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Resumen

El calcio y el fosforo son los dos principales macrominerales necesarios para
alcanzar un crecimiento y mineralizacion 0sea adecuados en aves. Las materias primas
de piensos de origen vegetal contienen cantidades muy bajas de Ca y P. Este ultimo se
presenta principalmente en forma de fitato poco digestible y en cantidad insuficiente
para satisfacer las necesidades, por lo que se afiaden habitualmente fuentes inorganicas
de Cay P a las dietas de pollos broiler.

La hidrolisis del fosforo fitico mediante fitasa exdgena ayuda a disminuir la
incorporacion de fuentes minerales, el impacto medioambiental de la produccion de
pollos de engorde y el coste de la dieta. Sin embargo, los minerales pueden unirse
facilmente al acido fitico y formar complejos de fitato mineral, que pueden ser
resistentes a la hidrolisis con fitasa, en funcion de los valores de pH.

El objetivo global de esta tesis fue investigar los factores que influyen en la
utilizacion del Cay el P en la dieta para pollos Broiler a diferentes edades.

Para alcanzar este objetivo, siete ensayos (capitulo 4 a 8) fueron disefiados.

El ensayo 1 se disefio para evaluar la interaccion entre los niveles dietéticos de
calcio y fosforo no fitico (NPP, con 1,150 FTU de fitasa) en los rendimientos
productivos, mineralizacion oséa y en la retencion de Cay P del d 1 a 14 de vida. Los
pollos fueron capaces de alcanzar su mayor ganancia de peso y una Optima
mineralizacion dsea con el nivel 0.7% de Ca y 0.38% de NPP. El aumento del Ca en la
dieta disminuyo el rendimiento y la mineralizacion de los huesos, especialmente con las
dietas bajas en NPP. Mientras el aumento de Ca redujo su retencién, el aumento de los
niveles de NPP en la dieta aumentd de forma constante la retencion de Ca,
probablemente a través de un aumento en la deposicion en el hueso.

El objetivo del ensayo 2 fue mostrar el efecto de diferentes fuentes de Ca
(carbonato célcico, cloruro de calcio y un fosfato tricalcico encapsulado en grasa, TCP)
a 4 niveles dietéticos de NPP (con 1,150 FTU de fitasa) sobre el rendimiento, la
digestibilidad ileal del Cay P y la mineralizacion 6sea. Las fuentes de calcio también se
evaluaron in vitro para medir la capacidad de union al acido (ABC) y la solubilidad del
Ca a diferentes pH. El cloruro de Ca mostrd la mayor solubilidad de Ca y la ABC mas
baja. EI consumo de alimento y ganancia de peso al dia 14 fueron mayores con el TCP y
el carbonato calcico que con el cloruro de Ca. La digestibilidad ileal del Ca fue mayor

con el cloruro de Ca que con el carbonato célcico o TCP.



En el capitulo 6, el ensayo 3 y 4 tuvieron como objetivo explorar la influencia
de diferentes fuentes de mono-, di- o tricalcio fosfato sobre el rendimiento de los
animales, la mineralizacion ésea y la retencion de minerales en pollos de engorde. En el
ensayo 3, no se observaron interacciones entre la fuente de P y los niveles de NPP para
las variables estudiadas; tampoco se observaron diferencias entre las fuentes de P. En el
ensayo 4, los pollos de engorde alimentados con niveles més altos de MCP y TCP
mostraron una mejora en FlI, WG y G: F a diferentes edades en comparacion con los
niveles mas bajos de MCP. EIl peso y las cenizas de la tibia, también fueron superiores
para los animales alimentados con niveles altos de MCP y TCP que los alimentados con
una dieta baja en MCP. No se observaron diferencias entre ambas fuentes.

En el capitulo 7, los ensayos 5y 6 fueron disefiados para evaluar la eficacia de
una nueva fitasa, utilizada a diferentes dosis, y para comparar diferentes fitasas
comerciales para pollos de carne. La inclusién de la nueva fitasa 1,000 FTU mejoré el
crecimiento y la mineralizacion Osea en pollos de engorde hasta d 35 de edad,
mostrando valores no diferentes a una dieta suplementada con P, un 0.2% mas alta. No
se observaron diferencias entre tipo de fitasas.

El ensayo 7, en el capitulo 8, fue disefiado para detectar la posible interaccién
entre la fuente de Cu (CuSO,4 y Cu,0), y los diferentes niveles de inclusion sobre la
utilizacion de Ca y P de pollos de engorde. Las dos fuentes de Cu también se evaluaron
in vitro para medir la solubilidad del Cu y del fésforo fitico (PP), y la hidroélisis del PP
mediante una fitasa a diferentes pH. Los resultados mostraron que el uso de 150 y 300
ppm Cu en forma de Cu,0 son adecuadas para garantizar un crecimiento adecuado de
los pollos broiler, con una menor acumulacion de Cu en los érganos en comparacion
con el CuSO,.

Por todo ello, podemos considerar que, la utilizacion de altos niveles de Cay P
en la dieta de pollos o el uso de fuentes minerales altamente solubles, pueden producir

respuestas negativas sobre los rendimientos productivos y la mineralizacion 6sea.



Summary

Calcium and phosphorus are the two major macro-minerals required for proper
growing performance and bone mineralization in poultry. Feed ingredients from plant
sources contain very low amounts of Ca and P, mostly in phytate molecules. Thus, they
are inadequate in meeting their requirements, and inorganic sources of Ca and P are
usually added to poultry diets. The hydrolysis of phytate-P with exogenous phytase
helps to decrease the incorporation of mineral sources, the environmental impact of
broiler production, as well as the dietary cost. However, minerals can readily bind to
phytic acid and form mineral phytate complexes that may be resistant to hydrolysis by
phytase, depending on the pH values. The global aim of this thesis was to investigate
dietary factors influencing Ca and P utilization by broiler chicks of different ages.

In order to achieve this objective, a series of seven trials (Chapters 4 to 8) were
designed.

Trial 1 was designed to evaluate the interaction between dietary levels of Ca and
non-phytate phosphorus (NPP, with 1,150 FTU of phytase) on broiler performance,
bone ash and whole-body fractional retention of Ca and P from d 1 to 14 of life.
Broilers achieved their greatest weight gain (WG) and bone mineralization with 0.7%
Ca and 0.38% NPP. Increasing dietary Ca decreased performance and bone
mineralization, especially of the low NPP diets. While increasing Ca reduced its
fractional retention, the increase in the levels of dietary NPP steadily increased the
fractional retention of Ca, likely through an increase in bone deposition.

The aim of Trial 2 was to screen the influence of different Ca sources
(limestone, Ca chloride, and a fat-encapsulated tri-calcium phosphate, TCP) at four
dietary levels of NPP (with 1,150 FTU of phytase) on performance, ileal digestibility of
Ca and P, and bone mineralization in broilers. Calcium sources were also evaluated in
vitro to measure acid-binding capacity (ABC) and Ca solubility at different pHs. Ca
chloride showed the highest solubility of Ca and the lowest ABC. The FI and WG on
d14 were higher with TCP and limestone than with Ca chloride. Calcium ileal
digestibility was higher with Ca chloride than with limestone or TCP.

In Chapter 6, Trials 3 and 4 aimed to explore the influence of different sources
of mono-, di- or tri-calcium phosphate on animal performance, bone mineralization and
mineral retention in broilers. In Trial 3, no interactions were observed between the P

source and the NPP levels for any variable; no differences were observed among P

Xi



sources. In Trial 4, broiler chickens fed with higher levels of MCP and TCP showed an
improvement in FI, WG and G:F (gain feed ratio) at different stages, as compared to
lower levels of MCP. Tibia weight and ash were also higher for animals fed with high
MCP and TCP than for chicks of the low MCP diet. No differences were observed
between either source.

In Chapter 7, Trials 5 and 6 were designed to evaluate the efficacy of a new
phytase and to compare different commercial phytases used at different levels in broiler
diets. The inclusion of 1,000 FTU from the new phytase improved growth performance
and bone mineralization in broilers up to d 35, reaching values no different of a diet
supplemented with a 0.2% higher P content. No differences were observed among the
phytase types.

Trial 7, in Chapter 8, was designed to screen the possible interaction between
the Cu source (CuSO4 and Cu,0) supplemented at different levels on the utilization of
Ca and P by broilers. The two Cu sources were also evaluated in vitro to measure Cu
and phytic phosphorus (PP) solubility and PP hydrolysis by phytase at different pHs.
The results showed that the use of 150 ppm Cu and 300 ppm Cu of Cu,0 is adequate to
ensure broiler growth performance and a lower Cu organ accumulation in comparison to
CuSOg.

Taking the results all together, the use of high dietary levels of Ca and P or the
use of highly soluble mineral sources can produce negative responses on bird

performance and bone mineralization.
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Chapter 1

Calcium and phosphorus are the most abundant minerals in the body. They are
essential for various biochemical pathways and skeletal integrity in poultry. The
physiological roles of these two macro-minerals are intricately linked to each other
(Selle et al., 2009). Actual broilers selected for rapid growth require high levels of Ca
and P for skeletal development and energy metabolism (Rama-Rao et al., 2003).
Supplementing broiler diet during this period with inadequate levels of Ca and P can
lead to skeletal abnormality such as tibial dyschondroplasia, which is a common cause
of deformity and lameness in broilers (Edwards, 2000). In poultry, bone breakage and
associated infections contribute to low productivity and mortality (Rath et al., 2000).
Bone fragility is correlated with incidence of bone fragments in deboned meat products
and with discoloration of meat adjacent to bone due to leaching of blood; the products
may be less appealing to consumers (Rath et al., 2000). An improper ratio of Ca and P
could depress growth performance in broilers (Rama-Rao et al., 2003; 2006) and affect
bone mineralization. Driver et al. (2005b) confirmed that broken tibias and femurs
during evisceration and carcass dissection were influenced by the low Ca and P content
of diets fed during both the first 18 d and the last 19 to 35 d of age. In contrast, an
excess of one or both minerals may reduce their availability due to the interaction
between them, or may interfere with other micro-minerals (Cu, Zn, Mg ...) and
nutrients. For example, Ca can form soap precipitates with free saturated fatty acid,
decreasing the energy digestibility of the diet and limiting animal growth (Edwards,
1960).

Calcium requirements for broilers have been measured following criteria to
maximize performance and bone mineralization. As Ca is mainly stored in bones, Ca
requirements for bone mineralization are usually higher than are those established to
optimize body weight gain (Driver et al., 2005b). However, the required values may
depend on the age of the chicks and the composition of the diet, especially that of P and
phytase incorporation.

Dietary Ca can be obtained from inorganic and organic sources, but there are
little data on actual availability or digestibility, as opposed to relative Ca availability in
feed ingredient sources. Additionally, Ca is considered a low-cost mineral with a low
environment impact. This fact justifies that animal requirements are determined on a
total Ca basis, and little information is known about the digestible Ca requirement for

broilers and the availability of Ca sources. Other mineral factors, such as their buffering
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capacity or their kosmotropic or chaostropic characteristics, may also be related to
significant decreases in P solubility in the gizzard and may affect N and P digestibility
(Tamim and Angel, 2003).

To cover broiler needs in P, inorganic sources as well as phytases are included in
the diets. Vegetable ingredients are the major constituents of poultry diets. About two-
thirds of the P of plant origin is presented as phytic acid (Cromwell, 1980). Phosphorus
in phytic acid form is poorly available to monogastric animals (Sebastian et al., 1996)
because they do not possess significant amounts of endogenous phytase to hydrolyze
phytic acid (Cooper and Gowing, 1983). Exogenous phytase is commonly added to
broiler diets to improve the hydrolysis of phyate P, increase P digestibility, reduce P
excretion in the environment and lower the cost of inorganic P addition (Shang et al.,
2015).

Since the first appearance of phytase in 1990, the poultry industry is now
extensively using any of the different forms of phytase that have appeared on the
market. From the results reviewed in the literature, it is clear that phytase is not able to
release 100% of phytic P. Then, it has become necessary to assess the effectiveness and
variability provided by the new sources of phytase or the dietary effects involved, and
of course it is also necessary to define the dose-response effects of phytase in the diet.

Among the dietary effects involved on phytase efficacy, phytic acid has the
capacity to bind or to chelate multivalent cations, including Ca, Zn, Fe and Cu (Tamim
and Angel, 2003). The ability of the different metal ions to inhibit phytic phosphorus
hydrolysis would be related to the stability of the complex as well as to the pH of the
solution and the phytin-mineral molar ratio (Angel et al., 2015). An excess of Ca in the
poultry diet can cause antagonism with the absorption of other minerals through the
formation of Ca-phytate complexes, which reduces the efficacy of phytase (Driver et
al., 2005a; Selle et al., 2009). The use of high doses (therapeutic doses) of Cu in poultry
diets has been shown to produce positive effects on bird health and immunity, and it is
being used in some countries as growth promoters (Pesti and Bakalli, 1996). However,
Cu is also able to chelate phytate and limit phytase hydrolysis. The solubility of this
complex may depend on pH values (Selle and Ravindran, 2000), the complexes which
precipitate at pH 6.5 are non-accessible for hydrolysis by phytase or absorption in the
intestine. This effect may be different among different Cu sources.

The commercial development of phytase has provided the animal industry with a

tool to decrease the need to supplement animal feeds with inorganic phosphorus, but the
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use of a mineral source of P is still needed to meet animal requirements. Phosphorus
supplementation of poultry feeds is routinely made by the addition of standard di-
calcium phosphate. However, the characteristics of di-calcium phosphates obtained
from different manufacturers will vary according to the origin of raw material (rock
phosphate, phosphoric acid...) and also according to variations in industrial processing
(Lima et al., 1995). Economically, P is the third most expensive component in the
poultry diet after energy and protein, so studies on P availability of the inorganic
sources are of biological and economic importance (Lima et al., 1997).

On this basis, it seems opportune to screen some the dietary factors mainly
influencing Ca and P utilization by broiler chicks during the different phases of their
short life. This thesis will also try to clarify the likely mechanisms behind these effects

by studying the interaction factors observed in in vitro conditions.
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Chapter 2

2.1. Importance of Calcium and Phosphorus for broiler chickens
2.1.1. Calcium

Calcium is, together with phosphorus, the main mineral retained in the body of
broilers (Table 2.1). Calcium is the most abundant mineral in the body, and 99% is
found in the skeleton. The skeleton not only provides a strong framework for supporting
muscles and protecting delicate organs and tissues, including the bone marrow, but is
also jointed to allow movement and is malleable to allow growth (Suttle, 2010).

The small proportion (1%) of body Ca that lies outside the skeleton is important
to survival (Suttle, 2010). It can be found as free ion, bound to serum proteins and
complexed to organic and inorganic acid. Indeed, it plays a role in blood coagulation,
adhesion of molecules, neural transmission and signal transduction, muscle contraction,
cellular motility, differentiation and proliferation, hormonal secretions and apoptosis
(Brown, 2002). Calcium is necessary for muscular contraction that occurs as a result of
neurotransmitter exocytosis (such as acetylcholine) at the neuromuscular synapse
(Adeola et al., 2005). Calcium is also involved in the release of hormones, such as
insulin, by fusing secretory vesicles with lipid membranes and the expulsion of its
contents in the target tissue.

In the poultry industry, Ca is mainly supplied with inorganic sources to reach Ca
requirement levels in the diet, which has been described up to now on a total Ca basis.
Calcium fortification of vegetable diets with limestone and calcium di-phosphate or
mono-phosphate, together with a proper supplementation of vitamin D, reduces the risks
of Ca deficiency in birds. However, there is still controversy in relation to the proper Ca
levels and sources to provide to the animals as well as the digestive factors that may

affect Ca absorption (Perry et al., 1991).

2.1.2. Phosphorus

Phosphorus is the second most abundant mineral in the animal body, and about
80% is found in the bones (Table 2.1). Phosphorus is required for the formation of the
organic bone matrix as well as the mineralization of that matrix. The remaining 20% of
body P is widely distributed in the fluids and soft tissues of the body, where it serves a

range of essential functions (Suttle, 2010).
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Phosphorus is a component of nucleic acids, which are essential for cell growth
and differentiation. As a phospholipid, it contributes to cell-membrane fluidity and
integrity and to the myelination of nerves and, as a phosphate (PO,%), it helps to
maintain osmotic and acid-base balance (Suttle, 2010). Phosphorus also plays a vital
role in a host of metabolic functions, including energy utilization and transfer via AMP,
ADP and ATP (Adeola et al., 2005). It is also involved in gluconeogenesis, fatty acid
transport, amino acid and protein synthesis and activity of the sodium/potassium ion
pump.

Through its involvement in many metabolic and structural processes, P is
essential for animals to attain their optimum genetic potential in growth and feed
efficiency as well as skeletal development. Because of the key role of P in growth and
bone development and mineralization, the requirements of the animals for P are the
highest during the time the animal is growing (Applegate and Angel, 2004). Therefore,
growing broilers usually require P fortification of vegetable diets with di-calcium

phosphate (DCP) or mono-calcium phosphate (MCP).

Table 2.1. Calcium and Phosphorus content in the chicken whole body and bones (g/kg).

Ca P
Whole body (g/kg)
"Hatching 34 3.3
17 weeks 6.8 5.1
Tibia content (g/kg DM)
’Day 35, Male 168 80
’Day 35, Female 165 78

ILarbier and Leclerg, 1992 ; >Venélainen et al., 20086.

2.2. The symptoms of a Ca and P deficiency in poultry

As cited above, P and Ca are the main minerals in the whole body; they share a
common storage in the bone structure and greatly affect each other during their
absorption and metabolism (as we shall see later on). However, there are major
differences between both minerals in relation to the consequences of a dietary deficit. In
fact, Ca is considered a Type | nutrient (Table 2.2), while P is considered a Type Il
nutrient (nutrients are classified as either Type | or Type Il based on the effect a

deficiency has on the body).
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Table 2.2. Examples of Type | and Type Il nutrients.

Type | nutrients Type Il nutrients

All vitamins, Nitrogen, Sulfur, essential amino acids

Most trace elements, Potassium, Sodium, Magnesium, Phosphorus,

Calcium Zinc, Water, Dietary sources of energy (including
carbohydrate and fat)

(Emery, 2005)

Deficiency of Type | nutrients results in specific physical signs, such as anemia
after Fe deficiency or scurvy after vitamin C deficiency (Emery, 2005). An animal
responds to a deficiency of Type | nutrients by continuing its growth and consuming
body stores, with an eventual reduction in bodily functions. Diagnosis is simple due to
the symptoms, but also via measurement of the concentration of the nutrient itself in the
whole body or storage tissues. Examples of other Type | nutrients, in addition to Ca, are
Fe, Cu, Se and vitamins.

An animal responds to a deficiency of Type Il nutrients by reducing growth and
avidly conserving the nutrient to maintain the concentration of the nutrient in the
tissues. The animal reduces excretion to conserve the nutrient, and a reduction of
appetite usually accompanies this condition. Individuals with a Type Il deficiency are
stunted in growth and have no visual signs or differences from "normal” individuals.
Other examples of Type Il nutrients, in addition to P, are nitrogen, essential amino
acids, K, Na or Zn.

Bone status is commonly used as an indicator of mineral adequacy in poultry
diets. Well over 90% of Ca is found in the bones, where it combines with P to form
calcium phosphate crystals or hydroxyapatite with the molecular formula
Cay(PO4)s(OH), (Scott et al., 1982). Other elements including Na, Mg, Fe and FI may
also be incorporated into the hydroxyapatite crystal (Frandson and Spurgeon, 1992).
With this description, it is easy to understand that a deficient Ca diet affects bone
mineralization and strength (Reichmann and Connor, 1977), and is perhaps associated
with increased risk of fractures (Blake and Fogelman, 2002).

The modern broiler chicken has been selected for rapid growth and increase in
muscle mass, but it may also be associated with poor leg health and lameness due to
reduced bone mineralization. Reducing Ca and P in the diet can also cause broken bones

and bloody meat during processing of the carcass (Chen and Moran, 1995). In
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particular, bone breakage during catching and transportation creates problems during
processing (Gregory and Wilkins, 1992; Julian, 1998; Knowles and Wilkins, 1998).
Broken bones, especially fractured clavicle bones, may find their way into the
meat, and must be removed at great expense. Hemorrhages in the meat are another
major quality defect, which can lead to downgrading of the broiler carcass. This is very
significant due to the increased current importance of selling cut-up chicken parts, in
which the emphasis is no longer only on yield but also on characteristics such as bloody

breast meat and broken bones (Gregory and Wilkins, 1990).

2.3. Phosphorus and Calcium requirements

The Ca and P requirements of domestic animals are usually discussed together
because the requirement of each mineral depends on the concentration of the other in
the diet. An excessive or deficient level of Ca or P in the diet often leads to a deficiency
or excess of the other, which is due to the interactions between the two minerals
concerning Ca and P availability and endogenous excretion (Al Masri, 1995). We shall
try, in Chapters 4 and 7, to study the interaction between these two minerals more

accurately.

2.3.1. Calcium

As referred stated above, requirements of Ca have been established based on its
effect on performance, but mainly on bone mineralization. They are described on a total
Ca basis (Table 2.3), and very few data on Ca availability or digestibility in feed
ingredients and digestible Ca requirements for broilers are published. There are different
causes that may justify this apparent lack of interest on improving the description on a
digestible or available Ca basis. Calcium is considered, in contrast to P, to be a cheap
nutrient, and its involvement in environmental contamination is low. However, recently,
Angel et al. (2015) recommended moving towards a digestible Ca (dCa), because of the
extensive use of phytase in poultry diets and the negative effects of Ca on phytase
efficacy (Tamim and Angel, 2003).

It is generally assumed that Ca requirements levels include a wide safety margin
to supply Ca requirements. Nevertheless, apart from the fact that inorganic Ca sources
replace other ingredients in the diet, an excess in the levels of dietary Ca may interfere
with the availability of other minerals, including P, Cu, Mn, Mg, and Zn (Maenz et al.,
1999).
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Therefore, Ca requirements are affected by the criteria used to maximize or
optimize and the age of the animals. According to Driver et al. (2005b), Ca
requirements determined for 1-d-old to 16-d-old chicks (1.0% Ca; NRC, 1994) are
adequate for maximum bone ash but excessive for all other measured variables. Both
BWG and FCR were optimized at or below 0.625% dietary Ca, which may suggest that
a lower total Ca concentration in general is desirable. Furthermore, significant sex
differences were observed; males appeared to require more Ca than did females to
maximize tibia ash but less Ca to optimize weight gain (0.49% £0.11% vs.
0.62%=0.18% for males and females, respectively). Calcium requirements for FCR
were very similar for both males and females (0.63% £0.40% vs. 0.61% %0.19%),
respectively.

On the other hand, Ca must be soluble in the medium of the gastrointestinal
digesta before absorption. Limestone, which is the main Ca source in the poultry
industry, requires an acidic medium to reach a solubility of 80% (Walk et al., 2012a).
This implies that Ca can be mostly solubilized in the proventriculus and gizzard, but it
becomes mostly insoluble in the small intestine. This may suggest that the current total
Ca recommendation may be high, as they are associated with an intrinsically low
available source. Recent reports suggest that the provision of an alternative, highly
digestible Ca source at lower dietary concentrations may circumvent this problem
(Bradbury et al., 2012). Further studies are required to determine the Ca requirements of

chicks based on the Ca source used in the diet.

2.3.2. Phosphorus

As shall be seen later, P in plants is present in different organic forms, such as
phospholipids and proteins, but mostly as part of the phytic acid molecule. Phytic acid P
has low availability for poultry, which implies that inorganic P must usually be added to
the diet in order to meet P requirements in birds (Applegate and Angel, 2008).
Phosphorus is also an expensive nutrient in the diet (approx. 150-300 $ per ton vs. 15-

30 € per ton for Ca), and an environmental concern for the animal industry.
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Table 2.3. Calcium and P Requirements for Broilers.

FEDNA (2008) NRC (1994) INRA (1989)
Age(d) 1-15 16-37 1-21 22-42 1-15 16-35
Calcium (%) 0.95- 0.90-1 1 090 1.0-11 0.90-1.0

1.05

Phosphorus
Total P (%) 0.65 0.60 - - 0.67-0.70 0.66-0.69
Available P (%) 0.45 0.43 - - 0.42-0.45 0.41-0.44
Non phytic P (%) - 045 035 -
Ca: NPP - - 22 257 -
Ca: aP 2.11-2.33 2.09-2.32 - 2.3-2.4:1 219-2.27

Therefore, a greater effort has been made in order to improve and assure
maximum P availability in the diet as well as to avoid an excess of P in the diet and
excreta. The low digestibility of P in plant sources (Tamim and Angel, 2003; Tamim et
al., 2004) and the variable digestibility of P in inorganic sources (Coon and Leske,
1998) prompted the change in the use of P, from total P (tP, NRC, 1950) to inorganic P
(iP, NRC, 1954), available P (aP, NRC, 1984), and non-phytic P (NPP, NRC, 1994).

Thus, the terms used to describe phosphorus requirements are:

e Total P (tP): This is generally referred to as phosphorus and encompasses any
and all forms of phosphorus in the diet. It does not take into account differences

on P availability (Angel et al., 2002).

e Digestible P (dP): This refers to the P that is truly or apparently absorbed from
the diet in the intestinal tract (i.e., feed P minus P within the distal ileum).
e Retained P: This refers to the P that stays in the body (i.e., feed P minus excreta

P; Applegate and Angel, 2008).

e Phytic P (PP): In plants, IP6 (hexakis di-hydrogen phosphate) exists in its
anionic form, phytate. In mature seeds, IP6 is found as a complex salt of Ca,
Mg, and K, and in some cases it is bound to proteins and starches. Most of the P
stored in seeds is present as phytin-P (PP) a form poorly available to poultry.
This complexed or chelated molecule of InsPg is known as phytin (Angel et al.,
2002).

e Non-phytic P (NPP): Any P that is not bound to the phytin molecule, this NPP
can be chemically determined by subtracting analyzed PP from analyzed P.

14



Chapter 2

e Available P (aP): This refers to the P that is calculated to be absorbed from the
diet by the animal (Angel et al., 2002).

The difference between aP and NPP is that the term “aP” includes all absorbed
forms of P, including inorganic P and a certain amount of organic P (including PP),
whereas NPP excludes any PP available to the animal.

Many studies have been performed to determine the need for P and Ca in broilers at

different life-stages. These studies are summarized in the following table (2.4).

