Ca and P in diet
formulations will optimise the use of both Ca and P and will
reduce the excretion of P. Therefore, the aim of this
contribution is to review recent work from our laboratory
on determination of digestibility of Ca in feed ingredients
and data for the requirement of digestible Ca in diets fed to
growing pigs.

*This contribution is a summary of a paper presented at the 23rd Biennial Recent Advances in Animal Nutrition Conference, 2628 October, University of
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Endogenous losses of Ca

Digestibility of a nutrient can be equivalent to the availability of
the nutrient if the nutrient that disappears in the gastrointestinal
tract is absorbed and used by the animal (Ammerman 1995;
Stein et al. 2007). Digestibility can be defined as apparent,
standardised or true digestibility, and the difference among
these expressions is related to the way the endogenous losses
of the nutrients are considered in the calculations (Stein et al.
2007). Apparent digestibility values of a nutrient are not
expected to always be additive in mixed diets because these
values may vary with the concentration of the nutrient in the diet
if there are endogenous losses of the nutrient. Specifically, if
the digestibility is determined in an ingredient with a low
concentration of that nutrient, and the ingredient is used in a
mixed diet with a greater concentration of the nutrient, values for
apparent digestibility obtained in the individual ingredients are
not additive in the mixed diet (Stein e al. 2005; NRC 2012).
However, values for standardised or true digestibility are additive
in mixed diets because these values are corrected for endogenous
losses, as has been demonstrated for amino acids (Stein et al.
2005). There are two types of endogenous losses, namely,
basal endogenous losses, which are diet-independent, and
specific endogenous losses, which are diet-dependent, and the
total endogenous loss of a nutrient, therefore, is the sum of
the basal and specific endogenous losses (Stein et al. 2007).
If apparent digestibility values are corrected for the basal
endogenous loss, the standardised digestibility is calculated,
but if apparent digestibility values are corrected for total
endogenous losses, the true digestibility is calculated. Values
for standardised and true digestibility are expected to be additive
in mixed diets because values are not influenced by the nutrient
concentration in the ingredients included in the diet. It is,
therefore, recommended that mixed diets be formulated using
values for standardised or true digestibility (NRC 2012). Total
endogenous losses can be determined by using the regression
procedure (Gonzalez-Vega et al. 2013), but to determine basal
endogenous losses, a Ca-free diet may be used (Gonzalez-Vega
etal.2014,2015a,2015b). Because itis easier to determine values
for basal endogenous losses than values for total endogenous
losses, it is usually more practical to formulate diets on the basis of
standardised digestibility. Values for the basal endogenous loss
of Ca may be determined after feeding a Ca-free diet and have
been reported in the range from 123 mg per kg dry matter intake
(Gonzalez-Vega et al. 2015a) to 670 mg per kg dry matter
intake (Gonzalez-Vega et al. 2014) and there is evidence that
diet composition may influence the basal endogenous loss of
Ca (Gonzélez-Vega et al. 2015b). Due to the high variability of
basal endogenous loss of Ca among published experiments, it
is suggested that a Ca-free diet is included in all experiments
that aim at determining STTD of Ca. This approach is similar to
the approach suggested for determining values for standardised
ileal digestibility of amino acids (Stein ez al. 2007).

Digestibility of Ca in feed ingredients

Due to the relatively low concentrations of Ca in feed ingredients
of plant origin, Ca from animal proteins or inorganic sources of
Ca, which have high concentrations of Ca, are usually added to
commercial diets for pigs. For most feed ingredients, only the
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total concentration of Ca has been determined and, in the
most recent version of ‘Nutrient Requirements of Swine’, no
digestibility values for Ca were reported due to the lack of data
(NRC 2012). However, recent work in our laboratory has
focussed on determining the STTD of Ca in most commonly
used sources of Ca (Table 1).

Dietary factors that may affect digestibility of Ca
Ca concentration

The apparent total tract digestibility (ATTD) of Ca is not affected
by the concentration of dietary Ca if dietary Ca is between 50%
and 150% of the requirement (Stein ez al. 2011), but it is possible
that concentrations of dietary Ca outside this range will affect
ATTD of Ca. Indeed, if the concentration of dietary Ca is less
than 50% of the requirement, the ATTD of Ca is reduced because
the endogenous losses of Ca represent a greater proportion of
the faecal Ca output (Gonzalez-Vega et al. 2013). If dietary
Ca is above the requirement, the ATTD of P will be reduced
(Stein et al. 2011), which may result in a reduction of growth
performance of pigs (Gonzalez-Vega et al. 2015c¢).