Table 2.4. Different requirements of Ca and P for starter broilers depend on the criteria

used.
Reference Criteria Age Ca P NPP aP Ca:tP Ca:NPP
(wWk) (%) (%) (%) %

Moran and Todd, Growth 0-3 1.00 0.68 NS* 0.45 1.47:1

1994 Bone ash

Chen and Moran, Growth 0-3 1.05 0.68 NS NS 1.54:1

1995 Bone ash

Rama- Rao et al.,, Growth 3-30d 1 NS 044 NS 2.27:1

1999

Angel et al., 2000 Tibia/femur 0-17d 0.91 0.45- NS 2.21:1
ash/strength 0.37

Driver et al, BWG 0-16d 0.48-0.62 0.74 0.45 0.76:1 1.08:1

2005b Tibia ash 0-16d 0.6-0.72 0.74 045 0.94:1 1.34:1

“Phillips et al., BWG 1-10d 1.16 0.51 2.25:1

2012 Tibia ash 1-10d  1.17 0.69 1.70:1

1. Variable levels of Ca were evaluated with a fixed level of NPP (0.45).
2. Variable levels of Ca and P were factorially analyzed following surface analysis.
*NS: Not specified.

2.3.3. Ca:P ratio

Because of the complex interaction among Ca, P, vitamin D, and other
calcitropic hormones, it is necessary to judiciously balance the amount of Ca and P
added in the poultry diet (Lundy et al., 1992; Rennie et al., 1997, Rath et al., 1999). The
interactions of these two minerals are highly complex and are not easily interpreted. In
the literature, Létourneau-Montminy et al. (2007, 2009) show the importance of the Ca:
NPP ratios on growth performance and bone mineralization of broilers from 1 to 21
days. Similarly, Driver et al. (2005a) and Rama-Rao et al. (2006) studied the effects of
changes in Ca and P or NPP intake in chickens from 1 to 16 days and from 1 to 42 days,
respectively. Their work clearly demonstrates that the Ca:P ratio has a greater impact on

quality and bone strength than does the intrinsic level of each mineral.
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Historically, the ratio of Ca to P was defined for total Ca (tCa) and total P (tP)
(NRC, 1950) in the diet. As the impact of phytate present in seeds and its impact on
seed ingredient-based P availability began to be understood, a change was made to a
tCa-to-available-P ratio (NRC, 1984). The tCa:aP ratios recommended were 2.22 to
2.28, depending on the age of broilers (from hatchling to 8 weeks of age). In 1994
(NRC, 1994), when the term "NPP"” began being used to define P requirement, the tCa:
NPP ratios recommended were 2.22 to 2.67, depending on growth stage. But according
to Angel et al. (2015), because dCa in inorganic sources are widely different, it is better
to use the ratio values between digestible nutrients. Furthermore, when phytase is
introduced in the diet, we change the Ca source from a calcium phosphate (MCP or
DCP) that usually has higher dCa (67%) to a limestone that usually has lower dCa
(34.1%) (Angel, 2013). It is suggested that Ca may inhibit phytase activity (Applegate
et al., 2003), so it is important to know the dCa:dP ratio , when phytase is supplemented
in the diet.

Al Masri (1995) describes a decrease in the availability of feed P from 0.66 to
0.30, as Ca: P ratios were changed from 1:1 to 2.5:1. The author states that increasing
Ca concentration (i.e., from 0.66% to 1.58%) showed a greater effect on P absorption
than on P retention, as the animals tended to reduce the endogenous P excretion in
trying to conserve the nutrient (i.e., Type Il nutrient).

In recent research, Anwar et al. (2016) described that increasing dietary Ca
concentration from a 6.75 g/kg to 11.25 g/kg diet, when keeping the dietary P
concentration constant (4.5 g/kg), decreased Ca digestibility and Ca retention.

High Ca or P levels in the intestine reduce the absorption of both (Al Masri,
1995). The solubility of mineral complexes decreased when Ca and P are supplemented
at high levels. This level can increase ileal pH and reduces the absorption of both
minerals (Shafey, 1993). We shall see this response in more detail in Chapter 5 and
Chapter 8.

2.4. Phosphorus sources and availability

2.4.1. Vegetable sources of P

The P content in the raw materials used in animal feed presents a wide range of
variation (Figure 2.5). In general, seeds (cereal grains, legumes and oilseeds) have a
greater P content than do forages. The by-products of processing grains (wheat bran,
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corn gluten or oilseed meal) are especially rich in P (Rebollar and Mateos, 1999). The
level of P varies not only among sources but also within each source. Phosphorus
content depends on soil type, cultivar, maturation state, culturing conditions, weather,
etc., (Ravindran et al., 1995; Rebollar and Mateos, 1999).

Most of the P in seeds is stored in the form of phytate, that is, the mixed salt of
phytic acid (Myo-inositol 1, 2, 3, 4, 5, 6-hexakis di-hydrogen phosphate (InsPg)), which
is a phosphorolyted cyclic sugar alcohol. It contains 28.2% of bound P with molecular
weight of 660 and represents, on average, 70% of the total P (tP) in feed ingredients
commonly used in poultry diets (Figure 2.1) (Maenz, 2001; Kornegay, 2001; Catala-
Gregori et al., 2006).

1.00
0.80
0.60
0.40 , ,
0.00 C
orn
Oats Barley Corn Wheat Gluten Sunflower | Sunflower | Soybean
Seeds Meal Meal
Feed
M P total (%) 0.33 0.36 0.25 0.36 0.87 0.50 1.00 0.61
H P phytic (%) 0.18 0.21 0.18 0.24 0.52 0.44 0.83 0.40

Figure 2.1. Total and phytic P content (%) in different feedstuff (FEDNA, 2016).

Phytic acid location varies depending on the type of grain. In wheat and rye, as
well as part of monocotyledons, phytate (between 80% and 90%) is located in the
aleurone layers and in the pericarp, whereas corn and sorghum accumulate phytic P in
the germ (Figure 2.2). In legumes, phytate is concentrated in cotyledons, and for
oilseeds it is diffusely distributed throughout the seed associated with protein-rich

globular bodies (Cosgrove, 1980; Sauveur, 1989).
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Bran
« Source of fructans and
small amounts of resistant
starch
« Contains:
Outer Bran Layers
- (Epidermis, Hypodermis,

Endosperm
- Contains:
- Cellulose
- Hemicelluloses, including
arabinoxylans, xyloglucans,

Cross and Tube Cells, and glucomannan

Seed Coat, and VSRS 1) - Resistant starch
i AN ERLX 1 - Other major components:
Nucellar Tissue) PYNDXISES | L e
- Cellulose 5}5“?'?3%?»‘%:" : protein, B vitamins, iron

- Hemicelluloses, such as
arabinoxylans

- Lignin
Aleurone Germ

(part of endosperm but removed S antainie:
with bran) A Cellul;)se
- Cellulose SFructans
- Hemicelluloses, such as arabinoxylans - Lignin

- p-glucan

« Other major components:
CCF fat, B vitamins, vitamin E,
©2013 minerals

- Other major components:
protein, B vitamins, vitamin E,
minerals, phenolics, alkylresorcinols,
phytosterols, ferulic acid

Figure 2.2. Schematic longitudinal section of a grain of wheat (Bernstein et al., 2013).

Cereals contain between 0.2% and 0.3% phytic P; their by-products (except for
maize and sorghum) are around 0.5% and 1.0%, and protein meals being between 0.3%
and 0.9% (Pointillart, 1994). Maximal phytic acid levels are achieved at seed maturity
immediately preceding desiccation (Raboy and Dickinson, 1987) and represent
approximately 1% to 3% of the total weight in many cereals and oilseeds used in animal
feeds (Cheryan, 1980; Angel et al., 2002).

Seeds also accumulate mineral nutrients such as K, Mg, Ca, Fe, Zn, Cu, and Mn,
which are used during germination in seedling growth (Iwai et al., 2012). Phytic acid
acts as a strong chelator of metal cations in mature seeds and binds them to form
phytate, a salt of InsPg (Lott et al., 2002; Raboy, 2009). Phytic acid is deposited in
protein bodies (protein storage vacuoles) as a complex of chelated minerals and protein
known as phytin (Prattley and Stanley, 1982).

Theoretically, the phytate molecule carries a maximum of twelve negative
charges and could potentially chelate six Ca atoms in the digestive tract, but the affinity
of phytate is greater for certain other divalent cations, including zinc and copper (Selle
et al., 2009) (Figure 2.3).
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Figure 2.3. Structure of phytic acid (A) and phytic acid chelate with metal cations (B).

The order of stability of metal-phytate complexes was found to be:

Cu > Zn> Co > Mn > Fe > Ca (Tamim and Angel, 2003). The maximum binding of
divalent and trivalent cations occurs at pH 6, the normal pH of the duodenum, which is
the major site of mineral absorption (Oberleas, 1973; Banks et al., 2004a). The raw
materials of animal origin, including the skeleton, are foods with high levels of P
(FEDNA, 2011).

Thus, phytin is most commonly thought of as an anti-nutrient (Pallauf et al.,
1997; Angel et al., 2002) because it reduces the availability of bound minerals for the
animal.

From a practical standpoint, it is recognized that the availability of inorganic P
and non-phytate organic P is similar and nearly 100% (range 80%-100%). On the
contrary, the phytate P content is little available for, as the monogastric animals lack the
precise enzyme (phytase), at least being sufficient to break and separate the P-inositol
molecule (Kornegay, 1999). Hydrolysis of organic P in the gastrointestinal tract releases
PO,*, which is the only way that the animal can absorb and utilize P. The aP values
described in the feedstuffs evaluation tables are values obtained without any exogenous
phytase addition (Figure 2.4).

19



Literature Review

c
0.6 - ] 2
o 2
£ w —
p _ o
0.5 ‘)8 s s
. 8 3 T &5
5 0§ = - o
04 - o N © - = o
2 5 o0 & § ¢ b
= 3 c N O 2 90 © 2
a 3 & £ 38 -~ 5 2 8
%03 £ 284854
> = - O g9 o 8 w
= c @ Y= %)
0.2 - 0 © p - wn c . y =
. Y o Q} o . = "} S
S o & S 99®:
A8 p P -
A y y. [¢+]
0.1 - Q‘é o v v S
0.0 - '

Figure 2.4. Comparison between available P content of some raw materials and broiler
requirements (FEDNA, 2016).

2.4.1.1. Phytase

Phytase are phosphatases (myo-inisitol hexa-phosphate hydrolases) that
dephosphorylate insoluble phytic acid in grains and oilseeds into orthophosphate and
inositol phosphates Adeola and Cowieson, 2011) (Figure 2.5), making P fully available
to monogastric animals (Gibson and Ullah, 1990). These enzymes are capable of
hydrolyzing one or more phosphate groups from InsPg, yielding P and a series of lower
phosphoric esters (Harland and Morris, 1995; Angel et al., 2002). Phytase hydrolyzes
only phytate in solution, and with certain optimum conditions of pH and temperature
that are variable according to the type of phytase (Wodzinski and Ullah, 1996).

Phytase
H,0 ’

H H

myo-Inositol hexakisphosphate (phytate) myo-Inositol

Figure 2.5. The mode of action of phytase.
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2.4.1.1.1. Phytase activity

The activity of phytase is commonly expressed as FTU, which is defined as the
amount of phytase required to liberate 1 mmol of inorganic phosphate per minute from
0.0051 mol/l sodium phytate at pH 5.5 and at a temperature of 37°C (Zyla et al., 1995,
AOAC). The pH level in the stomach of animals is far below pH 5.5 and, therefore, the
"real” activity in vivo is different from the standard phytase activity measurement. In
addition, many phytase characteristics, coupled with dietary and animal-related factors,

can have an influence on phytase activity in vivo (Dersjant-Li et al., 2015).

2.4.1.1.2. Type of Phytase

Generally, phytase has been categorized on two bases, depending on the site
where the hydrolysis of the phytate molecule is initiated. The international Union of
Biochemists (1979) acknowledges two classes of phytase with the following
nomenclature: the 3-phytase (EC 3.1.3.8) initiates dephosphorization at the 3 position
phosphate, while the 6-phytase (EC 3.1.3.26) commences at the 6-position; they
produce different isomers of the lower inositol phosphates.

It has been stated that the 3-phytases are produced by microorganisms; the 6-
phytases are mainly isolated from a plant source (Adeola and Cowieson, 2011).
However, there are exceptions, as soybean phytases are 3-phytases and Escherichia coli
phytases are 6-phytases (Sandberg and Andlid, 2002). The action of these 2 phytases
differs in the location of phosphate removal, but also in how many phosphates they are
able to remove from the myo-inositol hexaphophoric acid molecule and by their
optimum activity at different pH levels. For example, the 3-phytase from Aspergillus
niger (Natuphos) has 2 optimal pHs, namely 2.5 and 5.5, similar to the phytase from
Aspergillus ficuum, which has optima pHs at 2.5 and 5.0 (Gibson and Ullah, 1990). The
6-phytase Peniophora lycii (Ronozyme) has two optima pHs, between 4.5 and 5.0.

Phytases are widely distributed in plants, animals, and microorganisms. In the
digestive tract of animals, phytase can be present intrinsically in feed ingredients,
produced by microflora present in the GIT, and from exogenous microbial phytases
added to the diet (Hegeman and Grabau, 2001).

Endogenous intestinal phytase

The existence and role of intestinal phytase activity in poultry has been

controversial (Abudabos, 2012). Its presence was first observed in chickens in 1938
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(Krieger); later, Nelson (1976) concluded that intestinal phytase activity does not exist
nor does it have a functional role in non-ruminants. In contrast, other results indicated
the presence of phytase activity and a role for it in phosphorus utilization in chickens
(Bitar and Reinhold, 1972; Maenz and Classen, 1998, Abudabos, 2012).

The origin of intestinal phytase is also disputed; some ascribe it to innate
secretion (Bitar and Reinhold, 1972; Biehl and Baker, 1997) and others consider it as a
product of gastrointestinal microflora (Wise and Gilburt, 1982; Kerr et al., 2000).
Maenz and Classen (1998), however, reported that intestinal brush-border-alkaline
phosphatase (phytase) could contribute to degradation of phytate P; this phytase activity
has been found in all segments of the small intestine. The specific and total activities of
alkaline phosphatases in intestinal brush-border were highest in the duodenum and

declined in the jejunum and ileum.

As intestinal enzymes are modified by dietary factors, it is possible that
intestinal phytase may be affected by diet. In some studies, performed by McCuaig et
al. (1972) and Applegate et al. (2003), significant differences were detected, but not in
others (Maddaiah et al., 1969; Biehl and Baker, 1997). Lowering the total P level of the
starter diet resulted in a significant increase in phytase activity (Marounek et al., 2010).
A possible explanation for the increased utilization of phytate phosphorus with age is
the suggestion that more endogenous phytase is present in the gastrointestinal tract of

older animals.

Feedstufs phytase

It has been known, for more than 60 years, that some feedstuffs contain
considerable phytase activity (Peers, 1953; Hill and Tyler, 1954b). Phytase activity
varies greatly among species of plants. Among cereals, the highest phytase activities are
found, in decreasing order, in rye, triticale, wheat and barley. High-protein feeds contain
little activity, oats, maize and sorghum-negligible phytase activities (Eeckhout and de
Paepe, 1994; Humer et al., 2014). No correlation exists between the phytic P content in
the grain and its phytase activity (Eeckout and De Paepe, 1994; Rebollar and Mateos,
1999). The majority of phytases in cereal grains are located in the aleurone layers and
scutellum (Oatway et al., 2001; Humer et al., 2014). Diets including ingredients with
high phytase activity, such as wheat bran and wheat, promote greater absorption of

phytic P when diets are fed in mash form. Within wheat samples, phytase activity can
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be highly variable (915 to 1581 FTU/kg; Eeckhout and De Paepe, 1994). Much of this
variation can be explained through cultivar differences (Barrier-Guillot et al., 1996;
Applegate and Angel, 2004) and possibly through grain storage time and conditions.

The activity of this enzyme depends on moisture content, temperature and pH in
dry cereals; phytases are inactive due to lack of moisture for activation (Humer et al.,
2014).

It is estimated that phytases contained in plants are at least 10% less efficient
than those of fungal origin (Kornegay et al., 1996). The reason might be the narrow
range of pH at which plant phytases are active. Optimum pH for maximum activity is
higher than is that found in the stomach of poultry (pH of 2.5-3.5), the principal point of
action of phytases (Liebert et al., 1993; Rebollar and Mateos, 1999). For example, 6-
phytases from wheat have only one optimum pH, at 5.5 (Kies et al., 2001).

Because vegetal phytases are active at a pH of 5 and are very sensitive to
environmental conditions, pH too acidic or too alkaline may inactivate them irreversibly
(Pointillart, 1994). Moreover, in certain regions of the gastrointestinal tract, where pH is
5-6, phytic acid can react with other minerals and precipitate, preventing the activity of
phytase. In areas with lower pH (such as the proventriculus and gizzard in poultry),
phytin is more soluble, but plant phytase is less active.

Optimal temperature ranges of plant phytases are from 45°C to 60°C (Wodzinski
and Ullah, 1996; Applegate and Angel, 2004). Plant phytases, nevertheless, may be
partially or totally inactivated by over-heating or high steam-pelleting temperatures
(Ravindran et al., 1995). Blaabjerg et al. (2010) treated wheat with steam injection at
approximately 70°C before pelleting at approximately 90°C, followed by cooling. The
treatment led to a reduction in phytase activity by 74% (Humer et al., 2014), whereas
Jongbloed and Kemme (1990) reported that cold-pelleting did not exert negative effects
on phytase activity. Producers that feed mash (diets that are not pelleted) diets may find
some benefit from plant phytases, but they must consider the high inherent variability of
vegetable phytase.

On the other hand, Phillippy (1999) also demonstrated that wheat phytase lost

substantial activity when incubated with pepsin, a proteolytic digestive enzyme.

Phytase produced by industry

The first commercialized phytase was developed for use in The Netherlands in

1991 (Selle and Ravindran, 2007) to increase P availability from vegetable sources and,
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as a consequence, reduce the inclusion of higher cost of organic phosphates
supplementation and also to reduce P pollution from intensive agriculture (Onyango,
2005). Fungal phytase (Aspergillus niger) was the first generation of industrial phytase.
Commercial phytases are typically produced using recombinant DNA technology, for
example, a bacterial phytase gene being inserted into yeast for commercial production.
This technology has greatly improved functional use of phytases by improving their
thermostability, pH specificity, and resistance to breakdown by other digestive enzymes
in the animal (Applegate and Angel, 2008). Table 2.5 presents some examples of

currently commercial phytases.

Table 2.5. Some examples of currently commercially available 3- and 6-phytases and their

characteristics.

Type Protein origin pH optima  Temperature Commercial
Optima (°C) name

3 A.niger 2;5-5.5 65 Natuphos®

3 A.niger 6.0 - Allzyme® SSF

3 A.niger 2.5 - Finase® P/L

6 E. coli 4.5 55 Phyzyme® XP

6 E. coli 4.5 - Quantum®

6 E. coli - - Quantum Blue®

6 E. coli 3.4;5.0 58 OptiPhos®

6 Peniophora lycii  4-5.5 50-55 Ronozyme®

6 Buttiauxella spp.  3.5-4.5 60 Axtra® PHY

(Dersjant-Li et al., 2015)

2.4.1.1.3. Phytase efficacy

The addition of exogenous phytases in the diets of poultry has been shown to
improve weight gain, mineral retention, energy utilization and amino acid digestibility
(Ravindran et al., 1999; Rutherfurd et al., 2002; Augspurger et al., 2003; Cowieson and
Adeola, 2005). Phosphorus retention by broilers was improved from 50% to 60% by
supplementing diets with a fungual phytase (Simons et al., 1990; Kornegay et al.,
1996). Phytases also reduced the phytate-P excretion when they were supplemented to
diets with little available P (Selle et al.,, 2000). However, efficacy of phytase

supplementation may depend on different factors (Ravindran et al., 1995), such as:

1. The microbial source and form of the enzyme (coated, size of the particle, etc.),
2. Temperature, and optima pH of the enzyme,
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3. The diet mineral concentration (Ca, Fe, Mg, Cu, and Zn), ingredients used or
diet manufacturing methodology (pelleted, mash, or liquid),

Location of addition of phytase (post-pelleting or mixer),

Type and level of vitamin D metabolites,

The animal status (i.e., disease),

N o a &

Resistance to endogenous protease.

The common recommended dose of phytase to be used is 500 FTU/kg in broiler
diet for the destruction of 50%-70% of phytate. The inorganic P equivalent reported in
the literature is between 0.3 g/kg-1.7 g/kg. Table 2.6 presents some P equivalent values,
but the activity measurements may differ significantly due to the methods of analysis
(Dersjant-Li et al., 2015). However, in the last several years higher doses of phytase
(three to four times the standard dose) are being used in poultry diets, showing some
positive results in terms of nutrient availability and performance. It has been suggested
that high phytase doses produce the complete de-phosphorylation of phytate and also
release inositol, which is considered a growth promotor. Inositol is also known to have
important metabolic roles, such as in fat metabolism and cell function, as well as being
combined with phosphorus at a cellular level to recreate phytate, which is a potent anti-
oxidant. Some studies like the one conducted by Zyla et al. (2004) addressed the
positive effect of inositol provision in broilers. These authors observed that the
supplementation of 0.10% inositol improved about 6.4% of FCR from 1 to 21d of age.
According to Adoela et al. (2014), there may be three main mechanisms whereby using

large doses of phytase may elicit beneficial effects:

1. Iltrestores the dCa: dP ratio,
2. Less residual phytate and destruction of the anti-nutritive effect and increased
generation of more soluble lower esters,

3. Generation of myo-inositol with lipotropic effects.

Shirley and Edwards (2003) indicated that a 94.8% phytate P disappearance
could be achieved using 12,000 units of phytase (Natuphos 5000)/kg diet. Coon and
Manangi (2004) indicated a 99.5% phytate hydrolysis in broilers fed diets supplemented
with 5,000 units of phytase (Phyzyme XP) per kg diet. In recent years, the use of higher
levels of exogenous phytase, referred to as super dosing, has been promoted as a
strategy to release more phytic P and to reduce the anti-nutritive effects of phytate
(Cowieson et al., 2011).
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Table 2.6. Summary of microbial phytase phosphorus equivalency studies in poultry.

References tP PP Ca:P Response P Phyate-  Phytase

(o/kg) (g/kg) ratio Criteria equivalence P source

FTU=g P Released
(%)
Schoner et al. (1991) 4.5 2.3 1.33 P retention 700=1.0 43.5 A. niger
Schoner et al. (1993) 3.5 2.3 1.71  Weight gain, 850=1.0 43.5
P retention

Denbow et al. 3.8 18 2.00 Weight gain, toe ash 821=1.0 55.6 A. niger
(1995)
Kornegay et al. 44 2.4 2.00 Weight gain, toeash 939=1.0 41.7 A. niger
(1996)
Yietal. (1996) 4.5 18 2.00 Weight gain, toeash 1146=10 55.6 A. niger
Yonemochi et al. 6.0 3.0 150 Gain, intake, tibia 500=1.17 39.1 A. niger
(2000) ash and P, plasma P
Augspurger et al. 3.6 2.6 2.08 Weight gain, tibia 500=1.25 48.1 E. coli
(2003) ash
Adedokun et al. 3.9 2.7 1.95 Gain, feed intake, 1000=1.03 38.2 E. coli

(2004)

toe and tibia ash,

(Selle and Ravindran, 2007)

According to Liberet et al. (1993), 25%-50% of the supplemented phytase
activity takes places in the crop, when 500 FTU/kg or 1000 FTU/kg were added to a
maize-soybean meal diet for chicken of 3-5 weeks old, and in the proventriculus, 10%-
25% of the added phytase activity was detected. Li et al. (2016) demonstrated that
phytase addition improved InsPg degradation in all segments of the gastrointestinal tract
examined (Crop, proventriculus, gizzard and ileum), being the most effective with crop
(pH= 5.5), proventriculus and gizzard (pH=3). These results were observed by Yu et al.
(2004), who concluded that the crop and proventriculus are the major sites of exogenous
phytase activity. The different types of phytase may differ in their activity in the
digestive tract. Onyango et al. (2005) studied phytase activity in the gastro-intestinal
tract of broilers from 8 to 22 days old and fed mash diets with or without microbial
phytase (E. coli or P.lycii) at 100 FTU/kg. It was observed that supplementation of E.
coli phytase significantly increased phytase activity in the crop, proventriculus and
gizzard, jejunum and ileum, whereas P.lycii phytase activity progressively declined
along the small intestine, with no detectable activity in the ileum in broilers. The low
activity in the lower part of the small intestine may be due to the activity of endogenous

digestive protease, which is able to break down exogenous phytase, thereby making its
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activity undetected in the ileum. However, different phytases differ in their resistance to

endogenous protease (Dersjant-Li et al., 2015).

2.4.2. Mineral sources of phosphorus

Phytases are widely used in the poultry industry, as they are critical for an
efficient and sustainable use of vegetable sources. However, most of the diets need to be
fortified with mineral sources of P.

Di-calcium, mono-calcium, mono-di-calcium phosphates and de-fluorinated
rock phosphate are the most commonly used forms of inorganic feed phosphates. The
terms mono- and di-calcium phosphate (Table 2.7) are commonly used in product
descriptions; most commercial inorganic feed phosphates in the above categories are not
pure products, but rather mixtures of MCP and DCP (Viljoen, 2001).

Table 2.7. Comparison between Di-calcium phosphate and Mono-calcium phosphate.

Di-calcium phosphate Mono-calcium phosphate
Molecular formula CaHPO, CaH,P,04
Solubility in water 0.02 g/100 ml 2 9/100 ml
Molecule 0 @)
I Il
HO-R~0 Ho-R-o-| |ca®
0 ca* OH |,

The ratio of these products in commercial, inorganic phosphates sources depends
to a large extent on reaction conditions (heat, water and pressure) and on design
conditions specific to the particular manufacturing plant. Baker (1989) described the
typical commercial products; DCP (CaHPO,) and MCP [Ca (H2P0O,),.H,O] contain
mixtures of CaHPQO,, Ca (H,PO,),.H,0, and CaHPO,4.2H,0. Mono-calcium phosphate
generally contains 13% CaHPOQO,, and 61% Ca (H2PO,),.H,0, with the remainder being
small amounts of other phosphates and minerals. Commercial DCP generally contains
about 14% Ca (H2P0O,)2.H,0, 35% CaHPO,4.2H,0O and 26% CaHPO, (Joseph and
Scares, 1995). In general, DCP, which is less soluble than MCP, is the preferred source
in poultry feeding. But the concentration and availability of P in commercial phosphates

must receive proper attention in feed formulation, not only because absolute
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concentrations of P may vary but also because differences in bioavailability of different

commonly used phosphates have been well-documented.

2.5. Calcium sources and availability

2.5.1. Vegetable source of Calcium

Except for some vegetable ingredients, such as rapeseed meal, vegetable
feedstuffs are very low in Ca content (Figure 2.6) and, therefore, the provision of
adequate dietary Ca supply is almost entirely achieved through the use of animal-based
and inorganic feedstuffs whose Ca bioavailability is > 66% (NRC, 2005).

Little is known about Ca availability in vegetable feedstuffs, perhaps as a
consequence of their low Ca content (NRC, 2005). It is known that 20%-30% of Ca in
plant tissues is bound to oxalate, which is relatively unavailable (NRC, 2001).
Moreover, the high phytic content of some ingredients make Ca little available. Based
on Ca digestibility in corn soy diets with no added inorganic Ca and P sources, Tamim

and Angel (2003) calculated that availability of Ca in corn and SBM is 20% to 33%.
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Figure 2.6. Calcium content in different cereal, vegetable protein and fibrous ingredients,
as compared to total Ca requirements in broilers (FEDNA, 2016).

2.5.2. Mineral sources of Calcium

Principally used inorganic sources for Ca in the poultry industry are limestone,
as well as di-calcium or mono-calcium phosphate (Walk et al., 2012a). The primary
source of Ca for diet supplementation is ground limestone (also known chemically as
CaCOs3), because more than 80% of the Ca in the earth’s crust exists as limestone. The
bioavailability of Ca from these different sources has been extensively discussed

(Shafey, 1993; Walk et al., 2012a). In the diet, Ca can be present in a fine (e.g.,
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limestone, which may contain a range of particle size) or coarse (e.g., oyster shell) form
(Figure 2.7).

,& v
s s

Limestone (large particles) Limestone (small particles) Oyster shell

Figure 2.7. Various sources of dietary calcium.

Oyster shell, a common source of Ca in laying-bird diets, also has highly (100%)
relative available Ca. Marble dust and aragonite are considered less common sources of
Ca for domestic animals (Peeler, 1972). Considerably more research on Ca
bioavailability has been reported for poultry than for other animals, underscoring the
importance of Ca to these species. However, as reported above, Ca bioavailability is
highly dependent on different factors, such as the physical form of the ingredient and
the dietary level, as well the animal age. Calcium requirements have usually been
measured using limestone in the diet, which shows a reduced solubility during
neutralization in the small intestine (Goss et al., 2007) and few efforts have been made

to optimize the use and availability of new Ca sources.

2.6. Calcium and Phosphorus homeostasis in chickens

The metabolism of Ca and phosphorus (P) is closely related, and a deficiency or
an excess of either one will interfere with the utilization and metabolism of the other
(Kebreab and Vitti, 2005).

Absorbed P and Ca are rapidly transferred into skeletal and soft tissues of the
body. Bones serve as storehouses of these two minerals, which can be mobilized when
they are needed. There is a continuous turnover of P and Ca in the body, so resorption
from bone and soft tissues takes place concurrently with synthesis. So, the metabolism
of these two minerals involves not only deposition but also the processes of storage and
mobilization (France et al., 2010; and Veum, 2010). Calcium and P are ingested with
the feed and absorbed primarily in the duodenum and jejunum in the small intestine (De

Vries et al., 2010). The extracellular pool contains 9 mg Ca/dl to 12 mg Ca/dl and from
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4 mg P/dl to 9 mg P/dl. In mono-gastric animals, up to 50% of the dietary Ca®" is
absorbed by passive transport (diffusion), with active transport (energy-dependent
transport) in situations of greater plasma Ca®* deficiency.

Plasma Ca®* and P concentrations are controlled by feedback mechanisms
involving parathyroid hormone (PTH), vitamin D converted to the biologically active
form (1,25(0OH),D3, also called di-hydroxycholecalciferol), calcitonin and their
respective receptors in the small intestine, bone and kidney (France et al., 2010; Veum,
2010).

Calcium and P homeostasis is maintained through a complex feedback system
described by many authors (Proszkowiec-Weglarz and Angel, 2013), which is
illustrated in Figure 2.8, when plasma Ca** and/or P are too low as a result of a Ca- or
P-deficient diet in comparison to requirements. The parathyroid gland releases PTH
which, in turn, stimulates the conversion of vitamin D3 to the steroid hormone
1,25(0OH),D3. Increased production of 1,25(0OH),Ds in the kidney results in increased
intestinal absorption of Ca and P and bone reabsorption and reduces Ca?* and/or P
excretion by the kidney (Proszkowiec-Weglarz and Angel, 2013; De Vries et al., 2010)
to maintain normal plasma Ca and P concentration.

Conversely, when plasma Ca’* and/or P are too high, the peptide hormone
calcitonin reduces the intestinal absorption and bone resorption of Ca** and P and
increases excretion by the kidney. In conclusion, Ca and P homeostasis is maintained by
feedback mechanisms regulated by plasma Ca®* and P concentrations, which activate
the release of hormones that affect intestinal absorption, bone apposition or resorption

and kidney excretion of Ca®* and P.
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Figure 2.8. Proposed model depicting Ca (A) and P (B) metabolism in broiler chickens
(Proszkowiec-Weglarz and Angel, 2013).
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2.7. Factors affecting calcium and phosphorus nutrition
2.7.1. Interactions between dietary calcium and phosphorus

2.7.1.1. Formation of calcium phytate complexes

On the one hand, calcium exists as mineral-phytate complexes in poultry diets;
in fact, it is limited by the relatively low concentrations in feed ingredients and the
inherent structure of phytate (Lott et al., 2000; Selle et al., 2009). On the other hand, the
formation of Ca-phytate complexes along the gastrointestinal tract of birds is very
important. Ca-phytate complex formation is influenced by molar ratios of their
constituents, the gut pH, and their reduced solubility (Selle et al., 2009). Poultry diets
typically contain 10 g/kg of both Ca and phytate; if one phytate molecule binds five Ca
atoms in the gastrointestinal tract, approximately one-third of dietary Ca would be
present as Ca-phytate complexes. Instructively, Pang and Applegate (2007) found that
Ca solubility was only 11% in the duodenum and jejunum of chickens offered diets
containing 9 g/Kg of Ca and 9.22 g/Kg phytate. Mohammed et al. (1991) showed that
decreasing Ca levels from 10 g/kg to 5 g/kg in low P diets resulted in a 15% increase in
phytate-P digestibility in chicks. Plumstead et al. (2007) demonstrated that increasing
dietary Ca from 4.7 g/kg to 11.6 g/kg linearly decreased ileal phytate-P digestibility by
71%.

2.7.1.2. Formation of calcium phosphate complexes

Calcium has the capacity to interact with inorganic P in the gut lumen, in
addition to phytate-P (Selle et al., 2009). Hurwitz and Bar (1971) concluded that an
excess of Ca relative to inorganic P increased the formation of inorganic Ca-P
precipitates, which decreased the concentration of soluble forms of P in the intestinal
lumen and reduced P digestibility. Tamim et al. (2004) reported that 5 g Ca/Kg reduced
ileal digestibility of phytate-P by 63%, but additional Ca also reduced the digestibility
of total P by 57%. This can be due to the precipitation of Ca, which was binding with
both phytate and inorganic P to form either Ca-phytate complexes and/or calcium
phosphates (Selle et al., 2009).

2.7.2. Intestinal pH

Several researchers have studied the solubility and stability of phytate-metal
complexes and have observed that both are pH-dependent (Wise, 1983; Maenz et al.,
1999; Selle et al., 2000).
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Figure 2.9. The pH value in the different parts of the broiler digestive tract (Aviagen,
2013).

Most phytate-mineral chelates are soluble at low pH (3.5), with decreasing
solubility at higher values between pH 4.5 and pH 7. The approximate pH of the
intestine, where absorption of minerals takes places, coincides with the pHs at which
these complexes precipitate (Figure 2.9) (Tamim and Angel, 2003). At pH 6, the normal
pH of the duodenum, maximum binding of phytic acid to minerals forming Zn-Ca-Cu -
phytate and Cu-Ca-phytate complexes occurs (Oberleas, 1973).

The insoluble InsPg- mineral complexes formed a higher pH, where plant
phytases are most active, and may be resistant to hydrolysis by phytases of plant and
microbial origin (Sooncharernying, 1993; Angel et al., 2002).

An increase in gizzard pH significantly reduced Ca solubility in broilers
(Guinotte et al., 1995), and a higher pH (5) has been involved in Ca-phytate interactions
in the gastrointestinal tract and interference with macro-mineral absorption (Simpson
and Wise, 1990). Limestone, the dominant source of Ca in poultry diets, has a high
acid-binding capacity (Lawlor et al., 2005), so high dietary limestone may act as an anti
acid in the distal portions of the gizzard and ileum. According to Guinotte et al. (1995),

increasing dietary limestone increased gizzard pH of immature pullets and increased

33



Literature Review

crop and ileal pH in 12-d-old broilers. So the use of other Ca sources with lower ABC
and higher solubility can limit the increase in pH values in the digestive tract. This will
be one of our hypotheses in this thesis.

2.7.3. Calcium particle size

The solubility of Ca in the gastrointestinal tract may have a direct effect on the
formation of phytic P-mineral complexes. Research usually neglects to describe the
limestone particle size and Ca solubility in the mineral studies in poultry or studies
aiming to evaluate exogenous phytase in broilers (Manangi and Coon, 2007). Despite its
looking like a contradiction, broilers may gain more from feeding phytase by eating
larger-particle CaCO3 with lower solubility to minimize the solubility of CaCOj in the
crop and in the anterior portion of the gastrointestinal tract. A low-solubility form of
CaCO3; may allow the phytase enzyme more access to phytic acid P in the gut and
provide more available P from phytic acid hydrolysis in the broiler (Manangi and Coon,
2007). Phytic P hydrolysis was reduced 8% in an in vitro assay when the incubation
mixture was pH 2.5 and contained the smallest particle size CaCO3 as compared to a
mixture with the largest-particle size of CaCO3 (Manangi and Coon, 2007).

Limestone with very small particles has high solubility and may pass through the
gastrointestinal tract at a faster rate and decrease maximum retention. The highly
soluble Ca from the small particles may also enhance the formation of a mineral-phytic
complex that reduces the ability of added dietary phytase to hydrolyze phytic acid.
These mechanisms may explain that feeding chicks a diet with CaCOg particle sizes
between 137 um and 388 pum increased the body weight gain of animals as compared to
that obtained by feeding either smaller (28 pum) or larger particle (1306 pm) sizes
(Manangi and Coon, 2007). An increased ash tibia content was also obtained for the
chicks fed CaCOg particle sizes ranging from 137 um -388 pm, as compared to the
smallest (28 um) or largest particle (1306 um) sizes.

However, Walk et al., (2012a) have presented the results on the influence of a
highly soluble Ca source (from 0.45% to 0.9% Ca in the diet) on performance and bone
mineralization. Their results showed that feeding broiler chicks with a higher soluble
source of Ca with phytase allowed for reductions in dietary Ca while maintaining
broiler performance and bone ash. Their results again suggest that the current

recommendation of total Ca for broilers may be overestimated, as they have been
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mostly defined using limestone-containing diets, which encourages the interest of

moving forward to better know Ca requirements on a digestible basis.

2.7.4. Phytase interactions

It has been shown that some feed additives may have deleterious effects on
phytase efficacy. For example, other mineral levels, in addition to Ca, in the diet may
influence phytic phosphorus hydrolysis by phytase. According to Maenz et al. (1999),
phytate can bind or chelate multivalent cations to form phytate-mineral complexes and
limit phytase hydrolysis (Tamim and Angel, 2003). The order of stability of metal-
phytate complexes was found to be Zn > Co > Mn > Fe > Ca. While Ca has one of the
lowest affinities for phytate, it has the greatest impact, because it is the mineral at the
highest level in the diet. In this thesis, we shall study only the effect of phytase on Ca

and Cu-phytate complexes.

2.7.4.1. With Calcium

It was demonstrated by Applegate et al. (2003) that Ca levels used in broiler
diets (0.9%) reduced intestinal phytase activity and apparent ileal PP hydrolysis,
compared with a lower level of Ca (0.4%). In the same way, Sebastien et al. (1996)
described that the best phytase efficacy supplemented to a corn-soy diet was seen with
diets containing 0.6% Ca, as compared to a diet with 1% Ca. Tamim et al. (2004) also
confirmed that the addition of Ca in broiler diets resulted in a decrease in PP hydrolysis.
These authors attributed the effect of reduced PP utilization at higher Ca concentrations
to one of three factors:

1. Precipitation of phytate by Ca through Ca-phytate complex formation, based on
the findings of Wise (1983);

2. Increased intestinal pH caused by the addition of Ca, reduced mineral solubility
and therefore availability, as reported by Shafey and McDonald (1991);

3. The direct effect of Ca on phytase competing for the active sites of phytase, as
described by McGuaig et al. (1972).

2.7.4.2. With Copper
Copper is one of the essential trace minerals required by animals, for growth and
for the prevention of a wide range of clinical and pathological disorders in all types of

farm animals. It is also vital in the body as a component and cofactor for enzyme
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systems involved in iron transport (caeruloplasmin) and metabolism, red blood cell
formation and the immune function. Along with Fe, Cu is necessary for hemoglobin
synthesis. Copper is not contained in hemoglobin, but a trace of it is necessary to serve
as a catalyst before the body can utilize Fe for hemoglobin formation (McDowell,
1992).

Copper is an essential mineral required for proper bone growth and development
as well as enzyme function (Banks et al., 2004a). Rucker et al. (1975) found that Cu
deprivation in the chick produces a normocytic and normochromic anemia, and low
monoamine oxidase or cytochrome c¢ oxidase activity in the bones may compromise
osteoblastic activity leading to abnormal bone morphology. A deficiency of Cu was
shown to decrease collagen crosslink formation and to lower mineralization (Osphal et
al., 1982). Reduction of collagen crosslinks through Cu deficiency can reduce
calcification and, consequently, bone strength.

The copper requirements for broiler are 8 mg/kg NRC (1994). However, in some
countries Cu is often added to poultry diets at prophylactic concentrations; it has also
become a common practice in the United States and elsewhere to supplement broiler
diets with 125 mg/kg to 250 mg/kg additional copper from Cu sulfate pentahydrate to
enhance health and growth promoting effects (Pesti and Bakalli, 1996) as one
alternative to antibiotics.

As described above, phytic acid is negatively charged over a wide pH range and
chelate divalent and trivalent metal ions, such as Ca**, Cu**, Fe**, to form mineral-
phytin complexes existing in soluble and insoluble forms (Pang and Applegate, 2006).
Consequently, the high amount of Cu in diets has been shown to have negative
influences in the availability of phytase to hydrolyze PP (Pang and Applegate, 2006).
Similarly, Cu sources may have different chemical-property effects within the digestive
tract, including different solubility, and a different chelation capacity for PP. Therefore,
phytin can also bind to Ca as well as to other minerals at the same time. Multiple
mineral complexes are assumed to be more stable than are single mineral complexes
(Maenz et al., 1999). The insoluble complexes formed will limit the hydrolysis of
phytin-P, the mineral absorption (Banks et al., 2004b) and reduce the bioavailability of
the mineral due to decreased solubility at intestinal pH (Persson et al., 1998). Thus, the
likely effects of including different levels and sources of Cu in the diet on the P

digestibility and broilers performance merits to be studied.
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The purpose of this thesis will be to highlight dietary factors influencing Ca and P
utilization by broilers chicks. We hypothesize that:

1. A significant decrease in the level of Ca and P will improve broiler
performance and bone mineralization by reducing digestive interactions and
improving mineral retention.

2. High-soluble Ca sources with low acid-binding capacity can be used to
improve the mineral digestibility and reduce the levels of Ca inclusion in the diet.

3. The use of different mineral sources of P will affect the dietary P
absorption and overall productivity of broiler chickens.

4. Reducing the levels of Ca and P, and giving high doses of phytase, may
help to increase P availability, performance, and bone mineralization in broilers.

5. The use of therapeutic doses of Cu in the form of di-copper oxide will

improve PP hydrolysis and broiler performance as compared to copper sulfate.

Considering these hypotheses, the main objectives of this thesis are:

1. To establish optimum dietary Ca and NPP levels for starting broilers from
their performance and bone mineralization responses to a factorial range of diets
containing different levels of Ca and NPP plus a high dose of phytase. Trial 1
proposes to study the interaction among three levels of Ca (0.5%, 0.7%, and 0.9%)
and four levels of NPP (0.25%, 0.31%, 0.38%, and 0.45%) in the diet with a high
dose of phytase, to establish the optimum dietary Ca and NPP for starting broilers
from their performance, bone mineralization and whole-body fractional retention of
Caand P.

2. To evaluate the Ca in vitro solubility and ABC (acid-binding capacity)
characteristics of different Ca sources, and explore how the incorporation of these
sources may affect the ileal digestibility of Ca and P, animal performance, and bone
mineralization in broiler chickens. Trial 2 proposes to evaluate different Ca sources
(limestone, Ca chloride and Lipocal, a fat-encapsulated tri-calcium phosphate, TCP)
in conjunction with four dietary levels of NPP (0.3%, 0.35%, 0.4%, and 0.45%) in
starting broiler chickens. Calcium sources were also evaluated in vitro to measure
ABC and Ca solubility at different pH values.
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3. To evaluate the effect of the P source provided at different levels in broiler
diets on the availability of P and their effects on performance and bone
mineralization for broilers. Trial 3 was designed to compare P availability among
MCP and different sources of DCP in broiler chickens up to d 21. Trial 4 compared
the inclusion of a source of TCP, as a single source of Ca and P, and MCP plus
limestone in broiler diets, with respect to their effects on performance, bone
mineralization and P retention in broilers up to d 35.

4. To evaluate the efficacy of increasing levels of a new microbial 3-phytase
(FLF® 1000 FUT, liquid phytase produced by Fertinagro®) to improve
performance and bone mineralization in broilers. In Trial 5, different dietary levels
of Ca (0.7% and 0.9% in the starter phase; 0.63% and 0.85% in the grower phase)
and NPP (0.32% and 0.47% in the starter phase; 0.29% and 0.43% in the grower
phase) were used to test, in the first stage, the efficiency of a new microbial phytase
at different levels of inclusion for broilers at 35 days.

5. To compare, in the second stage, the efficacy of the new phytase in the diet to
three other commercial phytases for enhancing the utilization of low NPP diets with
low and high Ca:aP ratios. Trial 6 was designed to test the efficacy of different
commercial phytase sources (OptiPhos®, Phyzyme®, Ronozyme®, FLF® 1000
FUT) for enhancing the utilization of low NPP diets with low and high Ca:aP ratios
for broilers at 21 days.

6. To compare the effect of copper sulfate, the most commonly used Cu source
for supplementation in poultry diets, and di-copper oxide (Cu,O; CoRouge®) in the
diets of broiler chickens. Trial 7, focused on the comparison of the effects of two
sources of Cu at three levels of dietary Cu (15 ppm, 150 ppm, 300 ppm) in broiler
chicken performance, mineral interaction in the digesta and mineral accumulation in
organs and tissues. An in vitro test was also designed to compare the solubility of
both sources and to identify likely interactions with the phytic phosphorus (PP) and
phytase hydrolysis.

This thesis has been partially funded by the project Fertinagro FER -23-2013 and the

Animal Nutrition and Welfare Service SNiBA.

This work also was possible with the intense collaboration of other research services of

our University, such as the Animal Farm Facilities Services (SGICE) and the the

Service of Chemical Analyses (SAQ).
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4.1. Abstract

A study was conducted to evaluate the interaction among 3 levels of Ca and 4
levels of non-phytate phosphorus (NPP) on broiler performance, bone ash and whole-
body fractional retention of Ca and P. Ross male broiler-chicks (n = 420) were sorted by
BW at d 1 post-hatch and assigned to 5 cages per diet with 7 birds per cage. Twelve
diets were arranged in a 3 x 4 factorial of 3 levels of Ca (at 0.5%, 0.7%, or 0.9%) and 4
levels of NPP (at 0.25%, 0.31%, 0.38%, or 0.45%) with a high dose of phytase (1,150
U/kg) in all diets. On d 14, chickens were euthanized and the right tibia was collected
from 3 birds per replicate; the rest of the animals were used to measure whole-body Ca
and P retention. An interaction was observed between the level of Ca and NPP on feed
intake (FI), tibia weight and bone-ash content (P < 0.05). Increasing the level of NPP
from 0.25% to 0.38% increased FI (P < 0.05) on chickens fed the high-Ca diet (0.9%),
but not with Ca at 0.5% or 0.7%. Broilers achieved their greatest weight gain (WG) and
bone formation with 0.7% Ca and 0.38% of NPP. Increasing the dietary Ca decreased
its fractional retention from 74% with dietary Ca at 0.5% to 46% with Ca at 0.9%. The
increase in the levels of dietary P steadily increased the fractional retention of Ca from
53% to 61%, and increased the whole-body Ca content (g/kg BW). It can be concluded
that a dietary level of 0.38% NPP/Kkg in diets containing a high dose of phytase (1,150
U/kg) and 0.7% Ca are adequate to ensure broiler performance and bone ash of broilers
from d 1 to d 14 post-hatch.
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4.2. Introduction

Chicken growth has been accelerated during recent decades, and leg problems in
the barn, as well as bone fractures during processing of the carcass, are considered
major threats in the poultry industry (Chen and Moran, 1995). Selected fast-growing
strains have shown lower bone-ash content than slow-growing strains (Williams et al.,
2000), which may suggest that diets should be higher in Ca and P than current
recommendations (10g Ca/kg and 4.5g non-phytate P (NPP)/kg at ages 1-21d, National
Research Council, 1994) in order to reach skeletal integrity for modern strains.

It is generally accepted that an increase of Ca in the diet may increase bone-ash
content when Ca is limiting bone mineralization (Driver et al., 2005b; Létourneau-
Montminy et al., 2008). However, high dietary Ca has been also implicated in reduced
animal performance (Sebastian et al., 1996) and interference with macro-mineral
absorption (Simpson and Wise, 1990). Calcium may form soap precipitates with free
saturated fatty acids, thus decreasing the dietary energy digestibility (Pepper et al.,
1955; Edwards et al., 1960), and has the capacity to interact with inorganic P in the gut
(Hurwitz and Bar, 1971) as well as to form a mineral-phytate complex in excess of pH
5.0. The Ca-phytate complex may reduce Ca absorption (Lonnerdal et al., 1989) but
may also reduce the activity of endogenous and exogenous phytase (Tamim et al.,
2004). Decreasing dietary Ca may improve P utilization, while an excess of Ca may
aggravate a P deficiency for ash criteria (Létourneau-Montminy et al., 2008). Other
factors, such as the high acid-binding capacity of limestone, have also been related to
significant decreases in the protein and P solubility in the gizzard, and may affect N and
P digestibility (Tamim and Angel, 2003; Selle et al., 2009; Walk et al., 2012b).
Therefore, different authors have shown that a moderate reduction on dietary Ca had no
deleterious effects on broiler performance (down to 0.6%, Driver et al., 2005b; or
0.73%, Ziaei et al., 2008) and bone ash (0.75%, Sing et al., 2013).

On the other hand, the amount of P necessary to sustain broilers” requirements
can be provided with graded levels of inorganic P and/or phytase (Venaldine et al.,
2006; Adeola and Walk, 2013). Higher levels than the physiological threshold needed
for maximum retention are eliminated through kidneys (Manangi and Coon, 2008), with
the consequent environmental and economic threat.

The scenario becomes even more complex if we consider that Ca animal

requirements are described on a total Ca basis and have usually been measured using
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low soluble sources, such as limestone. Recently, high-soluble sources of Ca in the diets
(Walk et al., 2012c) or different limestone particle size (Manangi and Coon, 2007) have
been explored, as well as the widespread use of overdoses of phytase in the diets to
maximize phytate P utilization. For example, if it is assumed that 5.1 atoms of Ca are
bound by one phytate molecule (Nelson, 1984), an overdose of dietary phytase with
complete hydrolyses of phytate (1% in the diet) may liberate up to 0.36% Ca, allowing
for significant reductions in dietary Ca without influencing broiler performance and
bone ash. Therefore, redefining Ca and NPP requirements for broilers has become a
major issue for the poultry industry, with economic, environmental and animal welfare
implications.

Consequently, we tested the hypothesis that a significant decrease in the level of
Ca may improve broiler performance and bone mineralization by reducing digestive
interactions and improving mineral retention. The objective of this study is to establish
optimum dietary Ca and NPP levels for starting broilers from their performance and
bone mineralization responses to a factorial range of diets containing 3 levels of Ca and

4 levels of NPP plus a high dose of phytase.

4.3. Materials and methods
All study procedures were approved by the Animal Ethics Committee of the
Universitat Autonoma de Barcelona and were in compliance with the European Union

guidelines for the care and use of animals in research (European Parliament, 2010).

4.3.1. Bird Management, Husbandry, Experimental Design and Diets
In total, four hundred twenty 1-day-old male broilers (Ross 308) were obtained
from a local hatchery, where they received in ovo vaccinations for Marek disease,
Gumboro disease and Infectious Bronchitis. The birds were weighed, wing tagged and
allotted to 12 dietary treatments in a completely randomized design. Each treatment was
replicated 5 times in battery brooder cages with 7 chicks each. The brooder temperature
was maintained at 35°C from d 1 to d 4 post-hatch, and was progressively reduced to
25°C on d 14. The light cycle was 24L:1D fromd 1to d 2, 23L:1D fromd 3 to d 10, and
18L:6D from d 11 to d 14. Feed was provided ad libitum and water was freely available.
Three calculated levels of Ca at 0.5, 0.7, or 0.9% of the diet and 4 calculated
non-phytate P (NPP) levels at 0.25%, 0.31%, 0.38% or 0.45% of the diet were used in a

3 x 4 factorial arrangement. With 5 replicates/ treatment. All diets met or exceeded the
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nutrient requirements for broilers (Fundacion Espafiola Desarrollo Nutricion Animal,
2008), with the exception of Ca and available P, and fed in mash form. Diets contained
1,000 U Escherichia coli 6-phytase expressed in Trichoderma reesei (Quantum Blue,
AB Vista Feed Ingredients; Marlborough, UK). The phytase activity analyzed in the
diets was 1,150 FTU/kg. Not any release of Ca and/or P was attributed to the phytase

addition during the diet formulation.