Phytate

Phytate is naturally present in most plant ingredients and is a
molecule that not only binds P but also may bind other minerals
or nutrients. Thus, the digestibility of Ca and P may be limited
because pigs do not secrete phytase, which releases the Ca and
P that are bound to phytate. However, addition of microbial
phytase to the diet may increase the ATTD and STTD of Ca not
only in plant ingredients, but also in animal proteins and in Ca
supplements (Gonzalez-Vega et al. 2013, 2015a, 2015b). This
latter observation indicates that the phytate in plant ingredients
binds not only the intrinsic Ca in the ingredient, but also some
of'the Ca from other ingredients in the diet. However, not all forms
of Ca are bound to phytate and Ca in monocalcium phosphate
and dicalcium phosphate is less likely to be bound to phytate
than is Ca from calcium carbonate (Gonzilez-Vega et al.
2015a). Responses to microbial phytase on the digestibility of
Ca are, therefore, variable among feed ingredients, depending
on how much of the Ca in that ingredient is bound to phytate,
which in turn is affected by the total concentration of phytate
in the diet.

Phytase

Phytase is the enzyme needed to hydrolyse the bond between
phytate and P, which will subsequently result in increased
solubility of P in the intestinal tract. Inclusion of microbial
phytase in swine diets not only increases the digestibility of P
(Akinmusire and Adeola 2009; Almeida and Stein 2010;
Rodriguez et al. 2013), but also the digestibility of Ca
(Rodriguez et al. 2013; Gonzélez-Vega et al. 2013, 2015a).
Negative effect of excess dietary Ca on the efficacy of phytase
has been observed in several experiments (Lei et al. 1994;
Lantzsch et al. 1995; Brady et al. 2002). However, it is not
clear how Ca affects the efficacy of phytase, but there are three
possible explanations, including the following: (1) insoluble
Ca—phytate complexes may be formed in the small intestine,
which may reduce the ability of microbial phytase to liberate
the P in the diet (Wise 1983; Fisher 1992); (2) excess Ca in the
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Table 1.
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Digestibility of calcium (Ca) in feed ingredients

ATTD, apparent total tract digestibility; STTD, standardised total tract digestibility; TTTD, true total tract digestibility

Ca source ATTD of Ca (%) STTD of Ca (%) TTTD of Ca (%)
No phytase With phytase No phytase With phytase No phytase With phytase
Inorganic sources
Calcium carbonate” 57.98 70.62 60.43 73.07 - -
Calcium carbonate® 60.90-70.90 - - - - -
Calcium carbonate® 69.96-74.29 - 74.13-78.45 - - -
Dicalcium phosphate”™ 75.29 76.39 77.80 78.90 - -
Lithothamnium calcareum® 62.54 66.24 64.98 68.67 - -
Monocalcium phosphate® 82.76 83.24 85.86 86.34 - -
Sugar beet co-product™ 66.18 63.18 68.41 65.41 - -
Plant sources
Canola meal® 33.71-42.96 45.89-65.91 - - 46.60 70.30
Corn® 49.60 - - - - -
Soybean meal® 46.70 - - - - -
Animal sources

Fish meal (cornstarch-based diet)" 40.42-51.22 57.27 45.64-53.87 60.07 - -
Fish meal (corn-based diet)" 73.07-84.24 84.01 76.21-88.99 86.88 - -
Meat and bone meal® 53.00-81.00 - - - - -

AGonzalez-Vega et al. (2015q).
BStein er al. (2011).
“Merriman and Stein (2015).
PGonzélez-Vega et al. (2013).
EBohlke ef al. (2005).
FGonzalez-Vega et al. (2015b).
SSulabo and Stein (2013).

gastro-intestinal tract increases gastric and (or) intestinal pH,
which reduces the efficacy of microbial phytase (Sandberg
et al. 1993); and (3) dietary Ca may compete with phytase for
the active site on phytate, which will reduce the efficiency of
hydrolysing the phytate-P bond (Qian et al. 1996).