4.3.2. Growth Performance and Sampling

Birds were individually wing-tagged in order to monitor individual BW as well
as the group BW at the start (1 d) and d 7 and d 14 posthatch. From these values the
feed intake (FI), weight gain (WG), and G:F from d 1 to d 14 were calculated. On d 14,
3 birds with the closest BW to the average cage BW were killed by cervical dislocation.
The pH of the gizzard and proventriculus were recorded by immersing the electrode of a
digital pH meter into the center of the lumen. The right tibiotarsus was removed, boiled,
and cleaned from adherent tissue for bone-ash determination. The rest of the chicks
were fasted for 2h and killed by cervical dislocation to determine Ca and P content of
the whole body. The 4 whole bodies were minced together and stored for ash, Ca and P

content determination.

4.3.3. Laboratory Analyses

Diets were analyzed for DM, Ca and P. DM was determined by placing samples
in a drying oven at 105°C for 24 h. Dietary samples were digested in nitric perchloric
and fluorhydric acid and subsequently analyzed for P and Ca by flame atomic

absorption spectroscopy.
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Table 4.1. Calculated composition of experimental diets.

Ca (%) 0.9 0.7 0.5

NPP (%) 0.25 0.31 0.38 0.45 0.25 0.31 0.38 0.45 0.25 0.31 0.38 0.45
Ingredients, %

Corn 23.87 23.87 23.87 2387 23.87 23.87 2387 2387 2387 2387 2387 2387
Wheat 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 2500 2500 25.00
Soybean meal 2715 2715 2715 2715 2715 2715 2715 2715 2715 2715 2715 27.15
Extruded full-fat soybean 13.27 13.27 1327 13.27 1327 1327 13.27 13.27 13.27 13.27 1327 13.27
Na phosphate 0.29 0.29 0.29 0.29 0.29 029 029 029 029 029 0.29 0.29
L-Lysine 0.29 0.29 0.29 0.29 0.29 029 029 029 029 029 0.29 0.29
DL-Methionine 0.33 0.33 0.33 0.33 0.33 033 033 033 033 033 033 0.33
L-Threonine 0.04 0.04 0.04 0.04 0.04 004 004 004 0.04 0.04 0.04 0.04
Premix* 0.30 0.30 0.30 0.30 0.30 030 030 030 030 030 0.30 0.30
Celite 1.10 0.93 0.77 0.61 1.60 1.45 1.29 1.13 2.13 1.97 1.81 1.65
Limestone? 1.90 1.76 1.63 1.49 1.38 1.24 1.10 0.97 0.85 0.72 0.58 0.44

Mono-calcium phosphate® 0.03 0.55 0.85 1.14 0.26 0.55 0.85 1.14 0.26 0.55 0.85 1.14
Calculated composition

ME, kcal/kg 2,960 2,960 2,960 2,960 2960 2,960 2,960 2,960 2,960 2,960 2,960 2,960
CP, % 220 220 220 220 220 220 220 220 220 220 220 22.0
Lys, % 138 138 138 138 138 138 138 138 138 138 1.38 1.38
TSAA, % 101 101 101 101 101 101 101 101 101 101 101 1.01
Thr, % 08 08 086 086 086 08 08 08 08 08 086 0.86
Na, % 022 022 022 022 022 022 022 022 022 022 022 022
Ca, % 090 09 090 090 070 070 070 070 050 050 050 0.50
P, % 049 055 062 069 049 055 062 069 049 055 062 0.69
Auvailable P, % 024 031 037 044 024 031 037 044 024 031 037 044
Analyzed composition

Ca, % 096 09 09 09 079 079 079 079 062 062 062 0.62
P, % 064 068 078 084 066 070 080 084 064 068 076 0.84

Provides per kg of feed: vitamin A (from retinol), 13,500 IU; vitamin D3 (from cholecalciferol), 4,800 IU; vitamin E (from alfa-tocopherol), 49.5 1U; vitamin B;, 3 mg; vitamin B,, 9 mg;
vitamin Bg, 4.5 mg; vitamin Bi,, 16.5 pug; vitamin Kz, 3 mg; calcium pantothenate, 16.5 mg; nicotinic acid, 51 mg; folic acid, 1.8 mg; biotin, 30 pg; Fe (from FeSO,-7H,0), 54 mg; | (from
Ca(1,03),), 1.2 mg; Co (from 2CoC0O3-3Co(OH),-H,0), 0.6 mg; Cu (from CuSO,-5H,0), 12 mg; Mn (from MnO), 90 mg; Zn (from ZnO), 66 mg; Se (from Na,SeOs), 0.18 mg; Mo (from
(NH,)sM070,,); 1.2 mg. phytase, 1,000 FTU/kg; Endo-1,4-beta-xylanase EC 3.2.1.8, 150 FXU.? Limestone supplied 38% Ca.® Mono-calcium phosphate supplied 22.6% P and 17.8% Ca.
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In-feed phytase activity (U/kg) was determined by the internal, validated method of the
producer (Method B-074). One phytase unit is defined as the amount of enzyme
required to release 1 pmol of inorganic P/min from sodium phytate at 37°C. The tibias
were defatted for 48h in ethyl ether. They were then dried for 12h at 110°C and then
ashed overnight at 550°C (Brenes et al., 2003). Ash content in the BW mince was
determined following incineration of samples (8 g) for 12 h at 550°C. Calcium and
phosphorus content were analyzed using an atomic absorption and mass
spectrophotometer in ash samples (0.5 g) that were digested in 5 ml nitric acid and 1 ml

of hydrogen peroxide using microwave digestion.

4.3.4. Calculations and Statistical Analyses

Whole-body Ca and P retention was calculated using the following equation:

Ca or P retention= (G:F) ([N] 8/ [N] p)

where G:F is gain-to-feed ratio, [N] g is the Ca or P content in the whole body, and [N] o
is the Ca or P content in the diet.

Data were analyzed by ANOVA using the GLM procedure of SAS 9.2 (Cary,
NC, USA). The main factors used in the model were Ca level and NPP level and their
interaction was also included. Multiple mean comparisons were done using Tukey’s
correction. The experimental unit was the pen. The alpha level used for determination of
significance was 0.05.

4.4. Results

The nutrients of the diets are presented in Table 4.1. It is worth noting that Ca in
the diet (0.62, 0.79, and 0.96% for the 3 levels of Calcium) was higher than what was
formulated as a consequence of the presence of Ca in some ingredients. The Ca content
in celite (the ingredient used in the trial to pair the diets) was 5.6%, and in the vitamin
and mineral premix it was 13.5%, likely due to limestone usually added as an inert
carrier in the premix. The analyzed P levels in diets (from 0.64 to 0.84%), and phytase

activity (1,150 FTU/kg) showed also higher values than it was calculated in the formula.
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Table 4.2. Influence of Ca and NNP* levels in diets containing phytase at 1,150 FTU/kg on
feed intake and growth performance of broilers from d 1 to d 14°,

Treatment NPP, BW FI® WG* WG G:F
% di4,g di1-14,9/d di1-14,g9/d d7-14,g9/d d1-14
0.5 025 428 37.6° 27.4 34.7 0.732
0.31 436 36.6% 28.0 35.5 0.766
0.38 431 35.7% 27.7 35.3 0.776
0.45 408 35.7% 25.9 34.0 0.736
0.7 025 428 37.7 27.4 35.4 0.731
0.31 444 37.3 28.5 37.0 0.765
0.38 460 39.28 29.7 39.0 0.770
0.45 440 36.6% 28.3 36.0 0.771
0.9 0.25 391 30.3° 24.7 30.9 0.821
0.31 417 34.6%® 26.6 33.5 0.770
0.38 445 37.5° 28.7 36.6 0.766
0.45 446 35.3%® 28.7 37.9 0.815
Ca level, %
0.5 426 36.3 27.2 34.8% 0.752
0.7 443 37.7 28.4 36.8° 0.759
0.9 425 34.4 27.1 34.7° 0.793
NPP level, %
0.25 416° 35.1 26.5° 33.6° 0.761
0.31 432%® 36.1 27.7% 35.3% 0.767
0.38 446° 37.4 28.7° 36.9° 0.770
0.45 431%® 35.8 27.6% 35.9% 0.774
SEM 12.7 1.3 0.9 1.3 0.033
P value®
Ca level xNPP level 0.122  0.048 0.107 0.068 0.614
Ca level 0.086  0.005 0.086 0.045 0.185
NPP level 0.050  0.242 0.045 0.025 0.969

! Non-phytate P

2 Data are means of 5 pens with 7 chicks each.

® Average daily feed intake

* Average daily weight gain

5@ \/alues in the same column with different letters are significantly different
(P<0.05).
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Bird Performance and Bone Mineralization

None of the birds presented any signs of rickets or died during the study. The FI
and WG are presented in Table 4.2. An interaction (Ca x P level) was observed on FI
from d 1to 14. Increasing the level of NPP from 0.25% to 0.38% increased (P < 0.05)
the FI in chickens fed the high Ca diet (0.9%) but not in birds fed lower levels of dietary
Ca (0.7% and 0.5%). A similar pattern was observed for growth performance from d 7
to d 14 (interaction, P = 0.068). The rest of the performance parameters did not show Ca
x P level interactions. The chicks fed 0.7% Ca reach BW at d 14 close to the Ross
standards and tended (P = 0.086) to show higher BW than birds fed 0.5% and 0.9% Ca.
Added levels of P increased (P < 0.05) the growth performance, being higher for birds
fed 0.38% NPP rather than it was for the 0.25% NPP diet.

The pH in the Gizzard and proventriculus was not affected by the level of Ca,
the level of NPP or their interaction. The pH averaged 2.31 + 0.06 (mean = SEM) in the
gizzard (ranging from 1.65 to 3.20) and 2.91 + 0.15 in the proventriculus (ranging from
2.05104.17).

The effects of the Ca and NPP levels on tibia weight and tibia ash content are
presented in Table 4.3. Tibia weight and tibia ash content were influenced by the Ca
level and the P level having a significant interaction (P < 0.001 and P = 0.007
respectively). Tibia weight was the greatest in birds fed on the 0.9% Ca and 0.38% NPP
diet. The lowest tibia weight and ash content was observed in birds with the greatest
Ca:P imbalance: 0.5% Ca with 0.45% NPP in the diet, and for 0.9% Ca with 0.25%
NPP in the diet. The Ca and P whole-body content and retention are shown in Table 4.4.
The increase on dietary Ca decreased (P < 0.001) its fractional retention from 74% with
the 0.5% Ca diet to 46% with the 0.9% Ca diet. An increase in the levels of dietary Ca
from 0.5% to 0.7% decreased (P = 0.025) the whole-body Ca content (g/kg BW) and
tended (P = 0.089) to decrease the P content.

Added levels of P decreased (P <0.001) its fractional retention from 66% with
the 0.25% NPP diet to 52% with the 0.45% diet. The increase in the levels of dietary P
steadily increased (P = 0.015) the fractional retention of Ca from 53% to 61% with the
0.25 and 0.45% NPP, respectively, and increased (P = 0.025) the whole-body Ca
content (g/kg BW), with higher values in birds fed 0.31%, 0.38% and 0.45% NPP diets
than it was for birds fed the 0.25% NPP diet.
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4.5. Discussion

The Ca level promoted differences on FI and WG, with 0.7% Ca (analyzed,
0.79%) promoting higher FI and WG than 0.9% Ca did with limiting values of NPP.
Birds fed on 0.7% Ca also showed higher tibia ash and tibia weight than birds fed the
0.5% Ca diet. Then, birds exposed to diets with a medium level in Ca (0.7%) and 0.38%
NPP performed the best, while higher Ca levels (0.9%) induced negative responses
concerning FI and WG, which shows that a lower Ca concentration is desirable to reach
better performance in starting broilers. These results agree with Driver et al. (2005a),
who described BW and FCR optimized at 0.625% Ca in the diet. On other hand, Rama-
Rao et al. (2006) did not find differences in WG on d 14 due to variation in the dietary
Ca level.

There are different reasons which may explain the negative effects of high levels
of Ca on the broiler performance. Calcium is known to form insoluble complexes with
phytate phosphorus, which may hinder phytase activity (Angel et al., 2002). Calcium
also has the capacity to interact with inorganic P in the gut lumen to form insoluble Ca
orthophosphate (Plumstead et al., 2008), which may also make inorganic P less soluble
and available for absorption in excess of pH 5.0. This effect could explain our results
that the lowest performance was observed with high Ca diets containing limiting values
of NPP (0.25% NPP). Some reserchers have reported increases on the intestinal pH and
low apparent ileal P digestibility in broilers fed diets containing a high dietary level of
Ca (Sebastian et al., 1996; Adeola and Walk, 2013). Thus, high concentrations of
limestone, which is the dominant source of Ca in poultry diets with phytase, may
increase the pH in the proximal gastrointestinal tract due to its high acid-binding
capacity. Shafey (1999) described a limestone-induced pH increase from 5.68 t0 6.24 in
small intestine digesta. An increase in the crop and gizzard pH may promote Ca,
phytate, and P precipitation, and it may also reduce the Ca and P digestibility (Selle et
al., 2009; Walk et al., 2012b). However, we were not able to observe differences in the
pH in the gizzard and proventriculus. Gacs and Barltrop (1977) showed that some
aggregations between minerals and dietary polymers in the digesta may also contribute
to reduce the digestibility coefficients for protein and fat. Calcium is able to form
insoluble soaps with free fatty acids and bile acids and there is some evidence that these
soaps limit the absorption of fat in vivo (Gacs and Barltrop, 1977; Govers, et al., 1996;
Shahkalili et al., 2001).
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Table 4.3. Influence of Ca and NPP* levels in diets containing phytase at 1,150 FTU/kg on
tibia weight and ash of 14-day-old broilers’.

Treatment NPP, Tibiaweight, Tibiaweight, Tibiaash, Tibia ash,

% g %BW' % mg/tibia
0.5 0.25 0.88™ 0.203"% 50.17" 439°
0.31 0.87"™ 0.199 51.38% 451"
0.38 0.87°™ 0.201 % 50.09" 437"
0.45 0.80% 0.196°¢ 49,55° 395«
0.7 0.25 0.85"™ 0.204" 51.44%® 439°
031 0.92® 0.206 ¢ 51.97° 479%®
0.38 0.93% 0.202" 51.87° 484
0.45 0.94® 0.2143¢ 51.38% 481%
0.9 0.25 0.77° 0.194°¢ 49.65° 381¢
0.31 0.90*° 0.214 3¢ 50.83%%° 460
0.38  1.00% 0.225°2 51.86° 522
045 0.97® 0.218%® 51.39% 500%
Ca level, %
0.5 0.85 0.199 50.30 431
0.7 0.91 0.207 51.67 471
0.9 0.91 0.213 50.93 466
NPP level, %
0.25 0.83 0.200 50.42 420
0.31 0.90 0.206 51.39 463
0.38  0.93 0.209 51.28 481
0.45 0.90 0.209 50.77 459
SEM 0.03 0.004 0.34 15.6
P value®
Calevel x NPP level < 0.001 <0.001 0.007 < 0.001
Ca level 0.0032 <0.001 <0.001 0.001
NPP level <0.001 0.032 0.002 <0.001

! Non-phytate P.
2 Data are means of 5 pens with 3 chicks each.
8 abc\/alues in the same column with different letters are significantly different (P < 0.05).

These soaps could lower the utilization of energy derived from lipids, particularly
saturated fats, in broiler diets. Nevertheless, it is relevant that FI was reduced in the
high-calcium diet, without affecting the G: F. This result could suggest that broilers may
have detected these high levels of calcium, or they reduced FI in order to avoid a larger
Ca and P imbalance. Some recent reports suggest that broilers are able to detect Ca in
the diet (Wilkinson et al., 2012).

Tibia weight and bone mineralization were also influenced by the level of Ca,
with the low-calcium diet showing the lowest bone weight and ash content. This result
agrees with the result obtained by Onyango et al. (2003), who found that bone-mineral
content, bone-mineral density and percentage of ash increased linearly as the level of
dietary Ca increased from 0.45% to 0.91%. However, the level of Ca interacted with the

dietary level of NPP on the tibia ash percent, which confirms that high levels of Ca may
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affect P availability for bone mineralization. Al Masri (1995) saw that the values of
dietary Ca and its ratio with P may affect P retention, with lower values of P retention
when the levels of Ca in the diet are higher. Nonetheless, we did not observe this
difference in the P retention with the levels of Ca used in our study, which could reflect
that changes on the levels of P promoted changes on FI and growth performance of
broilers, rather than changes in the fractional retention of the dietary P.

The increase on dietary Ca decreased its fractional retention, which concur with
those of Mitchell and Edwards (1996a) and Ziaei et al. (2008), who reported that the
reduced mineral content of diets resulted in a higher apparent retention of Ca, leading to
a reduction in mineral excretion. Browning et al. (2012) show that reducing dietary
Ca/aP concentrations were associated with increased efficiency of Ca retention as
compared to high Ca/available P diets, which indicates a physiological response by the
chicken to overcome a Ca deficiency by up-regulating its nutrient transfer and
deposition infrastructure.

A level of NPP at 0.38% improved the growth of chicks on d 14, with BW
values close to the standard of the breed for this period (473 g BW on d 14). Added
levels of NPP up to 0.38% in the 0.7 and 0.9% Ca treatments also increased bone
mineralization. Ravindran et al. (1995) observed that the bone-mineralization criterion
IS a good, sensitive indicator of the P status of the birds. Despite phosphorus being
largely contained in all of the tissue, bone is the main storage organ for P, containing
85% of the body’s total P. Through its involvement in metabolic and structural
processes, P is essential for animals to attain their optimum genetic potential in growth
and feed efficiency as well as skeletal integrity (Applegate and Angel, 2008). Some
authors have reported substantial differences in the NPP requirement of broilers, as
compared with the 0.45% NPP level published by NRC (1994). Waldroup et al. (2000)
reported that the NPP requirement for the starter phase ranges from 0.37% to 0.39%.
The difference could be explained by the fact that NRC (1994) recommendations for
NPP in diets for broilers are based on peer-reviewed research published between 1952
and 1983. However, modern commercial birds are very different from commercial birds
prior to 1983, due, in part, to genetic selection, but also because management practice
has changed (Havenstein et al., 1994), as has occurred with the addition of phytase to
feed. In the present trial, we incorporated a high dose of a commercial phytase
(analyzed at 1,150 U/kg), which it may explain the good responses at lower NPP values
in the diet.
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Increasing the levels of NPP from 0.25% to 0.31% NPP allowed for increases in
the fractional retention of Ca, likely reflecting how body growth and bone
mineralization respond to an improved Ca:P in the diet. However, it is worth stating that
increases in the NPP level in the diet reduced the fractional retention of phosphorus,
which is a similar response to that observed previously for increasing levels of calcium.

Table 4.4. Influence of Ca and NPP' levels in diets containing phytase at 1,150 FTU/kg on
whole-body ash of 14-day-old broilers®.

Treatment NPP, % Whole-body composition Retention
Ash, % Ca, g/kg P, g/kg Ca P
0.5 0.25 2.40 5.36 4.27 0.65 0.66
0.31 2.63 6.28 4.75 0.77 065
0.38 2.55 6.13 4.61 0.76 0.58
0.45 2.58 6.12 4.68 0.77 0.53
0.7 0.25 2.33 5.23 4.17 051 065
0.31 2.36 5.39 4.23 052 058
0.38 2.39 5.40 4.26 0.56 0.57
0.45 2.50 5.94 457 058 051
0.9 0.25 2.30 5.12 3.99 043 066
0.31 2.60 6.13 4.56 049 063
0.38 2.48 5.78 4.43 0.46 0.55
0.45 2.43 5.65 4.35 0.48 0.52
Calevel, %
0.5 2.54 5.97° 457 0.74*  0.60
0.7 2.39 5.49° 4.30 0.54° 057
0.9 2.45 5.66% 4.33 0.46°  0.59
NPP level, %
0.25 2.34 5.23° 4.14° 0.53"  0.658
0.31 2.53 5.93° 451° 0.59°  0.622°
0.38 2.47 5.76° 4.43° 0.60°  0.564°
0.45 2.50 5.90° 453° 0.61* 0519
SEM 0.10 0.25 0.19 0.03 0.03
P value®
Calevel x NPP level 0.833  0.394 0.772 0.543  0.939
Ca level 0.160  0.025 0.089 <0.001 0.507
NPP level 0.161  0.003 0.052 0.015 <0.001

! Non-phytate P.
2 Data are means of 5 pens with 4 chicks each.
8 3¢ \/alues in the same column with different letters are significantly different (P < 0.05).

These results could reflect a decrease in P digestibility (not analyzed in this
experiment), but more likely this reflects an increase on the endogenous excretion of P
in the urine (Al Masri, 1995). When broilers receive P levels that are higher than the
physiological threshold for maximum utilization and retention, there is the possibility

that the additional P may most likely be eliminated through the kidney (Leske and
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Coon, 2002). To know this threshold is important to integrators in order to avoid the
wasting of P in the litter.

Our results confirm that young chicks respond to changes in the NPP levels in the diet
in growth performance and bone mineralization. Nevertheless, the consequences of
these changes in later performance and leg quality, or in the incidence of broken
clavicles or bloody breast meat during processing of the carcass, were not studied.
Powell et al. (2011) suggested that broilers fed lower levels of NPP in the starter phase
are better able to adapt and grow at a low level of NPP in the growing phase than those
fed a higher level of NPP in the starter phase. Then, it could be speculated that some of
the differences observed on d 14 could be clearly reduced and mineral retention
improved by feeding adequate diets during the growing and finishing periods. However,

this hypothesis deserves further studies.

The results reflect that an increase in the dietary levels of calcium may
decrease chick growth and also may affect bone formation during the early period of
growth. The effect was modified by the level of NPP in the diet, which it may indicates
the likely formation of insoluble calcium phosphate and Ca-phytate complex when
gut pH and Ca: P are increased. The results of this study also emphasize the
importance of formulating diets that meet or exceed P requirements of broilers,

particularly when high-Ca diets are used.
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5.1. Abstract

An experiment was conducted to evaluate the influence of different Ca sources
(limestone, Ca chloride, and Lipocal, a fat-encapsulated tri-calcium phosphate, TCP) in
conjunction with 4 dietary levels of non-phytate P (NPP) on performance, ileal
digestibility of Ca and P, and bone mineralization in broiler chickens. Calcium sources
were also evaluated in vitro to measure acid-binding capacity (ABC) and Ca solubility
at different pH values. Ca chloride showed the highest solubility of Ca, with TCP
showing the highest ABC. Ross male broiler-chicks were sorted by BW at 1 d post-
hatch and assigned to 5 cages per diet with 5 birds per cage. Twelve diets were arranged
in a 3 x 4 factorial of the 3 Ca sources and 4 levels of NPP (0.3%, 0.35%, 0.4% or
0.45%) consisting of 4 added P levels (Ca(H,PQ,),) with a high dose of phytase (1,150
U/kg) in all diets. On d 14 post-hatch, 3 birds were euthanized, and ileal digesta and the
right tibia were collected to determine ileal Ca and P digestibility and bone
mineralization, respectively. Feed intake (FI) and weight gain (WG) on d 14 was higher
(P < 0.01) with TCP and limestone than with Ca chloride. Added P increased the tibia
weight and tibia ash content in chicks fed TCP up to 0.4% NPP and limestone up to
0.35% NPP. Calcium ileal digestibility was higher (P < 0.01) with Ca chloride (73.7%)
than with limestone (67.1%) or TCP (66.8%), and it increased (P < 0.05) with added
levels of P from mono-calcium phosphate. Phosphorus ileal digestibility was not
affected by the Ca source and increased (P < 0.001) with added levels of NPP. It can be
concluded that starting broilers responded better to low-soluble rather than to high-
soluble sources of Ca. A level of 0.35%-0.40% NPP with a high dose of phytase (1,150
U/kg) in diets including limestone or TCP is sufficient to guarantee performance and

bone formation for broiler chickens fromd 1 to d 14.
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5.2. Introduction

Calcium (Ca) requirement for broilers is a major area of debate in the poultry
industry, and contradictions persist regarding the optimum level required for growth and
bone mineralization. In particular, Ca requirements are still described on a total Ca basis
rather than on digestible or available Ca, and few efforts have been made to optimize
the use and availability of new Ca sources. Moreover, Ca requirements have usually
been measured using limestone in the diet, which shows a reduced solubility during
neutralization in the small intestine, where most absorption takes place (Goss et al.,
2007).

The immature gastrointestinal tract young chicks could be more sensitive to the
level and properties of Ca in the diet, unlike that of adult birds. Different sources and
forms of dietary Ca have been evaluated in broilers. For example, Manangi and Coon
(2007) described that broilers increased their weight gain (WG) with limestone particle
sizes of between 137 pum and 388 um, compared to BW gains obtained by feeding either
smaller (28 pum) and more soluble or larger (1,306 um) and less soluble particle sizes.
Recently, Walk et al. (2012a) also showed that when diets were formulated (0.9% Ca)
with a highly soluble source of Ca (calcified seaweed, Vistacal, AB Vista Feed
Ingredients), broiler growth was lower than was the performance of animals fed
limestone diets. Soluble sources of Ca may increase the acid-binding capacity (ABC) of
digesta and decrease energy and protein digestibility (Tamim and Angel, 2003). They
may also form a complex with phytin (Selle et al., 2009) and phosphates (De Kort et al.,
2009), which interfere with the availability of P and Zn (Wise, 1983; Tamim et al.,
2004; Lonnerdal, 2000). Supplementing the diet with phytase and reducing dietary Ca
from 0.9% to 0.45% (Walk et al., 2012a) and from 0.6% to 0.5% (Adeola and Walk,
2013) to balance the soluble Ca and P in the small intestine improved broiler growth
performance and tibia ash weight when using a high-soluble source of Ca in the diet. An
overdose of phytase (1,000 U/kg) allowed for the release of 1.70 g and 1.56 g of phytic
P for absorption when Ca was 0.5% and 0.6%, respectively (Adeola and Walk, 2013).

The objective of the current work is to evaluate the Ca in vitro solubility and
ABC characteristics of different Ca sources, and explore how the incorporation of these
sources may affect the ileal digestibility of Ca and P, animal performance, and bone
mineralization in broiler chickens. Diets were formulated to contain a low-calcium
level, a high dose of phytase and 4 graded levels of non-phytate P (NPP) to identify and
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better characterize the interactions between Ca and P, and their effects on animal

performance.

5.3. Materials and methods

5.3.1. Calcium Sources

Three main sources of Ca were used to design the experimental treatments: Ca
chloride, limestone and tri-calcium phosphate (TCP, Lipocal (Lipofoods; Barcelona,
Spain)). Lipocal is a tri-calcium phosphate powder which has been treated with lecithin
to reduce its interactions with other minerals and feed ingredients, especially in aqueous
media. Limestone, Ca chloride and mono-calcium phosphate were obtained from a local

feed manufacturer.