Particle size of Ca carbonate

In laying hens, the effect of particle size on the digestibility of
Ca is variable (Scheideler 1998; Araujo et al. 2011), but in pigs,
a particle size between 0.10 and 0.54 mm does not affect the
relative bioavailability of Ca (Ross et al. 1984). Recently, it
was also reported that a particle size between 200 and 1125
microns does not affect the ATTD or STTD of Ca in Ca
carbonate included in phytate-containing diets based on corn
and potato protein isolate (Merriman and Stein 2015). Therefore,
it appears that, at least for Ca carbonate, the particle size does
not influence the digestibility of Ca.

Pelleting

Thermal treatments, such as extrusion, may increase absorption
of some minerals in broilers (Hafeez et al. 2014) and rats (Alonso
et al. 2001), because of a reduction in the concentration of
phytate-bound P due to heating and possibly a reduction of
other antinutritional factors (Alonso et al. 2001). But if diets
are subjected to high temperatures with moisture, Maillard
reaction products may be formed, which may reduce mineral
bioavailability (O’Brien et al. 1989). Although, pelleting of
diets for suckling piglets increased absorption of Ca in Caco-2
cells (Delgado-Andrade et al. 2010), further research is needed

to determine the effect of thermal treatments on Ca digestibility
in pigs.

Site of absorption

The place where Ca is absorbed may be influenced by the type
of diet that is fed to pigs (Partridge 1978) and the source of Ca in
the diet (Gonzalez-Vega et al. 2014). Most Ca is absorbed in the
small intestine (Moore and Tyler 1955a, 1955b; Partridge 1978;
Liu et al. 2000; Schroder and Breves 2006), but some Ca may be
absorbed very early in the duodenum (Gonzalez-Vega et al.
2014). Although, results of several experiments have indicated
that no absorption of Ca takes place in the large intestine (Bohlke
et al. 2005; Gonzalez-Vega et al. 2014), data indicating that Ca
may be absorbed in the colon, but not in caecum, have also been
reported (Liu et al. 2000).

Fibre

The hydroxyl and carboxyl groups associated with fibre may
bind some minerals at neutral pH, reducing the availability of
these minerals in the small intestine (Debon and Tester 2001;
Miyada et al. 2011), but these complexes may become available
in the colon ifthe fibre is fermented (James et al. 1978). Synthesis
of short-chain fatty acids by fermentation of dietary fibre
reduces intestinal pH (Wong ef al. 2006; Rose et al. 2007),
which may enhance the solubility and absorption of minerals
in rats (Ohta et al. 1995), humans (Coudray et al. 1997) and pigs
(Bird et al. 2000). Butyrate may also increase the absorption of
minerals because butyrate may stimulate the growth of epithelial
cells in the intestines (Montagne et al. 2003). Increased ATTD
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and STTD of Ca in diets containing synthetic cellulose or corn
compared with synthetic diets containing no fibre have been
observed (Gonzalez-Vega et al. 2015b). This observation
indicates that not only synthesis of short-chain fatty acids may
influence Ca digestibility, but other factors such as transit time,
gut motility or mineral precipitation may also be involved
(Gonzalez-Vega et al. 2015b).

Fat

Fat may reduce the rate of passage, which may increase the
digestibility of amino acids (Cervantes-Pahm and Stein 2008; Kil
and Stein 2011). In humans, reduction of body fat may be caused
by high concentrations of dietary Ca, because high concentrations
of Ca may increase excretion of fat (Bendsen et al. 2008; Soares
et al. 2012), indicating that dietary Ca may bind to fat in the
intestinal tract and form Ca soaps, and thereby reduce absorption.
However, the effect of fat on the digestibility of Ca is variable and
depends on the type of fatty acids in the diet (Boyd et al. 1932;
Agnew and Holdsworth 1971; Wargovich et al. 1984). In pigs,
inclusion of 7% soybean oil did not affect the digestibility of Ca
and P (Gonzalez-Vega et al. 2015b). However, the effect of other
types of oil on the digestibility of Ca and P has not been reported
and current research at the University of Illinois is directed at
determining the influence of type of oil on the digestibility of Ca
in diets fed to pigs.

Vitamin D

Homeostasis of Ca is mainly regulated by two hormones,
parathyroid hormone and calcitonin. If the concentration of
Ca in plasma is low, parathyroid hormone is secreted, which
leads to the activation of vitamin D to its active form 10,25
dihydroxycholecalciferol, but if Ca plasma concentration is
high, calcitonin is secreted, and activation of vitamin D is
prevented (Costanzo 2006). Active absorption of Ca from the
small intestine is increased by 10,25 dihydroxycholecalciferol
(Kaune 1996) because of increased expression of calbindin,
intra-cellular calcium transporters and Ca-ATPases (van Abel
et al. 2003; Kutuzova and DeLuca 2004). Results of recent
studies have indicated that 10,25 dihydroxycholecalciferol
may also increase passive absorption of Ca from the small
intestine (Kutuzova and DeLuca 2004; Christakos 2012).

Digestible Ca requirement

The requirements of Ca for pigs are expressed as total Ca
requirements because no data for the requirement of digestible
Cahave been reported (NRC 2012). However, recent work in our
laboratory attempted to determine the requirement for digestible
Ca in 11-25 kg pigs. Preliminary results of this work indicated
that there is a large negative effect on growth performance of
including digestible Ca in excess of the requirement in the diets
(Gonzalez-Vega et al. 2015¢). One of the reasons for the
negative effect on the pig growth performance and feed
conversion rate may be the negative effect of excess Ca on the
digestibility of P (Stein et al. 2011), and the negative effects of
Ca may, therefore, be a result of insufficient concentrations
of P available for formation of soft tissue. However, further
research needs to be conducted to determine the requirement
for digestible Ca by pigs.
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Conclusions

Dietary concentrations of Ca should be considered in formulation
of diets for pigs because excess dietary Ca has negative effects
on the digestibility of P and the efficacy of phytase. Values for
STTD of Ca in Ca supplements and feed ingredients have been
determined and may be used in diet formulation and it has been
demonstrated that the effect of microbial phytase may vary
among ingredients. Fibre may increase the digestibility of Ca,
but particle size and soybean oil do not affect the digestibility
of Ca. Requirements for digestible Ca by pigs have not been
established, but preliminary data from weanling pigs indicated
that excess dietary Ca has significant negative effects on growth
performance of pigs. Therefore, it is necessary that the exact
requirements for digestible Ca by different groups of pigs be
determined and future research will be conducted to determine
requirements for digestible Ca by pigs.

Acknowledgements

Financial support for this research was provided by AB Vista Feed
Ingredients, Marlborough, SN8 4AN, United Kingdom.

References

Agnew JE, Holdsworth CD (1971) The effect of fat on calcium absorption
from a mixed meal in normal subjects, patients with malabsorptive
disease, and patients with a partial gastrectomy. Gut 12, 973-977.
doi:10.1136/gut.12.12.973

Akinmusire AS, Adeola O (2009) True digestibility of phosphorus in canola
and soybean meals for growing pigs: influence of microbial phytase.
Journal of Animal Science 87, 977-983. doi:10.2527/jas.2007-0778

Almeida FN, Stein HH (2010) Performance and phosphorus balance of pigs
fed diets formulated on the basis of values for standardized total tract
digestibility of phosphorus. Journal of Animal Science 88, 2968-2977.
doi:10.2527/jas.2009-2285

Alonso R, Rubio LA, Muzquiz M, Marzo F (2001) The effect of extrusion
cooking on mineral bioavailability in pea and kidney bean seed meals.
Animal Feed Science and Technology 94, 1-13. doi:10.1016/S0377-8401
(01)00302-9

Ammerman CB (1995) Methods for estimation of mineral bioavailability.
In ‘Bioavailability of nutrients for animals: amino acids, minerals, and
vitamins’. (Eds CB Ammerman, DH Baker, AJ Lewis) pp. 83-94.
(Academic Press: San Diego, CA)

Araujo JA, da Silva JHV, Costa FGP, de Sousa JMB, Givisiez PEN,
Sakomura NK (2011) Effect of the levels of calcium and particle size
of limestone on laying hens. Revista Brasileira de Zootecnia 40,
997-1005. doi:10.1590/S1516-35982011000500009

Bendsen NT, Hother A-L, Jensen SK, Lorenzen JK, Astrup A (2008) Effect
of dairy calcium on fecal fat excretion: a randomized crossover trial.
International Journal of Obesity 32, 1816-1824. doi:10.1038/ijo.
2008.173

Bird AR, Hayakawa T, Marsono Y, Gooden JM, Record IR, Correll RL,
Topping DL (2000) Coarse brown rice increases fecal and large bowel
short-chain fatty acids and starch but lowers calcium in the large bowel
of pigs. The Journal of Nutrition 130, 1780-1787.

Bohlke RA, Thaler RC, Stein HH (2005) Calcium, phosphorus, and amino
acid digestibility in low-phytate corn, normal corn, and soybean meal
by growing pigs. Journal of Animal Science 83, 2396-2403.