5.3.2. Calcium Solubility and Acid-Binding Capacity (in vitro)

The in vitro solubility of added Ca from limestone, Ca chloride and TCP was
measured in a phosphate-citrate buffer at a pH ranging from 2.96 to 6.52, with or
without phytic P (0.2475 g, phytic acid solution 40%, Fluka Analytical; Buchs,
Switzerland). For calcium chloride, 75 mL of buffer and 90 mg of Ca-shaped calcium
chloride (250 mg anhydro Calcium chloride) was added in each tube. For the limestone
and TCP tubes, 224.7 mg limestone and 250 mg TCP were added. Seven phosphate-
citrate buffer solutions were prepared at pH 2.96, 3.53, 4.18, 4.77, 5.27, 6.01, and 6.52
from solutions of 0.2 M dibasic sodium phosphate (Na,HPO,4) and 0.1 M citric acid,
according to Pearse (1980). All buffers were prepared and pH-adjusted before the
addition of phytic acid. The tubes were vortexed and incubated for 60 min at 37°C to
observe the amount of mineral precipitate and to obtain supernatant of the samples that
were subsequently analyzed for soluble Ca content. Ca was analyzed using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES model Optima 4300DV,
PerkinElmer Inc.; Waltham, MA).

The ABC of the 3 Ca sources was measured in batch solutions with increasing
amounts of Ca to simulate a dietary Ca level of 0.2%, 0.4%, 0.6%, 0.8%, 1.0% and
1.2% and a water-to-feed ratio of 2:1. The buffering capacity was measured by the
procedure of Lawlor et al., (2005) in duplicate tubes by titration dripping increasing
amounts of HCI (0.1 N), and measuring the pH continuously until reaching pH = 3
(ABC-3).
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5.3.3. Bird Management, Husbandry, Experimental Design and Diets
(invivo)

All experimental procedures were approved by the Animal Ethics Committee of

the Universitat Autonoma de Barcelona and were in compliance with the European
Union guidelines for the care and use of animals in research (European Parliament,
2010).
One-day-old male broilers (Ross 308) were obtained from a local hatchery, weighed,
wing-tagged, and allotted to 12 dietary treatments in a completely randomized design.
Each treatment was replicated 5 times in battery brooder cages with 5 chicks each. The
brooder temperature was maintained at temperatures of 35°C from d 1 to d 4 post-hatch,
and was progressively reduced to 25°C on d 14. The light cycle was 24h/day from d 1 to
d 2, 23h/d from d 3 to d 10 and 18h/d from d 11 to d 14. Feed and water was provided
ad libitum.

Sources of Ca (limestone, Ca chloride and TCP) and NPP at 0.3%, 0.35%, 0.4%
and 0.45% of the diet, consisting of 4 added levels of mono-calcium phosphate, were
used in a 3 x 4 factorial arrangement (Table 5.1). All diets met or exceeded the nutrient
requirements for broilers (Fundacion Espafiola Desarrollo Nutricion Animal, 2008),
with the exception of Ca and available P. Diets contained 1,000 units of Escherichia
coli 6-phytase expressed in Trichoderma reesei (Quantum Blue, AB Vista Feed
Ingredients; Marlborough, UK). The phytase activity analyzed in the diets was 1,150
FTU/kg. Diets were fed in mash form and contained 0.3% titanium dioxide as an

indigestible marker.

5.3.4. Experimental procedures

Birds were individually wing-tagged in order to monitor individual BW as well
as the group BW at the start (1 d) and d 7 and d 14 post-hatch. From these values the
feed intake (FI), weight gain (WG), and G:F from d 1 to d 14 were calculated. On d 14,
3 birds with the closest BW to the average cage BW were killed by cervical dislocation.

The pH of the gizzard and proventriculus were recorded by immersing the
electrode of a digital pH meter into the center of the lumen. lleal digesta were collected
in the region from Meckel’s diverticulum to about 2 cm anterior to the ileo-cecal
junction and stored at -20°C. The right tibias were collected from the same animals,

boiled, and cleaned of adherent tissue for bone-ash determination.
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Table 5.1. Ingredient and nutrient composition (% as fed-basis, unless otherwise indicated) of the experimental diets.

Calcium chloride Limestone TCP
NPP (%) 03 0.35 04 045 03 0.35 04 045 03 0.35 0.4 0.45
Ingredients, %
Corn 23.87 23.87 23.87 23.87 2387 2387 2387 2387 23.87 23.87 2387 2387
Wheat 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00
Soybean meal 2715 27.15 2715 2715 27.15 27.15 27.15 2715 27.15 27.15 27.15 27.15
Extruded soybean 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27
Na phosphate 048 048 048 048 0 0 0 0 0 0 0 0
L-Lysine 029 029 029 029 029 029 029 029 029 029 029 0.29
DL-Methionine 033 033 033 033 033 033 033 033 033 033 033 033
L-Threonine 0.04 004 004 004 004 004 004 004 004 004 004 0.04
Soy oil 6.00 6.00 6.00 6.00 600 600 600 600 600 600 6.00 6.00
Premix* 030 030 030 030 030 030 030 030 030 030 030 0.30
CaCl,’ 070 070 070 0.70 0 0 0 0 0 0 0 0
Limestone® 034 023 013 003 066 056 046 036 017 017 017 0.17
TCP* 0 0 0 0 0 0 0 0 093 074 054 035
MCP® 032 055 077 099 072 094 116 138 0 037 074 111
Titanium dioxide 030 030 030 030 030 030 030 030 030 030 030 0.30
Calculated Composition (%)
ME (kcal/kg) 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960
Ccp 220 220 220 220 220 220 220 220 220 220 220 220
Ca 055 055 055 055 055 055 055 055 055 055 055 055
Total P 054 059 064 069 054 059 064 069 054 059 064 0.69
PP 025 025 025 025 025 025 025 025 025 025 025 0.25
NPP 030 035 040 045 030 035 040 045 030 035 040 045
Analyzed composition (%0)
Ca 060 057 064 063 076 081 08 081 074 078 068 0.68
Total P 067 067 078 083 071 076 089 095 072 075 081 0.86

Provided per kg of feed: vitamin A (from retinol), 13,500 1U; vitamin D5 (from cholecalciferol), 4,800 1U; vitamin E (from alfa-tocopherol), 49.5 1U; vitamin By, 3 mg; vitamin B,, 9 mg;
vitamin Bg, 4.5 mg; vitamin By,, 16.5 pg; vitamin Kz, 3 mg; calcium pantothenate, 16.5 mg; nicotinic acid, 51 mg; folic acid, 1.8 mg; biotin, 30 pg; Fe (from FeSO,-7H,0), 54 mg; | (from
Ca(1,05),), 1.2 mg; Co (from 2CoC0O3-3Co(OH),-H,0), 0.6 mg; Cu (from CuSO,-5H,0), 12 mg; Mn (from MnO), 90 mg; Zn (from ZnO), 66 mg; Se (from Na,SeOs;), 0.18 mg; Mo (from
(NH4)sMo0,0,4); 1.2 mg. phytase, 1,150 FTU/kg; Endo-1,4-beta-xylanase EC 3.2.1.8, 150 FXU.

2 Calcium chloride supplied 27.8% Ca. 3 Limestone supplied 38% Ca. * Lipocal supplied 34% Ca and 17.4% P (Lipofoods; Barcelona, Spain). *Mono-calcium phosphate supplied 17.8% Ca and
22.6% P.
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5.3.5. Laboratory analyses

Diets and ileal digesta were analyzed for DM, Ti, Ca and P. Dry matter was
determined by placing samples in a drying oven at 105°C for 24h. Samples were
digested in nitric perchloric and fluorhydric acid and subsequently analyzed for P, Ca,
and Ti by flame atomic-absorption spectroscopy. The tibias were defatted for 48h in
ethyl ether. They were then dried for 12h at 110°C and then ashed overnight at 550°C
(Brenes et al., 2003).

5.3.6. Calculations and statistical analyses

Apparent ileal digestibility of Ca and P (%) was calculated by the index method

using the following equation:

lleal Ca or P Digestibility= 1- ([Ti]o/ [N]o/ [Ti] m/ [N]m)
where [Ti] p is the concentration of Ti in the diet, [N] p is the Ca or P content in the diet,
[Ti] m is the concentration of Ti in ileal digesta and [N] v is the Ca or P content in ileal
digesta.

Data were analyzed as a completely randomized design using the GLM
procedure of SAS software (SAS, 2008), version 9.2. The dietary treatments were
arranged in a 2-way factorial design and Tukey’s multiple comparisons were used to
determine main effects of the Ca source, NPP level, and the interaction between the
two. The pen of the chicks served as the experimental unit. The alpha level used for

significant differences was 0.05.

5.4. Results
5.4.1. Calcium solubility and Acid-Binding Capacity

Soluble calcium from limestone, Ca chloride and TCP at different pHs, with or
without phytic acid is shown in Figure 5.1. Limestone showed a low solubility at pH >
4, but the solubility increased as pH decreased. Calcium chloride showed a higher Ca
solubility in the pH range between 2.96 and 6.0. However, an increase in the pH above
6 drastically reduced soluble Ca from calcium chloride. TCP showed a linear increase in
the solubility of Ca as pH decreased, from 6.52 to 2.69, showing lower values of soluble
Ca than did limestone and calcium chloride at a pH above 5. No relevant differences

were observed in the two lines derived from phytic acid incorporation. With the
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exception of calcium chloride, the rank order of calcium solubility changed depending
on pH. At a pH above 4.77, the Ca solubility order was: TCP (Lipocal) < limestone <
calcium chloride. At a pH below 4.77, the order was: limestone < TCP < calcium

chloride.
1200 -
1000 -
----- CaCO3(-)
_ 800 -
= Ca CO3 (+)
b0
RO e N \ N —— CaCl2(-)
©
© 400 - CaCl2(+)
500 - ——— Lipocal (+)
----- Lipocal (-)
0
2.69 3.53 4.18 4.77 5.27 6.01 6.52
pH

Figure 5.1. Concentration of Ca (mg/L) in the supernatant of Ca chloride, limestone and
TCP solutions at different pH (from left to right, 2.69, 3.53, 4.18, 4.77, 5.27, 6.01, 6.52) and
with the addition or not of phytic acid (+ vs -).

ABC was affected by the Ca source and concentration (Table 5.2). There was a linear
increase in ABC with the dietary dose of the 3 Ca sources, but values were lower with
calcium chloride than they were with limestone and TCP. The ABC-3 estimated for a
1.2% Ca supplementation of Ca sources in feed was 2.4 mEq/kg feed, 244 mEq/kg feed
and 420.3 mEq/kg feed, respectively, for Ca chloride, limestone and TCP.

Table 5.2. Acid-binding capacity (ABC, mEqg/kg feed requried to reach pH=3) of different

sources and dietary Calcium levels.

Sources of calcium
%Ca Ca Chloride Limestone TCP

02 16 46.9 72.8

04 19 941 140.3
06 19 141.1 219.2
08 21 167.7 280.8
1 2.1 190.4 343.2
12 24 244.0 420.3

65



Calcium sources and non-phytate phosphorus in broiler chickens

5.4.2. Bird performance and bone mineralization

The feed intake and growth performance responses of broiler chickens to
different sources of Ca and NPP levels are presented in Table 5.3. There was no
interaction between the calcium source and NPP levels. Feed intake was higher (P <
0.05) in birds fed the TCP diet than it was in birds fed the Ca chloride diet, showing
intermediate values birds fed on limestone.

Table 5.3. Influence of Ca source and NPP* levels on feed intake and growth performance
of broilers from 1d to 14d .

Treatment NPP,% BWdl4,9 Fld1-14,¢9/d WG 1-14, g/d G:F

d1-14
Cachloride  0.30 413.3 32.1 26.5 0.826
0.35 410.1 32 26.3 0.825
0.40 402.9 31 25.8 0.828
0.45 416.7 31.7 26.8 0.844
Limestone 0.30 442.2 33.6 28.4 0.847
0.35 436.4 31.9 28.2 0.886
0.40 441.2 34.3 28.5 0.828
0.45 431.1 33.4 27.8 0.832
TCP? 0.30 424.5 33 27.3 0.828
0.35 432.1 33.4 27.8 0.833
0.40 460.7 35 29.9 0.858
0.45 4475 34.5 28.9 0.840
Calcium Source
Ca Chloride 410.7° 31.6° 26.3° 0.831
Limestone 437.7° 33.3* 28.1° 0.848
TCP 441.2° 33.9% 28.4° 0.840
NPP level,%
0.30 426.7 32.9 27.4 0.834
0.35 426.2 32.4 27.4 0.848
0.40 435.0 335 28.0 0.838
0.45 431.8 33.2 27.8 0.839
SEM 15.59 1.43 1.11 0.019
P value
Ca Source x NPP Level* 0.686 0.855 0.692 0.351
Ca Source 0.006 0.045 0.007 0.430
NPP Level 0.849 0.778 0.819 0.829

!Non-phytate P. * Data are means of 5 pens with 5 chicks each. >Lipocal (Lipofoods; Barcelona, Spain).
43¢ \/alyes in the same column with different letters are significantly different (P < 0.05).

The chicks fed TCP and limestone reach BW at d 14 close to the Ross standards,
showing a higher (P < 0.01) WG than birds fed calcium chloride. The feed efficiency
was not significantly affected by the source of Ca, the level of NPP or their interaction

(P > 0.05). The pH in the Gizzard and proventriculus was not significantly affected by
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the source of Ca, the NPP level or their interaction. The pH averaged 2.09 + 0.06 (mean
+ SEM) in the gizzard (ranging from 1.24 to 3.89) and 2.18 + 0.10 in the proventriculus
(ranging from 1.02 to 3.95).

Table 5.4. Influence of Ca and NPP* levels on tibia weight and tibia ash of 14-day-old

broilers?.

Treatment NPP, Tibiaweight, Tibiaweight, Tibiaash, Tibia

% g %BW™* % ash,
mg/tibia
CaChloride 030 0.77® 0.185 50.61 393
035 0.74° 0.183 50.46 377
0.40 0.70° 0.175 50.68 359
045 0.78% 0.184 51.24 404
Limestone  0.30 0.78%® 0.181 50.51 398
0.35 0.83% 0.185 50.35 418
0.40 0.79% 0.180 50.65 405
0.45 0.80% 0.185 50.77 407
TCP 030 0.77% 0.182 50.96 394
0.35 0.78% 0.185 51.81 406
0.40 0.89°% 0.183 51.08 450
0.45 0.80% 0.179 51.27 409
Ca source
Ca Chloride 0.75° 0.182 50.75° 383"
Limestone 0.80° 0.183 50.57° 407
TCP® 0.81° 0.182 51.29°% 415
NPP level,%
0.30 0.78 0.183 50.69 50.69
0.35 0.79 0.184 50.88 50.88
040 0.79 0.179 50.80 50.80
0.45 0.80 0.183 51.10 51.10
SEM 0.03 0.004 0.32 16.95
P value
Ca Source x NPP*  0.029 0.763 0.291 0.058
Ca Source 0.011 0.976 0.002 0.011
NPP level 0.883 0.559 0.382 0.800

!Non-phytate P;? Data are means of 5 pens with 5 chicks each;Lipocal (Lipofoods; Barcelona, Spain);*® Values in
the same column with different letters are significantly different (P < 0.05).

The effects of the Ca source and NPP levels on tibia weight and tibia ash content
are presented in Table 5.4. Tibia weight was influenced by the significant interaction of
the Ca source and the P level. Added levels of P increased the tibia weight with
limestone and TCP but not with calcium chloride, Tibia weight was higher in birds fed
TCP at 0.4% NPP, and limestone at 0.35% NPP, while it was lower for treatments
including Ca chloride in the diet with 0.35% and 0.4% NPP. Tibia weight was higher (P
< 0.05) for birds fed TCP and limestone than it was for Ca chloride.
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However, the tibia-ash percentage was higher (P < 0.01) for TCP than it was for
limestone and Ca chloride. As a consequence, the ash content per tibia was the greatest
for birds fed TCP, and it was the lowest for birds fed the Ca chloride diet, with birds fed
limestone showing intermediate results.

The ileal digestibility of Ca and P responses to different sources of Ca and NPP
levels are presented in Table 5.5. There was no interaction between the Ca source and
NPP level. Birds fed Ca chloride showed higher (P < 0.01) ileal digestibility of Ca
(73.7%) than did birds fed limestone (67.1%) or TCP (66.8%). Added levels of P
increased (P < 0.05) the ileal digestibility of Ca and the ileal digestibility of P (P <
0.01), being higher for the 0.45% NPP diet than it was for the 0.3% NPP diet.

5.5. Discussion

5.5.1. Calcium solubility and Acid-Binding Capacity

Maintaining soluble calcium in the gastrointestinal tract is essential for intestinal
absorption (Bronner, 2003). Nevertheless, many Ca salts have a pH-dependent
solubility and may have limited availability in the small intestine. In particular, the pH
of the broiler gut changes according to the region, from the acidic environment of the
proventriculus and gizzard, where the pH is governed by the secretion of hydrochloric
acid, to the less acidic, nearly neutral environment throughout the intestine, where the
pH is governed by sodium bicarbonate. In the present in vitro study, calcium solubility
was determined at different pH values and in the presence of excess solids to mimic the
environment each salt may encounter in the GI tract. Calcium chloride showed the
highest solubility among the 3 Ca sources at a pH above 3.5 until neutrality. Differences
in Ca solubility were consistent with Selle et al., (2000), who suggested that most
mineral complexes were soluble at low pH (less than 3.5), with maximum insolubility
occurring between 4 and 7. In vitro research in corn-based diets by Walk et al., (2012a)
also described that limestone is approximately 80% soluble in the acidic medium of the
gastrointestinal tract, but that solubility decreased to 77% in the neutral conditions of
the intestine, suggesting no further dissolution of Ca in the intestinal phase. Moreover,
greater concentrations of ionized Ca dissolved by acid in the stomach may precipitate in

the more neutral intestine before absorption occurs.
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Table 5.5. Influence of Ca and NPP! levels on Ca and P ileal digestibility in 14-day-old

broilers?.
Treatment NPP, Cad ileal digestibility, P ileal digestibility,
% () (%)
Ca Chloride 030 704 78.8
035 728 80.0
040 746 84.0
045 77.0 89.2
Limestone 0.30 64.8 78.8
0.35 68.8 81.0
040 64.6 83.0
045 70.2 86.0
TCP® 0.30 62.25 72.75
035 674 83.0
040 67.2 79.8
045 704 83.2
Ca source
Ca Chloride 73.7% 83.0
Limestone 67.1° 82.2
TCP 66.8" 79.7
NPP level,%
030 65.8° 76.8"
035 69.7% 81.3*
0.40 68.8% 82.3*
045 725° 86.1°
SEM 1.67 1.55
P value
Ca Sourcex NPP* 0.948 0.575
Ca Source 0.001 0.188
NPP 0.047 0.001

'Non-phytate P.

2 Data are means of 5 pens with 5 chicks each.

3Lipocal (Lipofoods; Barcelona, Spain).

48 \/alues in the same column with different letters are significantly different (P < 0.05).

Therefore, due to the secretion of HCO5, the free Ca®" in the intestine may precipitate
out of the solution as carbonate and phosphate. Goss et al., (2007) evaluated the
concentration of soluble Ca using the in vivo concentration of calcium and bicarbonate,
and showed that soluble amounts decrease by an order of magnitude with each
increasing pH unit. Goss et al., (2010) also reported that calcium salt selection (Ca
chloride vs. Ca citrate), rate of neutralization, and the presence of other digesta
compounds (phosphates, amino acids and bile components) impact the concentration of
total soluble calcium and may modify the physiological components affecting calcium
absorption. In this respect, Champagne (1988) reported that Ca-phytate complexes may
precipitate at pH between 4 and 6, which is the approximate pH of the intestine where
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Ca ions should be absorbed. Taylor (1965) and Manangi and Coon (2008) suggested
that the primary factor affecting phytic P utilization is the Ca ion concentration in the
small intestine, where insoluble Ca-phytate complexes form. However, we were not
able to identify changes in the soluble calcium concentration in the presence of phytic
acid.

Walk et al. (2012a) have also stated that high soluble sources of Ca may increase the
buffering capacity of digesta. In our in vitro study, Ca chloride showed the highest Ca
solubility, but a lower buffering capacity, when compared to TCP and limestone. The
Ca supplementation required to reach 1% Ca in the diet when using limestone or TCP
caused an increase in the ABC-3 of 190 mEqg/kg and 343 mEqg/kg, respectively, as
compared to the basal diet, practically doubling the ABC of a maize-soybean diet
(Lawlor, 2005). Jasaitis et al. (1987) found that carbonates and dibasic or tribasic

mineral additives had the highest ABC.

5.5.2. Broiler performance and bone mineralization

The Ca source promoted significant differences in FI, with TCP promoting
higher FI than did calcium chloride. Birds fed limestone and TCP also showed higher
WG than did birds fed Ca chloride. Based on these results, it could be suggested that
sources of Ca with a lower solubility may allow for better performance than might a
high-soluble Ca source. Walk et al., (2012a) observed that broiler chickens fed 0.90%
Ca from limestone ate more and were heavier than were birds fed 0.90% Ca from a
high-soluble Ca source. Due to the soluble nature of the highly soluble Ca source, the
authors suggested that feeding 0.90% Ca from this source may have reduced broiler
performance as a result of a high Ca:P ratio and an increase in calcium-phosphate or
calcium phytate precipitation. The authors also demonstrated that N digestibility was
reduced as the highly soluble Ca source increased, and suggested that the buffering
capacity of high dietary levels of high-soluble Ca may reduce pepsin efficacy in the
proventriculus and gizzard (pH optimum at 2.8; Bohak, 1969). Both in vivo and in vitro
studies (Manangi and Coon, 2007) indicated that solubility of limestone depends on
particle size, with the lowest particle size (28 um) showing a higher Ca solubility and a
reduced phytate hydrolysis. Therefore, it could be proposed that the effects of soluble
Ca limiting phytate hydrolysis could be counteracted by a higher dose of phytase or by
adding NPP in the diets. Walk et al., (2012a) demonstrated that a high dose of phytase

in feed to reach 2,000 U/kg-2,500 U/kg was able to increase the performance of broilers
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fed 0.9% Ca of a high-soluble Ca source to values close to those presented by a
limestone source without phytase. Similar performances were observed with lower
levels of Ca, which suggest that reductions in dietary Ca may be obtained with high-
soluble sources of Ca while maintaining broiler performance and bone mineralization.
However, in the present study, all diets were supplemented with a high dose of phytase
to reach an analyzed phytase activity of 1,150 U/kg, and Ca was included at a low dose
of 0.55% in order to reduce the likely negative interactions among nutrients in the
digestive tract, allowing chicks to respond to different sources of soluble Ca. The results
showed that Ca digestibility was higher for Ca chloride than it was for limestone and
TCP, but no differences were observed among Ca sources in P ileal digestibility. These
results make the explanation of limited P digestibility with the highly soluble Ca
sources questionable. Additionally, ABC was the lowest for calcium chloride, without
undermining any negative effect of soluble sources on protein digestibility. On the other
hand, results showed a consistent effect of Ca chloride on FI and WG. It could be
speculated that feed palatability is likely affected in the Ca chloride diets if broilers
were able to detect the highly soluble Ca and P sources in the beak and crop (such as Ca
chloride and Na phosphate). Some recent reports suggest that broilers are able to detect
calcium in the diet (Wilkinson et al., 2012).

Increasing the level of NPP increased apparent ileal P digestibility, which is in
accordance with the results reported by Rodehutscord and Dieckmann (2005). Al Masri
(1995) showed that the values of dietary Ca and its ratio with P may affect P absorption.
Lower values of P absorption were recorded when higher ratios between Ca and P were
added in the diet. Nevertheless, this result could also reflect the fact that mineral sources
used to increase NPP have a higher P digestibility than do vegetable sources, even when
a high dose of phytase is added to the diet. In this respect, when using the 0.3% NPP
diet to compare P digestibility among diets, the TCP diet with a main content of tri-
calcium phosphate showed lower ileal P digestibility (72.7%) than did the limestone
diet (78.8%) and calcium chloride diet (78.8%), which contained higher amounts of
mono-calcium and sodium phosphate, respectively. The results appear to confirm a
higher P digestibility for mono-calcium and sodium phosphate than for the tri-calcium
phosphate, likely reflecting the lower solubility of this source at the neutral pH of the
small intestine.

It is also relevant that higher levels of NPP also promoted an increase in Ca

digestibility, which could reflect the changes in the main mineral ingredients used in
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each diet. Angel (2013) has recently described that true digestibility of Ca for limestone
(34.1%) is lower than it is for mono-calcium phosphate (67.9%). The increase in ileal
Ca digestibility with increasing levels of NPP in the TCP treatments also suggests that
Ca digestibility is also lower for tri-calcium phosphate than it is for mono-calcium
phosphate. Thus, a change in the levels of included mineral ingredients, such as those
promoted when phytase is included in the diet, is also expected to promote changes in
Ca digestibility.

Tibia weight and ash content were influenced by changes in the Ca source, with
calcium chloride showing the lowest tibia weight, with TCP showing the highest tibia
weight and ash content. Moreover, the significant interaction observed between the Ca
source and level of NPP on tibia weight and ash content is worth stating. In 0.4% NPP
diets, broilers fed TCP had an average of 450 mg of ash in the tibia, while values were
405 mg and 359 mg in limestone and Ca chloride broilers, respectively. The results are
coherent with differences observed in FI and WG, but not with the results concerning
Ca and P digestibility (Ca chloride > limestone > TCP). It is difficult to find an
explanation for this effect on bone mineralization, which appears to be greater than are
the effects observed in FI and performance. The results could suggest that bone
mineralization will depend on the daily amount of absorbed Ca and P, but also on the
way and rate in which minerals are released and absorbed in the intestinal tract,
reaching the highest bone mineralization when derived from less soluble sources.
However, this hypothesis deserves further study and may pose difficulties to formulate

diets on a digestible or available Ca basis.

In conclusion, the results confirm that ileal Ca and P digestibility may vary
according to the source of minerals used in the diet, being higher for calcium
chloride, mono-calcium phosphate, and sodium phosphate than for limestone and
TCP. However, growth performance and bone mineralization reach the highest
values in animals fed low-soluble sources. A level of 0.35%-0.40% NPP with a high
dose of phytase in diets including limestone or TCP is sufficient to guarantee

performance and bone formation for broiler chickens from d 1 to d 14.
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CHAPTER 6
Comparison of how different mineral
phosphorus sources affect performance, bone
mineralization and phosphorus retention in
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6.1. Abstract

1. Two experiments were designed to evaluate the influence of different sources of
phosphate on animal performance, bones mineralization and mineral retention in
broilers.