Boyd OF, Crum CL, Lyman JF (1932) The absorption of calcium soaps
and the relation of dietary fat to calcium utilization in the white rat.
The Journal of Biological Chemistry 95, 29-41.

Brady SM, Callan JJ, Cowan D, McGrane M, O’Doherty JV (2002) Effect
of phytase inclusion and calcium/phosphorus ratio on the performance


dx.doi.org/10.1136/gut.12.12.973
dx.doi.org/10.2527/jas.2007-0778
dx.doi.org/10.2527/jas.2009-2285
dx.doi.org/10.1016/S0377-8401(01)00302-9
dx.doi.org/10.1016/S0377-8401(01)00302-9
dx.doi.org/10.1590/S1516-35982011000500009
dx.doi.org/10.1038/ijo.2008.173
dx.doi.org/10.1038/ijo.2008.173

Calcium digestibility and digestible calcium requirements

and nutrient retention of grower-finisher pigs fed barley/wheat/soya
bean meal-based diets. Journal of the Science of Food and Agriculture
82, 1780-1790. doi:10.1002/jsfa.1262

Carpenter S, Bennet E (2011) Reconsideration of the planetary boundary for
phosphorus. Environmental Research Letters 6, 014009. doi:10.1088/
1748-9326/6/1/014009

Cervantes-Pahm SK, Stein HH (2008) Effect of dietary soybean oil and
soybean protein concentration on the concentration of digestible amino
acids in soybean products fed to growing pigs. Journal of Animal Science
86, 1841-1849. doi:10.2527/jas.2007-0721

Christakos S (2012) Recent advances in our understanding of 1,25-
dihydroxyvitamin D3 regulation of intestinal calcium absorption.
Archives of Biochemistry and Biophysics 523, 73-76. doi:10.1016/
j.abb.2011.12.020

Clark I (1969) Importance of dietary Ca:PO, ratios on skeletal, Ca, Mg, and
PO, metabolism. The American Journal of Physiology 217, 865-870.

Costanzo LS (2006) Endocrine physiology. In ‘Physiology’. 3rd edn.
pp. 377-439. (Saunders Elsevier: Philadelphia, PA)

Coudray C, Bellanger J, Castiglia-Delavaud C, Rémésy C, Vermorel M,
Rayssignuier Y (1997) Effects of soluble or partly soluble dietary fibres
supplementation on absorption and balance of calcium, magnesium, iron
and zinc in healthy young men. European Journal of Clinical Nutrition
51, 375-380. doi:10.1038/sj.ejen. 1600417

Debon SJJ, Tester RF (2001) In vitro binding of calcium, iron and zinc by
non-starch polysaccharides. Food Chemistry 73, 401-410. doi:10.1016/
S0308-8146(00)00312-5

Delgado-Andrade C, Rufian-Henares JA, Nieto R, Aguilera JF, Navarro MP,
Seiquer I (2010) Does the pelleting process affect the nutritive value of
a pre-starter diet for sucking piglets? Ex vivo studies on mineral
absorption. Journal of the Science of Food and Agriculture 90, 898-905.

FAO (2011) ‘The state of the world’s land and water resources for food
and agriculture (SOLAW): managing systems at risk.” (Food and
Agriculture Organization of the United Nations: Rome; and Earthscan:
London)

Fisher H (1992) Low-calcium diets enhance phytate-phosphorus
availability. Nutrition Reviews 50, 170-171. doi:10.1111/1.1753-4887.
1992.tb01315.x

Gonzalez-Vega JC, Walk CL, Liu Y, Stein HH (2013) Determination of
endogenous intestinal losses of Ca and true total tract digestibility of
calcium in canola meal fed to growing pigs. Journal of Animal Science
91, 4807-4816. doi:10.2527/jas.2013-6410

Gonzalez-Vega JC, Walk CL, Liu Y, Stein HH (2014) The site of net
absorption of Ca from the intestinal tract of growing pigs and effect of
phytic acid, Ca level and Ca source on Ca digestibility. Archives of
Animal Nutrition 68, 126—142. doi:10.1080/1745039X.2014.892249

Gonzalez-Vega JC, Walk CL, Stein HH (2015a) Effects of microbial
phytase on apparent and standardized total tract digestibility of calcium
in calcium supplements fed to growing pigs. Journal of Animal Science
93, 2255-2264. doi:10.2527/jas.2014-8215

Gonzalez-Vega JC, Walk CL, Stein HH (20156) Effect of microbial
phytase, fiber, and soybean oil on calculated values for apparent and
standardized total tract digestibility of calcium in fish meal. Journal of
Animal Science 93, 4808-4818. doi:10.2527/jas.2015-8992

Gonzalez-Vega JC, Walk CL, Stein HH (2015¢) Digestible calcium
requirements and calcium and phosphorus balance for weanling pigs.
Journal of Animal Science 93(Suppl. 2), 51-52.