2. In Experiment 1, twenty mash diets were prepared including five mineral sources of
P to supplement non phytic P (NPP) levels at 3.0, 3.5, 4.0 and 4.5 g/kg in diets without
phytase for boilers (n=500).

3. In Experiment 2, three treatments were used: the low MCP (mono-calcium
phosphate) diet was deficient in NPP (3.1 g/kg for the starter phase and 2.8 g/kg for the
grower phase) and adequate in Ca (9.0 g/kg and 8.5 g/kg, respectively); the high MCP
diet and the high TCP (tri-calcium phosphate) diet included adequate levels of NPP and
Ca.

4. In experiment 1, an increase in the level of NPP in the diet from 3.0 to 4.0 g/kg
increased WG (weight gain) and FI (Feed intake) between d 1 and d 21. Alternatively,
tibial weight and ash percentage at d 21 responded up to the level of 4.5 g/kg and
showed significant difference with birds of the 4.0 g/kg NPP group.

5. In experiment 2, chickens fed with the high MCP and high TCP showed an
improvement in animal performance and bone mineralization. A higher P retention was
also observed for birds fed high MCP (1.28 g/day) and TCP (1.51 g/day) as compared to
broilers feds low MCP (0.88 g/day).

6. The results did not show differences on the availability of P from the different
mineral P sources. A level of 4.5 g/kg NPP is recommended when phytase is not include

to maximize both performance and bone mineralization in broiler chickens up to d 21.
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6.2. Introduction

In addition to environmental concerns regarding excessive Phosphorus (P) in
ground water, P is one of the most expensive nutrients in poultry diets. The broad
development of phytase has allowed for the reduction of dietary P and the inclusion of
mineral sourced P. However, mineral sources of P are still needed in the diet to meet the
requirement of poultry and prevent P deficiencies. With increases in prices for mineral
sources, the poultry and commercial feed industry have become increasingly interested
in detailed information about the variation in availability of P among different raw
materials, as well as batches of the same raw material. The bio-availability for each P
source is pivotal to formulate diets at a higher precision and avoid excessive P.
However, a limited amount of information exists regarding the biological availability or
retention of different types of mineral P sources. Phosphorus is also a nutrient with a
direct linear effect on growth response and bone characteristics when levels below P
requirements are applied (Hamdi et al., 2015a). Different methodologies exist to
measure in vivo bio-availability of P or to compare P sources including bio-assays based
on growth, bone weight and bone ash weight (Ravindran et al., 1995; Lima et al., 1997).
These procedures are useful relative measurements for the comparison of different
sources of Ca and P, but they don’t provide a quantitative value for formulation
purposes (Leske and Coon, 2002).

Different sources have been used as a P reference in bio-assay studies, mono-
sodium phosphates (Shastak et al., 2012), mono-calcium phosphates (MCP) (Groote
and Huyghebaert, 1997) or di-calcium phosphates (DCP) (Coon and Manangi, 2007,
Fernandez et al., 1999; Ravindran et al., 1995). The MCP has a higher concentration of
P than Ca, namely 22.6% P and 17.8% Ca. In contrast, P and Ca content in DCP depend
on the degree of hydration. The DCP dihydrate contains typically 17.7% P and 24% Ca
and DCP anhydrous contains 20.1% P and 27% Ca (FEDNA, 2010).

It is believed that P in MCP is more digestible than P in DCP (Grimbergen et al.,
1985; Eekhout and De Paepe, 1997). However, because most feed phosphates
designated as MCP or DCP are mixtures of both, differences within a source may exist
(Peterson et al., 2011). Commercial products labeled DCP are industrial products
resulting from the acidulation of rock phosphate, frequently with sulfuric acid, yielding
phosphoric acid, which is neutralized with Ca carbonate after purification (Lima et al.,
1997). In contrast, tri-calcium phosphate (TCP) provides a Ca:aP ratio close to the
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recommended dietary ratios (TCP phosphate supplied 17.4% P, and 34% Ca).
Therefore, TCP could be used as a unique source to satisfy poultry Ca and P
requirements without the need of Ca from limestone.

Consequently, in this study we tested the hypothesis that different mineral
sources of P, varying in the amount of P and Ca, will affect the dietary P absorption and
overall productivity of broiler chickens. Two experiments were conducted to evaluate
the effect of the P source provided at different levels in broiler diets on the availability
of P and their effects on performance and bone mineralization for broilers. In the first
experiment, the P availability was compared between MCP and the different sources of
DCP in broilers chickens up to d 21. In the second experiment, the inclusion of a source
of TCP as a single source of Ca and P was compared to MCP in broiler diets with
respect to their effects on performance, bone mineralization and P retention in broilers
up to d 35.

6.3. Materials and methods

All the animal experimentation procedures used in the two experiments were
approved by the animal Ethics Committee of the Universitat Autonoma de Barcelona
and were in compliance with the European Union guidelines for the care and use of

animals in research (European Parliament, 2010).

6.3.1. Birds managment, husbandry, study design and diets
6.3.1.1. Experiment 1

Five hundred broiler male chickens (Ross 308) were included in the study.
Animals were randomly distributed into twenty experimental groups according to the
experimental treatment and continuously controlled for 21 days. Birds were individually
weighed and distributed in 100 battery brooders cages (5 chicks per cage) in order to get
a similar initial average body weight for each cage. Chicks were individually wing-
tagged in order to record individual body weight as well the group body weight during
the experimental period. The brooder temperature was maintained at 35°C during the 4
first days post-hatch, and then was progressively reduced to 25°C on day 14 to d 21 day.
The light cycle was 24h/d from d 1 to d 2, 23h/d from d 3 to d 10 and 18h/d from d 11
to 21.
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Table 6.1. Composition of the experimental diet (Experiment 1).

MCP* DCP?1 DCP?2 DCP3 DCP4

3 35 4 4.5 3 35 4 4.5 3 35 4 4.5 3 35 4 4.5 3 35 4 4.5
Ingredients (%)
Corn 28.7 287 287 287 28.7 287 28.7 287 28.7 28.7 287 287 28.7 28.7 287 287 28.7 28.7 28.7 287
Wheat 25,0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25,0 25.0 25.0 25.0 25.0 25.0 25.0 250
Soybean meal 248 248 248 2438 248 248 248 2438 248 248 248 2438 248 248 248 2438 248 24.8 248 2438
Extruded soybean 13.0 13.0 13.0 130 13.0 13.0 13.0 130 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 13.0 130
L-Lysine 0.29 0.29 0.29 0.29 029 0.29 0.29 0.29 0.29 029 0.29 0.29 0.29 0.29 0.29 0.29 029 0.29 0.29 0.29
DL-Methionine 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27
L-threonine 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Premix” 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 040 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Dicalite 0.46 034 0.23 0.11 051 041 031 021 0.56 048 0.39 0.31 054 0.45 0.35 0.26 0.57 0.49 0.40 0.32
P source inclusion 0.70 0.92 114 1.36 0.86 1.13 139 166 0.86 1.13 139 1.66 090 1.18 145 1.73 090 1.18 146 1.74
Limestone inclusion 157 147 1.36 1.26 1.36 1.19 1.02 0.86 1.31 1.13 0.94 0.76 1.29 1.11 092 0.73 1.26 107 0.87 0.67
Calculated Composition (g/kg diet)
Total P 55 6.0 65 70 55 60 65 7.0 55 60 65 7.0 55 6.0 65 7.0 556 60 65 7.0
PP 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25
Available P 28 33 37 42 0.27 031 0.35 0.40 0.27 031 0.35 0.40 0.27 031 0.35 0.40 0.27 031 0.35 0.40
Ca 9.0 9.0 9.0 90 9.0 9.0 9.0 90 90 9.0 9.0 90 90 9.0 9.0 90 9.0 9.0 9.0 90
Analyzed composition (g/kg diet)
DM 896 894 895 894 897 897 897 896 896 898 897 899 895 895 896 898 896 896 897 898
CP 226 222 219 217 218 221 218 221 222 218 216 220 210 213 220 211 210 220 212 218
Total P 65 69 73 74 64 67 72 79 65 66 73 80 57 67 74 79 6.1 69 69 77
Ca 13.1 130 134 122 151 131 125 145 13.2 130 129 134 11.7 119 133 121 123 131 122 128

(*) Provided per kg of feed: Vitamin A (retinil acetate) (Ul) 10000; Vitamin D (Vitamin D3) (Colecalciferol) (Ul) 2000; Vitamina D (25- hidroxicolecalciferol. 25 mcg equivalent at 1000 Ul )
(UI) 1500; Vitamin E/acetate de tot-rac-3- tocopheril) (mg) 75; Vitamin K3 (MNB Menadiona nicotinamida bisulfit)(mg) 5; Vitamin B1 (Tiamin mononitrat) (mg) 2; Vitamin B2 (Riboflavin)
(mg) 5; Vitamin B6 (Piridoxin Chlorhidrate) (mg) 4; Vitamin B12 (cyanocobalamine) (mg) 0.015; Biotin (D-(+)-biotin) (mg) 0.15; Folic Acid (mg) 1; Iron (Iron sulfate monohydrate) (mg) 46;
Zinc (Zn, zinc oxide) (mg) 125; Manganes (Mn, Manganes oxide) (mg) 150; lodine (I, Calcium londine Anhidre) (mg) 2; Selenium (Se, Sodium Selenate) (mg) 0.3; Copper (Cu, Copper Sulfate
pentahydrate) (mg) 20; Endo-1,3(4)-betaglucanase EC 3.2.1.6 (FBG) 10; Endo-1,4-beta-xylanase EC 3.2.1.8 (FXU) 150; Malic acid (mg) 60; Fumari acid (mg) 75; Sepiolite (mg) 400; Calcium

Carbonate (g) 4. * Mono-calcium phosphate ? Di-calcium phosphate.
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An identical basic mixture of ingredients (wheat, 250 g/kg; corn, 287.2 g/kg;
soybean meal, 248.8 g/kg; and soybean oil, 42.5 g/kg) was formulated and prepared to
contain adequate levels of nutrients (ME, 2,960 Kcal/kg; DM, 882 g/kg; and CP, 220
o/kg) to meet and exceed nutritional requirements in broilers (FEDNA, 2008), except
for P. All the diets were presented in mash form. A total of 20 experimental treatments
were prepared adding 4 increasing levels of non-phytic phosphorus (3.0, 3.5, 4.0 and 4.5
g NPP/kg) depending on the inorganic P source under study and maintaining a level of
9.0 g Ca/kg. Phytase was not added in the experimental diets. Five main sources of P
were used to design the experimental treatments, which were MCP- monohydrate
(22.3% P, 16.8% Ca), DCP1-dihydrate (18.7% P, 23.9% Ca), DCP2-dihydrate (18.7%
P, 26.1% Ca), DCP3-dihydrate (17.9% P, 25.6% Ca) and DCP4-dihydrate (17.9% P,
26.9% Ca). Table 6.1 shows the P concentration and the levels of incorporation of each
source of P. All P sources were obtained from independent distributors rather than
manufacturers of the products. The broilers chicken had free access to drinking water

served via a nipple system and to feeders containing the feed in a mash form.

6.3.1.2. Experiment 2

Ninety-six broilers male chickens (Ross 308) were included in the study.
Animals were randomly distributed into three experimental groups according to the
experimental treatment and continuously controlled for 35 days. Birds were individually
weighed and distributed in 24 battery brooder cages (4 chicks per cage) in order to get a
similar initial average body weight for each cage. Chicks were individually wing-tagged
in order to monitor individual BW as well as the group BW along the experimental
period. The brooder temperature was maintained at 35°C during the 4 first days post-
hatch, and was progressively reduced to 25-22°C on d 14 to d 35 day. The light cycle
was 24h/d from d 1 to d 2, 23h/d from d 3 to d 10 and 18h/d from d 11 to d 35. All diets
met or exceeded the nutrient requirements for broilers (FEDNA, 2008), with the
exception of P (Table 6.2).

All birds received two experimental diets, the first one in the starter phase (from
d 1 to d 21) and the second diet during the grower phase (from d 21 to d 35). The low
MCP treatment included limestone (38% Ca) and MCP (22.6% P and 17.8% Ca) as
sources of Ca and P and was formulated to be adequate in Ca (9.0 g/kg and 8.5 g/kg for
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the starter and grower phase, respectively), but deficient in NPP (3.1 g/kg and 2.8 g/kg

for the starter and grower phase, respectively).

Table 6.2. Day one to day 35 broiler starter and grower experimental diets (Experiment 2).

Starter phase Grower phase
Low High High Low High High
MCP* MCP TCP* MCP MCP TCP

Ingredients (g/kQg)

Corn 191.1 1847 200.5 254.6 248.4 263.8
Wheat 350.0 350.0 350.0 350.0 350.0 350.0
Soybean meal 2126 2138 210.7 151.0 152.0 149.6
Extruded soybean 150.0 150.0 150.0 180.0 180.0 180.0
Limestone 158 131 O 153 127 O
Lipocal 0 0 18.9 0 0 17.1
Mono-calcium phosphate 7.7 134 0 6.4 121 0
Salt 4.3 4.2 4.3 4.0 4.0 4.0
Premix* 3.0 3.0 3.0 3.0 3.0 3.0
Calculated Composition (g/kg)

DM 889.0 889.0 889.0 885.0 885.0 885.0
M.E(Kcal/Kg) 3,000 3,000 3,000 3,140 3,140 3,140
CP 210.0 210.0 210.0 198.0 198.0 198.0
Ca 9.0 9.0 8.0 8.5 8.5 7.3
Total P 5.6 6.9 7.2 5.3 6.6 6.8
Available P 3.0 4.2 4.2 2.7 3.9 3.9
PP 2.5 2.5 2.5 2.5 2.5 2.5
NPP 3.1 4.4 4.7 2.8 4.2 4.3
Analyzed composition(g/kg)

Ca 94 10.0 95 114 112 105
Total P 5.7 7.2 7.0 54 6.5 7.0

(*) Provided per kg of feed: Vitamin A (retinil acetate) 10000Ul; Vitamin D (Vitamin D3) (Colecalciferol) 2000 Ul;
Vitamina D (25- hidroxicolecalciferol. 25 mcg equivalent at 1000 Ul ) 1500 Ul; Vitamin E/acetate de tot-rac-3-
tocopheril) 75 mg; Vitamin K3 (MNB Menadiona nicotinamida bisulfit)5 mg; Vitamin B1 (Tiamin mononitrat) 2 mg;
Vitamin B2 (Riboflavin) 5 mg; Vitamin B6 (Piridoxin Chlorhidrate) 4 mg; Vitamin B12 (cyanocobalamine) 0.015
mg; Nicotinic Acid (Nicotinic Acid) (Niacin) 25 mg; Pantotenic Acid (Calcium D-pantotenate) 10 mg; Biotin (D-(+)-
biotin) 0.15 mg; Folic Acid 1mg; lron (FeSO,) 46 mg; Zinc (ZnO) 125 mg; Manganes (MnO) (150 mg); lodine
(Ca(103),) 2 mg; Selenium (Na,SeO,) 0.3 mg; Cobalt (Co, CoCO3) 0.5 mg; Copper (CuSO,) 20 mg;DL-Methionin
500 mg; Etoxiquin 0.1332 mg; Endo-1,3(4)-betaglucanase EC 3.2.1.6 (10 FBG); Endo-1,4-beta-xylanase EC 3.2.1.8
(150 FXU); Malic acid 60 mg; Fumaric acid 75 mg; Sepiolite 400 mg; Calcium Carbonate 4 g.

! Mono-calcium phosphate

2 Tri-calcium phosphate

The high MCP treatment included also limestone and MCP as sources of Ca and
P and was formulated to be adequate in NPP (4.4 g/kg and 4.2 g/kg for the starter phase
and grower phase). The high TCP treatment was formulated without any other mineral
Ca or P source to be adequate in all nutrients and energy. The Ca content was 8.0 g/kg
for the starter phase and 7.3 g/kg for grower phase. The NPP was 4.7 g/kg for the starter
phase and 4.3 g/kg in growth phase with the use of Lipocal® (Lipofoods; Barcelona,
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Spain) (a fat-encapsulated tri-calcium phosphate, supplied 17.4% P and 34% Ca) as a

source of Ca and P. Phytase was not incorporated in the experimental diets.

6.3.2. Sample collection and processing

6.3.2.1. Experiment 1
The feed intake (FI), weight gain (WG) and gain feed ratio (G:F) were
calculated between d 1 and d 21. On d 21, three birds were euthanized using the cervical

dislocation and the left tibia was collected for bone-ash determination.

6.3.2.2. Experiment 2

Individual BW as well as the group BW was monitored at the start (d 1) and d 7,
d 14, d 21, d 28 and d 35 post-hatch. From these values the FI, WG and G: F ratio were
determined. Feed intake was registered and excreta were collected from d 19 to d 21 and
from d 33 to d 35 in order to determine the retention of Ca and P. At d 35, three
chickens per cage were euthanized using the cervical dislocation and the left tibia was

collected for bone-ash determination.

6.3.3. Laboratory analyses

Representative samples of diets and excreta were analyzed.

Analytical determinations of feeds were performed according to the methods of AOAC
International (2005): dry matter (Method 934.01), crude protein with Dumas Method
(Method 968.06).

Diets and excreta samples were digested in nitric perchloric and fluorhydric acid
mixture and subsequently concentration of P and Ca were determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) using optical emission
spectrometer optimal 4300DV Perkin-Elmer.

Bone mineralization was determined by the procedure of Brenes et al., (2003).
The tibias were defatted by a 48h extraction in ethyl ether. They were then dried for 12h

at 110°C and then ashed overnight at 550°C to determine ash content.

6.3.4. Calculations

The total tract retention coefficients were calculated according to the procedure
outlined using the following equation (Adeola, 2001): The apparent total tract retention
coefficients of Caor P (ATTRC)
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ATTRC (%) = [(total P or Ca ingested — total P or Ca excreted)/ (total Por Ca
ingested)] x 100.

P or Ca retention (g/day) = total P or Ca ingested x ATTRC

6.3.5. Statistical analyses

Data were analyzed as a completely randomized design using the GLM
procedure of SAS software (SAS, 2008), version 9.2. In experiment 1, the main factors
used in the model were P level (4 levels), sources (5 sources) and their interaction. In
experiment 2, the dietary treatments and the source of P were taking into account. The
pen of the chicks served as the experimental unit. The results are presented as least

square means. Probability was considered significant when P< 0.05.

6.4. Results
6.4.1. Experiment 1 (comparison between MCP and DCP)

6.4.1.1. Growth performance and bone mineralization

Table 6.3. Effect of different P sources and levels on feed intake and growth performance

of broilers between d 1 to d 21 of age (Experiment 1).

BW°d21l,g WG’d1-21,g/d Fl'd1-21,g/d G:F°d1-21

Source

MCP! 728 32.6 46.4 0.70
DCP?1 733 32.9 46.8 0.70
DCP 2 737 33.1 46.7 0.71
DCP 3 744 335 475 0.70
DCP 4 737 33.0 46.4 0.71
NPP (g/kg)

3.0 670" 30.0° 43.8° 0.69°
35 714° 32.1° 46.1° 0.70°
4.0 771° 34.7° 48.1° 0.72°
45 788° 35.4° 49.1° 0.72%
SEM?® 21.4 0.04 1.13 0.018
P value*

Source 0.879 0.818 0.638 0.930
NPP <.0001 <.0001 <.0001 0.002
Source x NPP  0.461 0.617 0.803 0.630

!Mono-calcium phosphate; 2 Di-calcium phosphate; * SEM: Standard error of the mean; **P€ Values in the same
column with different letters are significantly different (P<0.05); ® Body weight; ®Average daily weight gain; ’
Average daily feed intake; ® Gain: Feed ratio.

Animal performances along the experimental period are presented in Table 6.3
as least square means. Productive performance was not significantly affected by the

source of phosphorus or their interaction with NPP levels. However, higher BW at d 21,
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WG, Fl and G: F were observed from the broilers in the 4.0 and 4.5 g NPP/kg group as
compared to the broilers in the 3.0 and 3.5 g NPP /kg group.

The effect of different sources and levels of P on bone mineralization (tibial
weight and ash) and tibial weight/BW is reported in Table 6.4. The results are presented
as least square means. No significant interaction effect was observed between P sources
and NPP levels. On d 21, tibial weight and bone ash percentage were increased (P<
0.05) by the dietary P supplementation, regardless of the source of P utilized. Broilers in
the 4.5 g NPP /kg level showed a greater tibial weight than broilers in the 4.0 g NPP /kg
group. Broiler chickens fed diets supplemented with 4.0 and 4.5 g NPP /kg showed a
higher tibial ash (%) and tibial weight/BW than those fed diets supplemented with 3.0
and 3.5 g NPP /kg.

Table 6.4. Effect of different P sources and level on tibial weight and ash content in birds

from d1 to d 21 of age (Experiment 1).

Tibial weight, Tibial ash, Tibial weight, Tibial ash,

g % %/BW mg/tibia
Source
MCP 1.57 50.83 0.215 0.798
DCP'1 1.62 51.07 0.216 0.831
DCP?2 1.60 51.05 0.215 0.816
DCP 3 1.59 51.53 0.214 0.821
DCP 4 1.58 50.63 0.213 0.800
NPP (g/kg)
3.0 1.41° 48.29° 0.207° 0.682°
35 1.52¢ 50.80° 0.211° 0.770¢
4.0 1.66° 52.11° 0.217° 0.868°
45 1.76 52.88° 0.223% 0.932°
SEM? 0.053 0.530 0.0038 0.028
P value*
Source 0.619 0.179 0.875 0.409
NPP <.0001 <.0001 <.0001 <.0001
Source x NPP 0.809 0.234 0.570 0.611

*Mono-calcium phosphate ; 2 Di-calcium phosphate; 3 SEM: Standard error of the mean; “*° Values in the same

column with different letters are significantly different (P<0.05).

6.4.2. Experiment 2 (comparison between TCP and MCP)

6.4.2.1. Growth Performance and Bone Mineralization

The feed intake and growth performance responses of broilers chickens to
different levels and sources of Ca and P are presented in Table 6.5. Higher BW was
observed (P < 0.05) at d 21 and d 35 for broilers fed the high MCP and high TCP
compared to the birds fed the low MCP group. Higher WG and FI (P< 0.05) from d 1 to
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21 and from d 21 to 35 was also observed for birds of the high MCP and high TCP. As a
consequence, G: F was also greater for broilers chicken of the high MCP and high TCP
compared to those birds of the low MCP.

Table 6.5. Effect of MCP and TCP diets on feed intake and growth performance in
broilers between d1 and d35 (Experiment 2).

Treatments BW° g WG® g/d FI',9/d G:F°
d21 d35 d1-21 d21-35 di1-21 d21-35 d1-21 d21-35

Low MCP' 714° 1680° 32.1° 70.9° 482" 118.7° 0.665° 0.554

High MCP 824* 2108 37.3% 91.1° 51.4% 146.9° 0.725° 0.620°

High TCP? 832® 2087*° 37.7° 89.6° 52.8° 145.8* 0.713* 0.615°

SEM? 20.9 415 0.99 2.67 1.18 3.48 0.0105 0.0106

P value* 0.001 <.0001 0.001 <.0001 0.034 <.0001 0.001 0.0003
"Mono-calcium phosphate ? Tri-calcium phosphate * SEM: Standard error of the mean. * 2P Values in the same

column with different letters are significantly different (P<0.05).° Body weight. ®Average daily weight gain. ’

Average daily feed intake. 3Gain: Feed ratio.

The effect of different treatments on bone mineralization (ash content, %), tibial
weight (g, and % as total BW) are presented in Table 6.6. Tibial weight (g and %/BW)
showed significantly higher values (P< 0.001) for broilers of the high MCP and TCP
diets than in birds fed the low MCP diet. Tibial ash (%, g/tibia) was significantly lower
in the low MCP group than in the high MCP and TCP groups. The amount of tibial ash
(%, and g/tibia) for birds fed the high MCP was similar to those fed high TCP.

Table 6.6. Effect of MCP and TCP on tibial weight and ash content in 35-day-old broilers
(Experiment 2).

Treatments Tibial weight, g Tibial ash, % Tibial weight, %/BW Tibial ash, (g/tibia)

Low MCP? 3.41° 48.1° 0.203° 1.64°
High MCP  4.82° 52.9% 0.228° 2.55°%
High TCP? 4.57° 52.3° 0.219° 2.39°
SEM? 0.151 0.47 0.0057 0.079
P value* <.0001 <.0001 0.013 <.0001

1 Mono-calcium phosphate; Z Tri-calcium phosphate; * SEM: Standard error of the mean; * " Values in the same
column with different letters are significantly different (P<0.05).

6.4.2.2. Apparent retention of calcium and phosphorus

The retention of P and Ca expressed on a percent basis and g/day is shown in
Table 6.7. On days 19 to 21, P retention (%) was significantly (P < 0.05) affected by the
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dietary treatment, with greater values observed for birds in the low MCP (59.46%) diet
compared to the high TCP (44.57%) diet. Intermediate values were observed for chicks
of the high MCP treatment (50.66%). Ca retention was not affected by the dietary
treatment. Furthermore, during the finishing phase (d 33 to d 35), no significant
differences were observed on the P retention (%). However, broilers in the high MCP
(1.28 g/day) and TCP (1.51 g/day) groups showed a higher daily retention of P than the
low MCP (0.88 g/day) group.

Table 6.7. Effect of MCP and TCP on P retention, Ca and P digestibility (%) and Ca and
P retention (g/day) in 35-day-old broilers (experiment 2).

P retention Ca retention P retention Ca retention
coefficient (%0) coefficient (%) (g/day) (g/day)

d19-21 d33-35 d19-21 d33-35 d19-21 d33-35 d19-21 d33-35

Low MCP* 59.46° 55.43 35.24 37.05 0.64 0.88° 0.63 1.24
High MCP 50.66°  50.16 28.19 38.65 0.73 1.28° 0.56 1.73
High TCP? 44.57° 53.07 29.08 37.96 0.60 1.51° 0.56 1.66

SEM® 3.05 1.88 4.52 4.06 0.05 0.09 0.08 0.20
P value® 0.005 0.166 0.50 0.962 0.252 0.0003  0.811 0.199

1 Mono-calcium phosphate; ? Tri-calcium phosphate; >SEM: Standard error of the mean.; * *° Values in the same
column with different letters are significantly different (P<0.05).