Hafeez A, Mader A, Boroojeni FG, Ruhnke I, Réhe I, Méanner K, Zentek J
(2014) Impact of thermal and organic acid treatment of feed on apparent
ileal mineral absorption, tibial and liver mineral concentration, and
tibia quality in broilers. Poultry Science 93, 1754-1763. doi:10.3382/
ps.2013-03750

James WP, Branch WJ, Southgate DA (1978) Calcium binding by dietary
fibre. Lancet 311, 638-639. doi:10.1016/S0140-6736(78)91141-8

Animal Production Science 1343

Kaune R (1996) Mechanism of intestinal calcium absorption and
availability of dietary calcium in pigs. Dtsch Tieraztl Wochenschr 103,
215-218.

Kil DY, Stein HH (2011) Dietary soybean oil and choice white grease
improve apparent ileal digestibility of amino acids in swine diets
containing corn, soybean meal, and distillers dried grains with
solubles. Revista Colombiana de Ciencias Pecuarias 24, 248-253.

Kutuzova GD, DeLuca HF (2004) Gene expression profiles in rat intestine
identify pathways for 1,25-dihydroxyvitamin D3 stimulated calcium
absorption and clarify its immunomodulatory properties. Archives of
Biochemistry and Biophysics 432, 152-166. doi:10.1016/j.abb.2004.
09.004

Lantzsch HJ, Wjst S, Drochner W (1995) The effect of dietary calcium on
the efficacy of microbial phytase in rations for growing pigs. Journal
of Animal Physiology and Animal Nutrition 73, 19-26. doi:10.1111/
3.1439-0396.1995.tb00399.x

Lei XG, Ku PK, Miller ER, Yokoyama MT, Ullrey DE (1994) Calcium
level affects the efficacy of supplemental microbial phytase in corn-
soybean meal diets of weanling pigs. Journal of Animal Science 72,
139-143.

Liu J, Bollinger DW, Ledoux DR, Veum TL (2000) Effects of dietary
calcium:phosphorus ratios on apparent absorption of calcium and
phosphorus in the small intestine, cecum, and colon of pigs. Journal of
Animal Science 78, 106-109.

Merriman LA, Stein HH (2015) Effect of particle size in calcium carbonate
on apparent and standardized total tract digestibility and retention of
calcium by growing pigs. Journal of Animal Science 93(Suppl. 2), 52.

Miyada T, Nakajima A, Ebihara K (2011) Iron bound to pectin is utilised
by rats. British Journal of Nutrition 106, 73—78. doi:10.1017/S00071145
10005842

Montagne L, Pluske JR, Hampson DJ (2003) A review of interactions
between dietary fibre and the intestinal mucosa, and their
consequences on digestive health in young non-ruminant animals.
Animal Feed Science and Technology 108, 95-117. doi:10.1016/
S0377-8401(03)00163-9

Moore JH, Tyler C (1955a) Studies on the intestinal absorption and
excretion of calcium and phosphorus in the pig. 1. A critical study of
the Bergeim technique for investigating the intestinal absorption and
excretion of calcium and phosphorus. British Journal of Nutrition 9,
63-80. doi:10.1079/BIN19550012

Moore JH, Tyler C (1955b) Studies on the intestinal absorption and
excretion of calcium and phosphorus in the pig. 2. The intestinal
absorption and excretion of radioactive calcium and phosphorus.
British Journal of Nutrition 9, 81-93. doi:10.1079/BJN19550013

NRC (2012) ‘Nutrient requirements of swine.” 11th rev. edn. (The National
Academies Press: Washington, DC)

O’Brien J, Morrissey PA, Ames JM (1989) Nutritional and toxicological
aspects of the Maillard browning reaction in foods. Critical Reviews in
Food Science and Nutrition 28, 211-248. doi:10.1080/10408398909
527499