6.5. Discussion

Our study focused on the comparison of P availability from either MCP, DCP or
TCP sources. In addition, our study focused on the hypothesis of existing differences
among a number of DCP sources. Results showed that MCP, DCP and TCP are highly
available P sources; and no differences were observed among P sources with respect to
productive performance and bone mineralization of broiler chicken at ages of 21 and 35
days. Lima et al., (1997) showed the same results on broiler performance when they
evaluated seven di-calcium phosphate sources from different origins. In the same way,
Shastak et al., (2012) didn’t find significant effects of the P source on feed intake and
BW gain for broilers at 3 and 5 weeks of age, when comparing the effects of mono-
sodium phosphate and di-calcium phosphate anhydrous. In contrast, Gillis et al., (1962)
reported higher P availability in purified grade mono-calcium phosphate than in di-
calcium phosphate. The authors suggested the reason for this was the difference in

hydration degree of P source. Specifically, P in the anhydrous di-calcium phosphate
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form is less available for poultry than the hydrated salt. It is noteworthy to describe that
during the DCP manufacturing, conditions including temperature are responsible for the
formation of the dihydrate or anhydrate product. Grimbergen et al., (1985) showed that
the growth response was lower when anhydrous-DCP was included in the diet as
compared to MCP or hydrated-DCP. In addition, Grimbergen et al. (1985), didn"t detect
any difference in the growth response between MCP and hydrated DCP. According to
Rucker et al., (1968), the dihydrate form of DCP dissolved more rapidly in an acid
environment than the anhydrous form. In addition, Lima et al., (1997) also suggested
that the particle size of phosphate may also affect P availability. Specifically, the larger
particle size phosphate sources are retained longer in the gizzard than smaller particles,
likely allowing a higher solubility and availability (Brunell et al., 1990; Lima et al.,
1997). This criterion of particle size was not registered or evaluated in this study.

No significant difference was observed between high MCP and TCP in animal
performance and bone mineralization. However, Wilcox et al., (1954) reported that the
P in tri-calcium phosphate was poorly utilized by the turkey poults. The results of these
two experiments demonstrated a significant effect of NPP level in animal performance.
Lower animal BW gain and feed intake were observed for animals fed diets with low
levels of NPP (3.0 to 3.5 g/kg) as compared to 4.0 and 4.5 g /kg at d 21 and 35.
However, increasing NPP from 4.0 to 4.5 g /kg increased both the tibial weight and
tibial ash content (mg/tibia). Hamdi et al., (2015a) concluded that a level of 3.8 g NPP
/kg improved the growth of chicks and increased bone mineralization on d 14, but no
further increases were observed with 4.5 g NPP /kg in diets including the addition of
high levels of phytase. The lower required levels observed for this experiment as
compared to the actual results may be due to the effect of phytase inclusion in the diet
and also the duration of the experiment. According to Applegate et al. (2008), typical
removal amounts of P for 500 FTU of phytase in the diets can vary from 0.06% to
0.10% for broilers. In our experiment, no differences in animal performance were
observed between the broilers fed the 4.0 and 4.5 g NPP /kg diets. However, increasing
the NPP from 4.0 to 4.5 g/kg increased tibial weight and tibial ash (mg/tibia). Yan et al.,
(2001) also reported that NPP requirements for BW gain and feed conversion were
considerably less than required for tibial ash for broilers of 3 to 6 weeks of age in the
absence of phytase. They suggested NPP levels of 0.330%; 0.186% and 0.163% to
optimize tibial ash, BW gain and G: F ratio, when no phytase was included in the diet.
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However, with 800 FTU phytase diets, the suggested NPP were lowered to 0.240%;
0.151% and 0.109% respectively in order to optimize tibia ash, BW Gain and BW G: F
ratio.

Increasing the P level in the diet decreased P retention (%) in experiment 2.
However, the results were not affected by the P source (MCP, TCP). This result is
consistent with Leske and Coon (2002) who demonstrated that the retention of P from
different P sources depends on the amount of the inorganic P included. They found that
P retention from MCP declined from 98% to 59% when NPP was increased from 1.6 to
45 g/kg. Wasserman and Taylor (1973) suggested the existence of a saturable
component in P absorption, which can be responsible for the decrease in P absorption in
the intestine. The use of TCP for young broilers decreased the P retention. However, no
difference was observed between high MCP and TCP in the grower phase. Hamdi et al.,
(2015b) showed that the supplementation of broilers diet with TCP, improved FI and
WG at d 14 but ileal digestibility of Ca and P was lower for diets including TCP and
limestone as compared to diets including Ca chloride, mono-calcium phosphate and
sodium phosphate. This difference could be associated with the solubility of the P

sources in birds of different ages.

Despite the highly different physical structure and chemical properties among
P sources, the results observed in the present study did not provide evidence which
suggests that there are any differences in the in vivo availability of P in young
broilers. Higher NPP levels in the broiler diets are required to optimize bone

mineralization than to optimize growth performance.
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dietary calcium and phosphorus level on the
productive performance, and bone

mineralization of Broilers
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7.1. Abstract

1. Two trials were conducted to evaluate the effect of phytase and different levels of Ca
in the diet limited in available P on performance, bone mineralization, and Ca and P
retention of broilers from d 1 to d 35 of age.

2. In Trial 1, 160 one-d-old male broilers were placed into 40 cages and allocated to 5
corn-wheat-soybean meal-based dietary treatments, which were a positive control [PC,
4.7 and 4.3 g/kg non-phytate P (NPP) and 9.0 and 8.5 g/kg Ca, from 1 to 21 d, and
from 21 to 35 d of age, respectively] and 4 negative control [NC, 3.2 and 2.9 g/kg non-
phytate P (NPP) and 7.0 and 6.3 g/kg Ca for the starter and grower diet] groups
consisting of 4 concentrations of phytase (0, 250, 500 and 1,000 FTU/kg). In trial 2, 300
one-day-old broilers were place into 60 cages and allocated to 10 corn-wheat-soybean
meal-based dietary treatments, which were two NC diets (3.2 g/kg NPP) with 7.0 g/kg
Ca (Low Ca) or 9.0 g/kg Ca (High Ca), respectively, which were supplemented (O or
500 FTU/kg) with 4 different commercial phytases (phytase A, B, Cand D) ina2x5
factorial arrangement from 1 to 14 d of age.

3. In trial 1, PC and the high dose of phytase (1,000 FTU/kg) had significantly higher
average daily gain from 1 to 21 d of age, and a higher tibia weight and tibia ash content
than the NC, 250, 500 FTU/kg groups. In trial 2, the low Ca diets improved feed
efficiency from d 1 to 7, ileal digestibility of Ca and P, and bone mineralization on d 14.
Supplementation with any of the 4 phytase increased bone mineralization at 14 d of age,
but not differences were observed on performance.

5. Briefly, this research showed that high levels of phytase (1,000 FTU/kg) may be
required to promote performance and bone mineralization responses in growing
broilers. The results showed that lowering Ca:aP ratio may have a higher effect on
performance and P ileum digestibility than low levels (500 FTU/kg) of phytase. The
results don’t confirm the detrimental effect of high dietary Ca on phytase activity and
subsequent growth and bone performance of starting broilers (d 14). In contrast,
lowering Ca:aP ratio and including phytase (500 FTU/kg) improved bone

mineralization in an additive way.
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7.2. Introduction

Phosphorus (P) content of grain-based feeds is in general sufficient to support
adequate animal growth and bone development. However, vegetable ingredients mostly
contain P in phytate molecules and thus low available to birds. Commercial phytases are
phosphatase enzymes from fungal or bacterial origin which are obtained from
genetically modified organisms and capable to release organic bound phosphate. They
allow significant reductions on the supplementation of feed with calcium phosphate,
and consequently a decrease on total P excretion. Phytases used for animal feed
application differ on their enzymatic properties, such as the position of the phosphate
group they hydrolyze first, on how many phosphates are able to remove, their pH
profile (Selle et al., 2000), stability under digestive tract conditions (ie. pH stability or
pepsin cleavage), kinetic constants, or substrate specificity (Meneze-Blackburn et al.,
2015). The pH profile of supplementary phytases is especially important because
generally determine their ability to develop catalytic activity in the gastrointestinal
compartments (high in the acid conditions of crop, gizzard and proventriculus, and
negligible in small intestine). Some enzymes may exhibit a higher or lower activity at
pH 3 than pH 5.5. However the bio-efficacy of supplementary phytase is standardized at
defined conditions (pH 5.5, 37 °C, and 5 mmol/L sodium phytate). Therefore, it is
virtually impossible to compare the different commercialized phytase products by the
properties reported by their producers. Although there have been efforts to compare the
biochemical properties of commercially available phytase products in in vitro
simulations of the digestive tract (Menezes-Blackburn et al., 2015), their comparative
biological efficacy depends on the conjunction of all properties, and can be fully

determined only by direct feeding trials (Chung et al., 2013).

Phytases are now extensively used in most poultry diets due to the declining
inclusion costs of phytases coupled with the increasing prices of mineral phosphorus. In
general, supplementation of animal feed with 250-1000 FTU is recommended by the
phytase suppliers but, phytase overdoses are also evaluated in order to maximize
phytate P utilization (Walk et al., 2014). However, the capacity of birds to utilize
phytate-P is limited, and may depend on the level of exogenous phytase, but also on the
large number of digestive interactions evolving along the gastrointestinal tract of
broilers among Ca, non-phytate P (NPP) and phytase (Akter et al., 2016). Calcium has

the capacity to interact with inorganic P in the gut (Hurwitz and Bar, 1971; Plumstead et
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al., 2008) as well as to form a mineral-phytate complex in pH higher than 5.0 (Taylor,
1965; Lei et al., 1994). It has been reported that the incorporation of high levels of
limestone in the diet as Ca source may limit the capacity of exogenous phytases to
hydrolyze phytate (Qian et al., 1996; Korenegay, 1999), and decrease performance and
bone mineralization in broilers (Sebastian et al., 1996; Hamdi et al., 2015). In contrast,
Powell et al., (2011) reported that increasing the dietary Ca level from 6.7 to 13.3 g/kg
had no effect on phytase activity. In practice, it has been suggested that reducing the
levels of Ca (Driver et al., 2005; Rama-Rao et al., 2006) and giving high doses of
phytase (Selle and Ravindran, 2007) may help to increase P availability of low NPP
diets, performance, and bone mineralization in broilers. However, the reported
magnitude, additivity or synergy of the birds” response to changes on the level of
dietary Ca and phytase supplementation has not been consistent. In a recent report,
Akter et al., (2016) confirmed the detrimental effect of high dietary Ca on performance
and bone mineralization in broilers up to d 24 of age; as well as the positive bird’s
response of supplying 500 phytase units or 4 g NPP/kg as compared to 3 g NPP/Kg.
However, a Ca x NPP x phytase interaction was observed for the feed intake,
performance, and bone mineralization. The greatest response to phytase was observed in
High Ca-Low NPP diets, and with Low Ca-High NPP diets, which it likely indicates
phytase is active to release digestible P and digestible Ca from the mineral-phytate

complex, respectively.

In this context, the present study was conducted through two trials designed to
determine the efficacy of increasing levels of a new microbial 3-phytase (FLF® 1000
FUT, Fertinagro, Spain) in a low NPP diet, and to explore the interactions of the ratio of
Ca:aP on phytase activity and its impact on broilers performance and bone

mineralization.

7.3. Materials and methods
7.3.1. Animal ethics

All animal experimentation procedures used in the 2 experiments were approved
by the animal Ethics Committee of the Universitat Autonoma de Barcelona and were in
compliance with the European Union guidelines for the care and use of animals in

research (European Parliament, 2010).
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7.3.2. Phytases

Phytase A: is a preparation of 6-phytase produced by a genetically modified
strain of Pichia pastoris (OptiPhos® 5000 CT); Phytase B: bacterial 6-phytase is
sourced from an E.coli species bacterium and is expressed in a Saccharomyces pombe
(Phyzyme® XP 10000 TPT); Phytase C: is a preparation of 6-phytase fungi produced
by a genetically modified strain of Aspergillus oryzae (Ronozyme® NP), and Phytase
D: an exogenous microbial 3-phytase produced by Pichia pastoris by the expression of a
cloned gene from Serratia odorifera FLF® 1000 FUT.

7.3.3. Dietary treatments
7.3.3.1. Experiment 1

The experiment was conducted with 5 dietary treatments. Diets were formulated
to be iso-energetic and iso-nitrogenous to meet or exceeded the nutrient requirements
for broilers (FEDNA, 2008), with the exception of Ca and available P in the negative
control and phytase-supplemented diets. The positive control diet (PC), without
supplemental phytase, was formulated to be adequate in energy and all nutrients,
including NPP (4.7 g/kg for the starter phase and 4.3 g/kg in the growth phase) and Ca
(9.0 g/Kg in the starter phase and 8.5 g/Kg in the growth phase). The negative control
diet (NC), without supplemental phytase, was formulated to be adequate in nutrients
and energy content, while it was deficient in NPP (3.2 g/Kg for the starter phase and 2.9
0/Kg in the growth phase) and Ca (7.0 g/Kg for the starter phase and 6.3 g/Kg the
growth phase). The rest of the diets were prepared by adding four levels of exogenous
phytase D (0, 250, 500, and 1,000 FTU/kg). The ingredient composition and nutrient
specifications of diets are presented in Table 7.1. Phytase was mixed in premix and then
into the diets. Titanium dioxide (5 g/kg) was added to the diets as indigestible marker
for nutrient digestibility analysis. All the diets were fed in mash form as starter (1 - 21d)

and grower (21- 35 d). Feed was provided ad libitum and water was freely available.
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Table 7.1. Composition of the basal diet for starter and Grower phase for broilers from 1

to 35 days (Experiment 1).

Starter Grower
NC! PC? NC PC

Ingredients, g/kg diet

Corn 204.3 186.6  250.0 250.0
Wheat 350.0 350.0 385.0 3638
Soybean meal 210.2 2136 1406 1464
Extruded full-fat soybean 150.0 150.0 180.0 180.0
L-Lysine 34 3.3 2.8 2.7
DL-Methionine 3.1 3.1 2.6 2.6
L-Threonine 1.2 1.2 0.9 0.9
Limestone 7.7 8.1 74 8.2
Soy oil 51.6 575 14.5 21.1
Di-calcium Phosphate 10.7 18.8 8.7 16.9
Salt 2.8 2.8 2.7 2.7
Premix* 3.0 3.0 3.0 3.0
Sodium bicarbonate 2.0 1.9 1.7 1.7
Calculated composition, g/kg diet

DM 889 890 883 885
ME, Kcal/kg 3,000 3,000 3,100 3,100
CP 210 210 197 197
Ca 7.0 9.0 6.3 8.5
Total P 5.8 7.1 5.4 6.8
Available P 3.0 4.2 2.7 3.9
PP 2.5 2.5 2.5 2.5
NPP 3.2 4.7 2.9 4.3
Ca:aP 233 214 2.33 2.18
Analyzed composition, g/kg diet

DM 893 895 892 899
CP 204 205 197 200
Ca 7.8 100 8.6 10.0
Total P 6.0 8.0 6.2 8.0

(*) Provided per kg of feed: Vitamin A (retinil acetate) 10000UI; Vitamin D (Vitamin D3) (Cholecalciferol) 2000Ul;
Vitamin D (25- hidroxicolecalciferol. 25 mcg equivalent at 1000 Ul ) 1500Ul; Vitamin E/acetate de tot-rac-3-
tocopheril) 75mg;Vitamin B1 (Tiamin mononitrate) (2 mg) ; Vitamin B2 (Riboflavin) (5 mg) ; Vitamin B6 (Piridoxin
Chlorhidrate) ( 4 mg; Vitamin B12 (cyanocobalamine) 0.015 mg; Nicotinic Acid (Nicotinic Acid) (Niacin) 25 mg ;
Pantotenic Acid (Calcium D-pantotenate) 10 mg; Biotin (D-(+)-biotin) (0.15 mg); Folic Acid (1 mg); Iron (FeSOy)
(46 mg); Zinc (ZnO) 125 mg; Manganese (MnO) 150 mg; lodine (Ca(lOs),) 2 mg; Selenium (Na,SeO3) 0.3 mg;
Cobalt (Co, CoCO3) 0.5 mg; Copper (CuSO,) 20 mg; DL-Methionin 500 mg; Etoxiquin (0.1332 mg); Endo-1,3(4)-
betaglucanase EC 3.2.1.6 (10 FBG); Endo-1,4-beta-xylanase EC 3.2.1.8 (150 FXU); Malic acid (60 mg); Fumaric
acid (75 mg); Sepiolite (400 mg); Calcium Carbonate (4 g).
INegative control; 2Positive control.

7.3.3.2. Experiment 2

A single diet was offered to the broilers during the whole experimental phase (d 1 to
d14). Diets were formulated and prepared to contain adequate levels of nutrients (Table
2) to meet and exceed nutritional requirements except for calcium, total and NPP
(FEDNA, 2008). Two basal diets (NC) were prepared (one with a high Ca:aP ratio and
the other with a low Ca:aP ratio), which were supplemented with (0 or 500 FTU/kQ)
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from 4 different commercial phytases (phytase A, B, C and D) in a 2 x 5 factorial
arrangement from d 1 to 14 d of age. The ingredient composition and nutrient
specifications of diets are presented in Table 7.2. To formulate the precise phytase
activities in feed, the commercial products were previously analyzed for their enzymatic
activities (pH 5.5, 37 °C, and 5 mmol/L sodium phytate) and the doses to be included
were calculated to reach 500 FTU/kg. All of the diets were presented in mash form.
Diets were supplemented with titanium dioxide (TiOy) as an indigestible marker. Feed
was provided ad libitum and water was freely available.

Table 7.2. Composition of the basal diet for broilers from 1 to 14 days (Experiment 2).

Treatment Low Ca:aP High Ca:aP
Ingredients, g/kg diet

Corn 204.3 1934
Wheat 350.0 350.0
Soybean meal 210.2 212.3
Extruded full-fat soybean 150.0 150.0
L-Lysine 3.4 3.4
DL-Methionine 3.1 3.1
L-Threonine 1.2 1.2
Limestone 7.7 12.9
Soybean oil 51.6 55.2
Di-calcium Phosphate 10.7 10.7
Salt 2.8 2.8
Premix* 3.0 3.0
Sodium bicarbonate 2.0 1.9
Calculated composition, g/kg diet

DM 888.5 880.7
ME, (Kcal/kg) 3,000 3,000
CP 210.0 210.0
Ca 7.0 9.0
Total P 5.8 5.7
Available P 3.0 3.0
PP 2.5 2.5
NPP 3.3 3.2
Ca:aP 2.33 3.00
Analyzed composition , g/kg diet

DM 894.0 895.0
CP 201.0 201.0
Ca 8.5 94
Total P 6.3 6.8

(*)Provided per kg of feed: Vitamin A (retinil acetate) 10000Ul; Vitamin D (Vitamin D3) (Cholecalciferol) 2000Ul;
Vitamin D (25- hidroxicolecalciferol. 25 mcg equivalent at 1000 Ul ) 1500Ul; Vitamin E/acetate de tot-rac-3-
tocopheril) 75mg;Vitamin B1 (Tiamin mononitrate) (2 mg) ; Vitamin B2 (Riboflavin) (5 mg) ; Vitamin B6 (Piridoxin
Chlorhidrate) ( 4 mg; Vitamin B12 (cyanocobalamine) 0.015 mg; Nicotinic Acid (Nicotinic Acid) (Niacin) 25 mg ;
Pantotenic Acid (Calcium D-pantotenate) 10 mg; Biotin (D-(+)-biotin) (0.15 mg); Folic Acid (1 mg); Iron (FeSQy,)
(46 mg); Zinc (ZnO) 125 mg; Manganese (MnO) 150 mg; lodine (Ca(l03),) 2 mg; Selenium (Na,SeOs) 0.3 mg;
Cobalt (Co, CoCO3) 0.5 mg; Copper (CuSO,) 20 mg; DL-Methionin 500 mg; Etoxiquin (0.1332 mg); Endo-1,3(4)-
betaglucanase EC 3.2.1.6 (10 FBG); Endo-1,4-beta-xylanase EC 3.2.1.8 (150 FXU); Malic acid (60 mg); Fumaric
acid (75 mg); Sepiolite (400 mg); Calcium Carbonate (4 g).
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7.3.4. Management of birds
7.3.4.1. Experiment 1

A total of 160 one-day-old Cobb 500 male broilers were obtained from a
commercial hatchery. The birds were individually weighed and distributed to 40 cages
with 4 chicks each in a 3 floor battery brooder unit located in the same environmental
controlled room. The five dietary treatments were replicated 8 times. The brooder
temperature was maintained at 35°C from d 1 to d 4 post-hatch, and was progressively
reduced to 25°C from d 14 to d 35. The light cycle was 24h/d from d 1 to d 2, 23h/d
fromd 3 to d 10, and 18h/day from d 11 to d 35.
7.3.4.2. Experiment 2

A total of 300 one-day-old Cobb 500 broiler male chickens were individually
weighed and randomly distributed into 10 experimental groups with 6 replicate cages
and 5 birds per replicate according to the experimental treatment. These birds share the
same light cycle protocol. The brooder temperature was maintained at a temperature of
35°C from d 1 to d 4 post-hatch, and was progressively reduced to 25°C on d 14.

7.3.5. Sample collection and processing
7.3.5.1. Experiment 1

Birds were individually wing-tagged in order to monitor individual BW as well
as the group BW at the start (d1) and d 7, 14, 21, 28 and 35 post-hatch. From these
values the feed intake (FI), weight gain (WG), and gain: feed ratio (G: F) fromd 1tod
21 and from d 21 to d 35 were calculated. On d 35, three birds were euthanized by
cervical dislocation, and the left tibia was collected for bone-ash determination, ileal
samples were collected to determine P ileal digestibility and total excreta were also

collected from d 33 to 35 d to determine P retention.

7.3.5.2. Experiment 2

Birds were individually wing-tagged in order to monitor individual BW as well
as the group BW at the start (d1) and d 7 and 14 post-hatch. From these values the feed
intake (FI), weight gain (WG), and gain: feed ratio (G: F) fromd 1 to d 7 and from d 7
to d 14 were calculated. At the end of the experiment (d 14), the chicks were euthanized
by using the cervical dislocation. Left tibia bones of three animals per cage were
collected for bone-ash determination and ileal samples were also collected to determine

Ca and P ileal digestibility.
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7.3.6. Laboratory analyses

Representative samples of diets, ileal digesta content and excreta were analysed.
Analytical determinations of feeds were performed according to the methods of AOAC
International (2005): dry matter (Method 934.01), crude protein with Dumas Method
(Method 968.06).

Diets, excreta samples and ileal digesta contents were digested in nitric
perchloric and fluorhydric acid mixture and subsequently concentration of P, Ca and Ti
were determined by inductively coupled plasma-optical emission spectroscopy (ICP-
OES) using optical emission spectrometer optimal 4300DV Perkin-Elmer.

Apparent ileal digestibility coefficients of Ca and P (%) were calculated using
the titanium ratio in the diet and digesta:

lleal Ca or P Digestibility =1- ([Ti]o/[N]o/[Ti]m/[N]Im)

where [Ti]p is the Ti concentration of in the diet, [N]p is the Ca or P
concentration in the diet, [Ti]wm is the concentration of Ti in the ileal digesta and [N]m is
the Ca or P content in the ileal digesta.

In feed phytase activity (FTU/Kg) was determined with international standard
method of animal feeding stuffs-determination of phytase activity (1SO 30024).

Bone mineralization was determined by the procedure of Brenes et al., (2003).
The tibias were defatted by a 48h extraction in ethyl ether. They were then dried for 12h

at 110°C and then ashed overnight at 550°C to determine ash content.

7.3.7. Statistical Analyses

Data were analyzed as a completely randomized design using the GLM
procedure of SAS software, version 9.2. The statistical model in experiment 1 included
the NC, PC and the level of phytase inclusion in the diet. In experiment 2, data were
analyzed as a 5 x 2 factorial arrangement and included the Ca level, source of phytase
and their interaction. The pen of 5 chicks was considered as the experimental unit. The
results are presented as least square means. Probability was considered significant when
P <0.05.
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7.4. Results
7.4.1. Experiment 1

7.4.1.1. Growth performance

Average body weight (BW), feed intake (FI), weight gain (WG) and Gain:Feed
ratio (G:F) along the experimental period are presented in Table 7.3. Male broiler
receiving the PC diet showed a slightly lower performance than the Cobb standards on d
35 (2,139 g as compared to 2,191). Higher BW and weight gain was observed (P <
0.05) for birds of the PC diet and 1,000 FTU/kg diet as compared to those birds of the
NC supplemented with lower level of phytase (250 FTU/kg and 500 FTU/kg), on d 21
and 35.

Table 7.3. Effect of different levels of dietary phytase on feed intake and growth
performance of broilers from d1 to 35" (Experiment 1).

Treatment BW?(g) FI® (g/d) WG* (g/d) G:F
d21 d35 di1-21 d21-35 di1-21 d21-35 di1-21 d21-35
NC® 810® 2055® 50.4® 138.7° 36.7° 88.9 0.730 0.641

NC+250 FTU/kg 779" 2030° 46.5° 137.2° 35.1° 894 0.756  0.652
NC+500 FTU/kg  771° 1998 48.0™ 136.7° 34.8° 87.6 0.727 0.641
NC+1,000FTU/kg 842% 2108° 495 143.9® 38.2*° 90.4 0.770 0.628

PC’ 842% 2139 51.7° 148.6* 38.2° 92,6 0.737 0.624
SEM ® 206 324 1.23 2.15 098 1.70 0.0127 0.0093
P value ° 0.047 0.026 0.041 0.001 0.047 0.315 0.096  0.227

! Data are means of 8 pens with 4 chicks each. Z Body weight. ° Average daily feed intake. *Average daily weight
gain. ® Gain:Feed ratio. ¢ NC, Negative control. 'PC, Positive control ® SEM: Standard error of the mean. ° "¢ Values
in the same column with different letters are significantly different (P<0.05).

7.4.1.2. Bone mineralization and Mineral retention

The effect of phytase supplementation on bone mineralization (tibia weight, and ash
content) and P ileum digestibility on d 35 and P retention from d 33 to 35 is reported in
Table 7.4. Higher tibia weights were observed for the PC and the 1,000 FTU treatments
than the NC, 250 FTU/kg, and 500 FTU/kg treatments. A dose response (P < 0.05) was
observed for the relative contribution of tibia weight to total BW. Birds of the PC and
1,000 FTU groups showed also higher tibia ash (g/tibia) content than birds of the NC,
250 FTU/kg, and 500 FTU/kg treatments. However, no differences were observed
among treatments in terms of tibia ash concentration (%). A higher P retention (P<
0.001) was observed for animals fed diets with phytase in comparison with PC and NC

diets.
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Table 7.4. Effect of different levels of dietary phytase on bone mineralization and P
digestibility of 35-day-old broilers' (Experiment 1).