Ohta A, Ohtsuki M, Baba S, Takizawa T, Adachi T, Kimura S (1995)
Effects of fructooligosaccharides on the absorption of iron, calcium
and magnesium in iron-deficient rats. Journal of Nutritional Science
and Vitaminology 41, 281-291. doi:10.3177/jnsv.41.281

Partridge IG (1978) Studies on digestion and absorption in the intestines
of growing pigs: 3. Net movements of mineral nutrients in the digestive
tract. British Journal of Nutrition 39, 527-537. doi:10.1079/BIN19
780068

Patience JF, Gould SA, Koehler D, Corrigan B, Elsbernd A (2015)
Super-dosed phytase improves rate and efficiency of gain in nursery
pigs. Animal Industry Report AS661, ASL R3035. Iowa State University,
Ames, 1A, USA.

Qian H, Kornegay ET, Conner DE Jr (1996) Adverse effects of wide
calcium:phosphorus ratios on supplemental phytase efficacy for


dx.doi.org/10.1002/jsfa.1262
dx.doi.org/10.1088/1748-9326/6/1/014009
dx.doi.org/10.1088/1748-9326/6/1/014009
dx.doi.org/10.2527/jas.2007-0721
dx.doi.org/10.1016/j.abb.2011.12.020
dx.doi.org/10.1016/j.abb.2011.12.020
dx.doi.org/10.1038/sj.ejcn.1600417
dx.doi.org/10.1016/S0308-8146(00)00312-5
dx.doi.org/10.1016/S0308-8146(00)00312-5
dx.doi.org/10.1111/j.1753-4887.1992.tb01315.x
dx.doi.org/10.1111/j.1753-4887.1992.tb01315.x
dx.doi.org/10.2527/jas.2013-6410
dx.doi.org/10.1080/1745039X.2014.892249
dx.doi.org/10.2527/jas.2014-8215
dx.doi.org/10.2527/jas.2015-8992
dx.doi.org/10.3382/ps.2013-03750
dx.doi.org/10.3382/ps.2013-03750
dx.doi.org/10.1016/S0140-6736(78)91141-8
dx.doi.org/10.1016/j.abb.2004.09.004
dx.doi.org/10.1016/j.abb.2004.09.004
dx.doi.org/10.1111/j.1439-0396.1995.tb00399.x
dx.doi.org/10.1111/j.1439-0396.1995.tb00399.x
dx.doi.org/10.1017/S0007114510005842
dx.doi.org/10.1017/S0007114510005842
dx.doi.org/10.1016/S0377-8401(03)00163-9
dx.doi.org/10.1016/S0377-8401(03)00163-9
dx.doi.org/10.1079/BJN19550012
dx.doi.org/10.1079/BJN19550013
dx.doi.org/10.1080/10408398909527499
dx.doi.org/10.1080/10408398909527499
dx.doi.org/10.3177/jnsv.41.281
dx.doi.org/10.1079/BJN19780068
dx.doi.org/10.1079/BJN19780068

1344 Animal Production Science

weanling pigs fed two dietary phosphorus levels. Journal of Animal
Science 74, 1288—-1297.

Rodriguez DA, Sulabo RC, Gonzalez-Vega JC, Stein HH (2013) Energy
concentration and phosphorus digestibility in canola, cottonseed, and
sunflower products fed to growing pigs. Canadian Journal of Animal
Science 93, 493-503. doi:10.4141/cjas2013-020

Rose DJ, DeMeo MR, Keshavarzian A, Hamaker BR (2007) Influence of
dietary fiber on inflammatory bowel disease and colon cancer: importance
of fermentation pattern. Nutrition Reviews 65,51-62.doi:10.1111/j.1753-
4887.2007.tb00282.x

Ross RD, Cromwell GL, Stahly TS (1984) Effects of source and particle size
on the biological availability of calcium in calcium supplements for
growing pigs. Journal of Animal Science 59, 125-134.

Sandberg AS, Larsen T, Sandstrém B (1993) High dietary calcium level
decreases colonic phytate degradation in pigs fed a rapeseed diet. The
Journal of Nutrition 123, 559-566.

Scheideler SE (1998) Eggshell calcium effects on egg quality and Ca
digestibility in first-or third-cycle laying hens. Journal of Applied
Poultry Research T, 69-74. doi:10.1093/japr/7.1.69

Schroder B, Breves G (2006) Mechanism and regulation of calcium
absorption from the gastrointestinal tract in pigs and ruminants:
comparative aspects with special emphasis on hypocalcemia in dairy
cows. Animal Health Research Reviews 7, 31-41. doi:10.1017/S14662
52307001144

Selle PH, Cowieson AJ, Ravindran V (2009) Consequences of calcium
interactions with phytate and phytase for poultry and pigs. Livestock
Science 124, 126-141. doi:10.1016/1.1ivsc1.2009.01.006

Sims JT, Simard RR, Joern BC (1998) Phosphorus loss in agricultural
drainage: historical perspective and current research. Journal of
Environmental Quality 27, 277-293. doi:10.2134/jeq1998.0047242500
2700020006x

Soares MJ, Murhadi LL, Kurpad AV, Chan She Ping-Delfos WL, Piers LS
(2012) Mechanistic roles for calcium and vitamin D in the regulation

J. C. Gonzalez-Vega and H. H. Stein

of body weight. Obesity Reviews 13, 592—-605. doi:10.1111/j.1467-
789X.2012.00986.x

Stein HH, Pedersen C, Wirt AR, Bohlke RA (2005) Additivity of values
for apparent and standardized ileal digestibility of amino acids in mixed
diets fed to growing pigs. Journal of Animal Science 83, 2387-2395.

Stein HH, Séve B, Fuller MF, Moughan PJ, de Lange CFM (2007)
Invited review: amino acid bioavailability and digestibility in pig feed
ingredients: terminology and application. Journal of Animal Science
85, 172-180. doi:10.2527/jas.2005-742

Stein HH, Adeola O, Cromwell GL, Kim SW, Mahan DC, Miller PS (2011)
Concentration of dietary calcium supplied by calcium carbonate does
not affect the apparent total tract digestibility of calcium, but reduces
digestibility of phosphorus by growing pigs. Journal of Animal Science
89, 2139-2144. doi:10.2527/jas.2010-3522

Sulabo RC, Stein HH (2013) Digestibility of phosphorus and calcium in
meat and bone meal fed to growing pigs. Journal of Animal Science 91,
1285-1294. doi:10.2527/jas.2011-4632

van Abel M, Hoenderop JGJ, van der Kemp AWCM, van Leeuwen JPTM,
Bindels RIM (2003) Regulation of the epithelial Ca*" channels in small
intestine as studied by quantitative mRNA detection. American Journal
of Physiology. Gastrointestinal and Liver Physiology 285, G78-G85.
doi:10.1152/ajpgi.00036.2003

Wargovich MJ, Eng VWS, Newmark HL (1984) Calcium inhibits the
damaging and compensatory proliferation effects of fatty acids on
mouse colon epithelium. Cancer Letters 23, 253-258. doi:10.1016/
0304-3835(84)90091-0

Wise A (1983) Dietary factors determining the biological activities of
phytate. Nutrition Abstracts and Reviews 53, 791-806.

Wong JMW, de Souza R, Kendall CWC, Emam A, Jenkins DJA (2006)
Colonic health: fermentation and short chain fatty acids. Journal of
Clinical Gastroenterology 40, 235-243. doi:10.1097/00004836-2006
03000-00015

www.publish.csiro.au/journals/an


dx.doi.org/10.4141/cjas2013-020
dx.doi.org/10.1111/j.1753-4887.2007.tb00282.x
dx.doi.org/10.1111/j.1753-4887.2007.tb00282.x
dx.doi.org/10.1093/japr/7.1.69
dx.doi.org/10.1017/S1466252307001144
dx.doi.org/10.1017/S1466252307001144
dx.doi.org/10.1016/j.livsci.2009.01.006
dx.doi.org/10.2134/jeq1998.00472425002700020006x
dx.doi.org/10.2134/jeq1998.00472425002700020006x
dx.doi.org/10.1111/j.1467-789X.2012.00986.x
dx.doi.org/10.1111/j.1467-789X.2012.00986.x
dx.doi.org/10.2527/jas.2005-742
dx.doi.org/10.2527/jas.2010-3522
dx.doi.org/10.2527/jas.2011-4632
dx.doi.org/10.1152/ajpgi.00036.2003
dx.doi.org/10.1016/0304-3835(84)90091-0
dx.doi.org/10.1016/0304-3835(84)90091-0
dx.doi.org/10.1097/00004836-200603000-00015
dx.doi.org/10.1097/00004836-200603000-00015