Treatment Tibia  Tibia Tibia Tibia P P ileal
weight, weight, ash, ash, retention, digestibility
g %/BW % g/tibia (%), (%)
33-35d
NC? 437"  0.208° 51.5 2.24° 53.0° 49.9
NC+250FTU  4.34 0.213" 51.4 2.23 58.4° 54.2
NC+500FTU  4.35°  0.218* 51.5 2.20° 58.9° 53.4
NC+1,000FTU 4.77° 0.224% 51.6 2.47° 57.7 55.7
PC? 4.82° 0.225% 52.2 2.52¢ 46.0° 50.3
SEM * 0.104 0.0035 0.35 0.059 0.84 2.40
P value ° 0.002 0.006 0.490 0.0005 <0.001 0.283

! Data are means of 8 pens with 4 chicks each. 2NC, Negative control. °PC, Positive control. * SEM: Standard error of
the mean. ®*¢ Values in the same column with different letters are significantly different (P<0.05).

7.4.2. Experiment 2

7.4.2.1. Growth Performance

Average body weight (BW), weight gain (WG), feed intake (FI) and gain:feed
ratio (G:F) along the experimental period are presented in Table 7.5. No different BW,
WG and FI was observed among the experimental treatments due to the source of
phytase or the interaction between the dietary Ca:aP ratio and phytase source (P > 0.05).

However, a tendency to an interaction Ca x Phytase was observed on the weight
gain from d 7 to 14 of age, with broilers of the high Ca diets showing a higher response
to phytase. Birds fed a diet with a low Ca:aP ratio showed greater BW (P < 0.1) and
gain:feed efficiency (P < 0.01) on d 14 than broilers fed diets with a high Ca:aP ratio.
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Table 7.5. Influence of Ca: aP Ratio and types of phytase on feed intake and growth
performance of broilers from d 1 to 14'(Experiment 2).

Treatment BW?(g) FI(g/d) WG* (g/d) G:F°
d7 d14 di-7  d7-14 d1-7 d7-14 di1-7 d7 -14
Ca:aP
High NC 146 371 165 418 148 322 0.896  0.771
A 146 388 164 458 147  34.6 0.895  0.756
B 153 395 175 445 157 345 0901  0.777
C 147 387 162 439 147 343 0911  0.783
D 147 392 162 458 148 351 0915  0.766
Low NC 149 403 162 454 151  36.3 0.936  0.800
A 150 391 168 443 152 344 0.908  0.776
B 154 404 169 451 159 357 0.945  0.793
C 147 386 158 454 149 341 0.942  0.753
D 154 396 167 452 159 346 0951  0.765
Ca:aP High 148 387 166 444 149 341 0904 0771
Low 151 396 165 451 154 35 0936  0.777
Phytases NC® 148 387 163 436 149 342 0916  0.785
A 148 389 166 451 149 345 0.902  0.766
B 154 399 172 448 158 351 0923  0.785
C 147 386 16 446 148 342 0.927  0.768
D 151 394 164 455 154  34.8 0.933  0.766
SEM ' 4.6 7.6 0.7 1.04 065 09 0.0178  0.019
P value
Ca:aP 0288 0059 084 029 0267 0.128 0.006  0.585
Phytases 055 0412 0566 0473 0534 0848 0472  0.677

Ca:aP x phytases 0931 0227 0904 0.137 0936 0.072 0.92 0.578

1 Data are means of 6 pens with 5 chicks each; 2 Body weight; *Average daily feed intake; * Average daily weight
gain. ° Gain:Feed; ® Negative control, without phytase; " SEM: Standard error of the mean.

7.4.2.2. Bone Mineralization and Mineral Retention

Table 7.6 shows the effects of the Ca:aP ratio and phytase source on bone
mineralization (tibia weight and tibia ash content) of broilers on d 14 of age, and ileal
Ca and P digestibility. The tibia ash weight was greater with low Ca:aP ratio diets as
compared to high Ca:aP ratios. The incorporation of phytase increased the tibia ash
weight as compared to the NC groups. However, no differences were observed among

phytases or on the interaction between Ca and phytase supplementation.

Low Ca:aP ratio diets resulted in an increase of (P < 0.05) ileal digestibility for

Ca and P as compared to diets with high Ca:aP ratios. No significant effects were
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observed associated to phytase source or the interaction between the Ca:aP ratio and

phytase supplemented sources.

7.5. Discussion

The broiler response to phytase and NPP

It is noteworthy that growth performance of broilers in experiment 1 was lower
than the breed standards for Cobb broilers (Cobb, 2015), and small differences on
performance were observed between NC and PC groups. These responses were likely
due to the birds being housed in cages rather than in floor pens, and in conditions which

could have limited bird response to the studied dietary factors.

However, there was an effect of dietary phytase on growth performance and
bone mineralization when phytase was added at 1,000 FTU/kg but, not at lower doses.
Other authors have also reported a dose response to the release of P from 31% to 58%
(Denbow et al., 1995) and from 14% to 37% (Yi et al., 1996) by the addition of phytase
from 250 FTU/kg to 1,000 FTU/kg. Until recently, a standard phytase dose (500 FTU)
aimed to release 0.15% P (0.12% digestible P for poultry) and a maximum phytase
destruction of 50%-70% (Masey O’Neil et al., 2014). However, nowadays, a new
phytase generation and very high doses (three to four times the standard dose) aim to
attain up to a 90% destruction of phytate (Gonzélez-Ortiz et al., 2015).

In our trial, a similar response was observed with the novel dietary phytase
(1,000 FTU) and the PC (with a 0.18-0.2% higher analyzed total P content) on BW
gain, tibia weight and P retention. However, feed efficiency was not altered by the
dietary phytase or by the supplementation with inorganic P (positive Control). Similar
response on performance and bone mineralization between both treatments could
indicate an increase on digestible P with the high dose of phytase as reported by
Ravindran et al., (1995). Angel et al. (2001) also reported an equivalency or sparing
effect of 0.09% NPP, when using mono-calcium phosphate as standard, for 500 FTU/kg
of 3-phytase. Mitchell and Edwards (1996) reported that 600 FTU from the same

phytase are equivalent to 0.20% inorganic P from dicalcium phosphate.

Weight gain was also increased (24.2%) and feed efficiency improved (5.9%) in
young broiler chickens at 21 days of age fed diets supplemented with 1,000 FTU/kg
(Olukosi et al. 2013). Previously, Cabahug et al. (1999) also reported that with lower
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levels of phytase addition (400 FTU/kg and 800 FTU/kg) to 2.3g/kg NPP diets was
enough for a weight gain increase of 18.8%, 9.0% of feed intake and 7.9% in feed
efficiency in broiler chicks from d 7 to 25 of age. Phytase has been described to increase
the apparent metabolizable energy of diets (Ravindran et al., 2001) and the digestibility
of the dietary protein (Ravindran et al., 1999) while limited the negative impact of
phytic acid, which can form complexes with proteins, cause a reduction in proteolytic
digestion (Hill and Tyler, 1954) and increase endogenous losses (Selle et al., 2007). It
has recently reported that high levels of phytase inclusion promoted three to four points
of improvement in the feed conversion rate (Walk et al., 2014), probably due to the
broke and reduction of phytic acid structure and the provision of inositol which is
considered a growth promoter in broiler chickens. The present study doesn’t provide
evidences of a liley extra-phosphoric effect, nor provide results about the digestibility of
energy or protein. Further studies with specific objectives should clarify the quantitative

contribution of phytase to a likely phosphoric an extra phospohoric effect.
Comparison among Phytases at Different Ca:aP ratio

Lower Ca:aP ratio diets increased bird performance and bone mineralization,
which is in accordance with our previous study (Hamdi et al., 2015), where young
broilers fed diets with a medium level of Ca (7.9 g/kg) and 3.8 g/kg NPP performed
better during the two first week of life than broilers with higher Ca levels (9.6 g/kg) did.
It has been reported that calcium is able to form insoluble soaps with free fatty acids and
bile acids, and there is some evidence that these soaps limit the absorption of fat in vivo
(Gacs and Barltrop, 1977; Govers et al., 1996; Shahkalili et al., 2001). These soaps
could lower the utilization of energy derived from lipids, particularly saturated fats, in
broiler diets. Soluble Ca in the diet may also precipitate phytate by forming Ca-phytate
complexes (Wise, 1983; Tamim et al., 2004), and interact with inorganic P in the gut
(Hurwitz and Bar, 1971), limiting mineral Ca and P absorption (Lonnerdal et al., 1989).
Soluble Ca may also increase intestinal pH and reduce mineral solubility and
availability as reported by Shafey and McDonald (1991). Ca-phytate complexes are
known to precipitate at pHs between 4 and 6, which coincides with pHs of the intestine
where absorption of metal ions takes places (Tamim et al., 2003). Even though Ca has
one of the lowest affinities for phytate (Cu®** > Zn®* > Co®* > Mn*" > Fe?* > Ca*; Vohra
et al., 1985), it may have the greatest impact, because of its high concentration in the

diet (Tamim et al., 2003). Increasing the level of Ca in broiler diets from 6 to 15 g/kg
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reduced intestinal phytase activity by 75% (McGuaig et al., 1972), as we hypothesized
in this study. Applegate et al. (2003) reported that 0.90% dietary Ca reduced intestinal
phytase activity by 9% and phytate P hydrolysis by 11.9%, compared with 0.40% Ca
(Powell et al., 2011). Ballam et al. (1985) found that total tract degradation of phytate
by mucosal and microfloral phytases ranged from 0.06 to 0.57, depending on dietary
levels of Ca and NPP. However, Powell et al., (2011) reported that no effects were
observed on phytase activity by increasing the dietary Ca level from 6.7 to 13.3 g/kg.

Table 7.6. Effect of different types of phytase and Ca:aP ratio inclusion on bone

mineralization and mineral digestibility of 14-day-old broilers *(Experiment 2).

Tibia Tibia Tibia Caileal P ileal
Weight, Weight, ash, digestibility, digestibility,
g %/BW  g/Tibia (%) (%)
Ca:aP
High NC  0.63 0.170 0.292 64.4 53.3
A 0.67 0.173 0.322 61.8 52.7
B 0.67 0.172 0.325 57.3 53.5
C 0.67 0.174 0.319 58.9 54.2
D 0.67 0.172 0.318 54.3 51.6
Low NC  0.67 0.168 0.324 63.8 54.2
A 0.67 0.173 0.332 64.3 61.2
B 0.70 0.176 0.351 62.9 54.6
C 0.68 0.172 0.337 62.6 54.7
D 0.69 0.172 0.337 63.9 56.7
Ca:aP High 0.66 0.172 0.315 59.4 53.1
Low 0.68 0.172 0.336 63.5 56.3
Phytases NC* 0.65 0.169 0.308" 64.1 53.8
A 0.67 0.173 0.326° 63.1 57
B 0.69 0.174 0.338° 60.1 54
C 0.67 0.173 0.328° 60.8 545
D 0.68 0.172 0.327¢ 59.1 54.2
SEM @ 0.015 0.0030 0.0072 277 2.23
P value *
Ca:aP 0.068 0.986 <0001 0.015 0.037
Phytases 0.156 0.451 0.003 0.281 0.688
Ca:aP x phytases 0.626 0.906 0.635 0.385 0.409

! Data are means of 6 pens with 5 chicks each. 2 Negative control, without phytase. 3> SEM: Standard error of the
mean. *#%¢ Values in the same column with different letters are significantly different (P<0.05).

In the present study, no interactions were observed between the Ca:aP ratio and
dietary phytase. In contrast, additive responses were achieved on bone mineralization
after a supplementation with lower levels of Ca and a phytase supplementation. A likely
explanation could be the short period of study and the small differences tested on the

two levels of Ca (7.0 g/Kg and 9.0 g/Kg Ca). However, the nature of this relationship is
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still unclear (Powell et al., 2011). Some authors, such as Qian et al. (1997), reported
that increasing Ca decreases microbial phytase activity and Sebastian et al. (1996)
reported the best phytase efficacy when supplemented in corn-soy diets containing 0.6%
Ca, as compared with those containing 1% Ca. In contrast, Driver et al. (2005) observed
that growth and bone response to phytase was greatest with high Ca levels (from 0.38%

to 0.98%), and these responses decreased when Ca was reduced and NPP was increased.

Powell et al. (2011) also concluded that the use of 6-Phytase increased growth
and bone responses more as the levels of Ca were higher in the diet, indicating that high
levels of dietary Ca (1.0% and 1.33%) did not have a negative impact on 6-phytase
efficacy. Recently, Akter et al., 2016 provided results which could rise the existence of
a triple interaction, Ca (6, 8, 10 g/kg) x NPP (3, 4 g/kg) x phytase (0, 500 U). While
with high Ca diets, phytase gave the highest response in low NPP diets (3 g NPP/Kg),
which it indicates an increase on P availability; the response in low Ca diets to phytase
was higher with the high NPP content (4 g NPP/kg), which it likely indicates also a
release of Ca from the mineral Ca complex. It could be suggested that although
reducing dietary Ca may promote growth performance and P availability, such a
reduction must be carried out with care given that Ca reduction could in turn limit bone
mineralization. It has been assumed that 5.1 atoms Ca are bound by one phytate
molecule (Nelson, 1984), then a complete hydrolyses of phytate (1% in the diet) may
liberate up to 3.6 g/kg Ca, allowing for significant reductions in dietary Ca without

influencing broiler performance and bone ash.

In our experiment, growth performance for broilers from d 1 to 14 were not
influenced by the type of phytase; A, B, and C being 6-phytases, and phytase D was a 3-
phytase. Four Phytase from bacterial or fungal origin were used in this study. On the
basis of the carbon in the myo-inositol ring of phytate at which hydrolyses initiate, three

commercial phytases were 6-phytase (A, B and C) and one was 3-phytase (D).

Differences among phytases were also declared in relation to pH range of
optimal activity or temperature optima. However, not many studies are available in the
literature comparing different types of phytases, in direct feeding studies. According to
Payne et al. (2005), 6-phytases would completely dephosphorylate the phytate
molecule, while 3-phytases would not do it due to their respective initiation sites
(Wodzinski and Ullah, 1996). Thus, Sands et al. (2003) reported that while broilers fed
diets supplemented with 250 FTU/kg of 6-phytase achieved similar BWG and FCE as
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did those fed a PC diet, a higher dose of 3-phytase (750 FTU/kg) was required to
achieve a similar response. However, Juin et al. (2001) reported no differences in body
weight of male turkeys fed a 3- vs 6-phytase added at 250 and 500 FTU/Kg. Payne et
al. (2005) also compared two commercial phytases, 3-phytase and 6-phytase
supplemented from 100 to 300 FTU, and found that WG and FI increased linearly in
broilers regardless the phytase source. We were not able to observe differences among
phytase products at low levels of phytase (500 FTU/kg), however further studies should
be performed to evaluate differences at higher concentrations, including overdoses of
phytase in the diets.

It can be concluded that high levels of phytase (1,000 FTU/kg) may be
required to enhance performance and bone mineralization in growing broilers fed on
low NPP diets. The results showed that lowering Ca level may have a higher effect on
performance and P ileum digestibility than low levels of phytase (500 FTU/KQ).
Consequently, caution is recommended to keep dietary Ca at moderate levels at least
during the first weeks of growth. The results don’t confirm the detrimental effect of
high dietary Ca:aP ratio on phytase activity and subsequent growth and bone
performance of starting broilers (d 14). In contrast, lowering Ca levels and phytase
(500 FTU/kg) improved bone mineralization in an additive way. Further studies
should be performed in order to decide the best dietary levels incorporation of
calcium and phytase in the diets to improve growth performance and bone

mineralization in broilers.
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In the diet up to 300 mg Cu/kg affects
performance and copper accumulation in
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8.1. Abstract

Copper supplementation (125 to 250 ppm) in poultry diets is a common practice
in many non-EU countries to enhance bird health, but high amounts of Cu may interact
with phytate and affect animal performance. The effects could depend on the nature of
the Cu source. Thus, the objective of this trial is to compare the effects of two sources
of Cu, copper sulfate (CuSO4) and dicopper oxide (Cu,O, CoRouge®), at three levels of
dietary Cu (15, 150, 300 ppm). A total of 576 one-day-old male broiler (Ross 308) were
distributed into 6 experimental groups (8 pens/treatment, with 12 birds/pen). Body
weight (BW) and feed intake (FI) were recorded weekly. On d 35 post-hatch, one bird
per replicate was euthanized, the skin fat and breast muscle were sampled, and the liver
and kidneys were collected. The two Cu sources were also evaluated in vitro to measure
Cu and phytic phosphorus (PP) solubility, and PP hydrolysis by phytase at pH 2.5, 4.5
and 6.5. The use of 300 ppm of CuSO, decreased (P = 0.001) BW on d 14, 28 and 35
and increased (P = 0.04) liver Cu content in comparison with the use of 300 ppm of
Cuz0. The feed-conversion ratio increased for broilers of the 300 ppm CuSO, group in
comparison to the 300 ppm Cu,O group (2.19 vs. 1.84, P < 0.001). The use of the
highest level of Cu (300 ppm), either of Cu,O or CuSQ,, also increased (P < 0.001) Cu
concentration in kidney and breast muscle in comparison, to 15 and 150 ppm. In the in
vitro trial, including a level of 300 ppm of CuSO, reduced PP solubility (68.66%) in
comparison to Cu,0 (97.41%), and reduced PP hydrolysis by phytase at pH 4.5 and 6.5
with both sources. It can be concluded that dietary levels of 150 and 300 ppm Cu of
Cu,0 are adequate to ensure broiler growth performance and limit organ accumulation

in comparison to CuSO,.
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8.2. Introduction

Broiler chickens need copper for iron transport and metabolism, red-blood-cell
formation, enzyme-coenzyme catalytic reactions, immune and connective tissue
maturation, especially in the cardiovascular system (Jegede et al., 2011) and bones
(Banks et al., 2004a). Copper is also part of the linkage between elastin and collagen,
which gives the bone its tensile strength (Carlton and Henderson, 1964). Cu
requirements for broilers chickens at different ages were reported as being 5-8 mg/Kg
according to NRC (1994) and 3-10 mg/Kg according to FEDNA (2008). In the
European Union (EU), dietary copper is supplied for poultry up to a maximum of 25 mg
Cu/Kg (EFSA, 2012). However, in other areas of the world, including USA, the poultry
industry includes 125 ppm to 250 ppm Cu in the diets as growth promoters (Pesti and
Bakalli, 1996). The mechanisms behind these effects are attributed to the bactericidal
and bacteriostatic effects of Cu on the gastrointestinal tract’s microbiota (Hawbaker et
al., 1961; Bunch et al., 1965; Pang and Applegate, 2007) and growth-promoting effects
(Pesti and Bakalli, 1996). Copper has become especially useful since the use of
antibiotics as growth promotors has been prohibited over the last 50 years.

However, therapeutic doses of copper, which are usually, included in poultry
feeds as inorganic mineral salts (copper sulfate pentahydrate), are mostly excreted in the
faeces and are a cause of environmental concerns. The high doses of Cu may also easily
chelate phytate (Cheryan, 1980), the major storage form of phosphorus in plant seeds
(Tamim and Angel, 2003). The solubility of these complexes depends on pH (Selle and
Ravindran, 2007), the complexes being precipitated at pH 6.5 (approximate pH of
intestine) and non-accessible for hydrolysis by phytase or absorption in the intestine
(Pang and Applegate, 2006).

Copper sulfate pentahydrate (CuSO45H,0) is the most commonly used source of
Cu as a dietary supplement for poultry (Pesti and Bakalli, 1996; Pang and Applegate,
2006). It is very soluble in both water and acidic solvents, and has normally been used
as a reference point to compare the bio-availability of various Cu sources (Pang and
Applegate, 2006). Other Cu sources are being used and considered for use by poultry
producers. They have different relative bio-availability and solubility, so they might
differently affect intestinal microbiota (Pang et al., 2009) and PP hydrolysis (Banks et
al., 2004b). The term “copper oxide” is used to refer to either cupric oxide (CuQ) or

cuprous oxide (Cu,0O), both oxides occur in nature, but the industrial production of
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Cu,0 requires an extra step of furnace reduction (The Merck Index, 1990; Aoyagi and
Baker, 1993). Oxides of Cu are used to supply chicks feed because smaller inclusion
rates are needed with CuO (80% Cu) and Cu,O (89%Cu), as compared to CuSO45H,0
(25% Cu, Baker, 1991). There is a difference in copper bio-availability due to its
valence form. Cupric oxide (CuO) has zero bio-availability, when compared with
cuprous oxide (dicopper oxide; Cu,0), which is 100% available in animals (Baker,
1999).

In the present study we have hypothesized that therapeutic doses of dicopper
oxide can be included in the diet without affecting PP hydrolysis and broiler
performance. Thus, the objective of the current work is to compare the effect of copper
sulfate , the most commonly used Cu source for supplementation in poultry diet, and
dicopper oxide (Cu,O; CoRouge®) at 3 levels of dietary Cu (15 ppm, 150 ppm, 300
ppm) in the diets on broiler chicken performance, mineral interactions in the digesta,
and mineral accumulation in organs and tissues. An in vitro trial has also been designed
to compare the solubility of both sources and to identify likely interactions with the

phytic phosphorus (PP) and phytase hydrolysis.

8.3. Materials and methods

The experimental products under study were two different Cu sources: Copper
Sulfate (CuSQ,) containing 24.1% Cu, and Copper oxide (Cu,O, CoRouge®, produced
by ANIMINE) containing 75.4% Cu.

8.3.1. Invivo Trial

8.3.1.1. Bird Management and Husbandry

All animal experimentation procedures used in the experiments were approved
by the animal Ethics Committee of the Universitat Autonoma de Barcelona and were in
compliance with the European Union guidelines for the care and use of animals in
research (European Parliament, 2010).

The study was carried out at a commercial growing poultry unit (Vila-rodona,
Tarragona, Spain). The room was provided with 48 floor pens (4 lines of 12 pens each,
divided by a central feeding aisle). A total of 576 one-day-old broiler male chickens

(Ross 308) were randomly distributed into 6 experimental groups/treatments (8
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pens/treatment, 12 birds/pen, 10.6 birds/m?) according to initial body weight and
continuously controlled over a period of 35 days.

Brooder temperature was maintained at 35°C from d 1 to d 4 post-hatch, and was
progressively reduced to 25°C from d 14 to d 35. The light cycle was 24h/d from d 1 to
d 2, 23h/d from d 3 to d 10, and 18h/day from d 11 to d 35.

8.3.1.2. Experimental design and diets

Three different diets (starter, growing and finishing) were formulated to meet the
requirements for maintenance and growth (FEDNA, 2008) and offered to the broilers
from d 1 to 14, from d 14 to 28, and from d 28 to d 35. The six experimental treatments
were prepared according to two different Cu sources (Cu,O and CuSQO,) at 3 levels of
inclusion (15 ppm, 150 ppm, 300 ppm Cu). Feed and water were offered ad libitum. All
of the diets were presented in mash form. Diets were sampled and stored for their
subsequent analysis.

Body weight (BW) was individually monitored at the start and at the end of each
phase (d 1, d14, d 28 and d 35) and feed disappearance was registered by pen in order to
calculate average daily feed intake (FI), weight gain (WG) and feed conversion ratio
(FCR). Mortality rate was also monitored. At the end of the experiment (d 35), one
bird/pen (n=8) was euthanized by cervical dislocation, tissue (fat and breast muscle) and
organ samples (liver and kidney) were collected and weighed to determine Cu content.
Ileal digesta were collected in the region from Meckel’s diverticulum to about 2 cm
anterior to the ileo-cecal junction and stored at -20°C to determine mineral and micro-

mineral content.

8.3.1.3. Laboratory Analyses

The Cu content was analyzed in the basal diet, in both Cu sources, and before
and after the experimental diets” preparation in order to confirm the adequacy of Cu
dosage. Mineral concentration (Ca, P, Fe, Cu, Zn and Mn ) was also analyzed in the
supernatant and precipitate of ileum digesta centrifuged at 6,000 x g for 15 min, and in
tissues and organs (liver, kidney, and muscle (breast muscle)). All mineral contents in
samples were analyzed using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES, model Optima 4300DV, PerkinElmer Inc.; Waltham, MA).
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Table 8.1. Composition of the basal diet for different phases for broilers from 0 to 35 days.

Starter Growing Finishing
Ingredients (%)
Corn 39.90 29.20 17.10
Wheat 15.00 30.00 45.00
Soybean meal 26.10 26.40 24.60
Extruded full-fat soybean 9.80 7.00 5.00
L-Lysine 0.29 0.23 0.24
DL-Methionine 0.16 0.15 0.14
L-Threonine 0.09 0.08 0.08
Limestone 1.15 1.09 1.16
Soy oil 5.00 0.60 0.50
Mono-calcium phosphate 1.59 1.46 1.35
Salt 0.24 0.21 0.21
Trace mineral-vitamin premix* 0.40 0.40 0.40
Sodium bicarbonate 0.30 0.30 0.30
Lard 0.00 3.00 4.00
Calculated composition (%6)
DM 87.70 87.90 88.50
ME, Kcal/kg 3,000 3,100 3,140
CP 21.00 20.90 20.10
Ca 0.90 0.85 0.85
Total P 0.74 0.71 0.68
Available P 0.45 0.44 0.43
PP 0.25 0.25 0.25
NPP 0.50 0.47 0.44
Analyzed composition (%0)
DM 90.00 90.00 90.10
GE, Kcal/kg 4,223 4,139 4,140
CP 19.90 20.90 20.00
E.E 8.50 7.93 7.45
Ca 0.97 1.03 1.08
Total P 0.69 0.71 0.68

(*) Provided per kg of feed: Vitamin A (retinil acetate) (Ul) 13500; Vitamin D (Vitamin D3) (Colecalciferol) (Ul)
4800; Vitamin E/acetate de tot-rac-3- tocopheril) (mg) 45; Vitamin K3 (MNB Menadione nicotinamide bisulfit)(mg)
3; Vitamin B1 (Tiamin mononitrate) (mg) 3; Vitamin B2 (Riboflavin) (mg) 9; Vitamin B6 (Piridoxin Chlorhidrate)
(mg) 4.5; Vitamin B12 (cyanocobalamine) (mg) 0.04; Nicotinamide (mg) 51; Pantotenic Acid (Calcium D-
pantotenate) (mg) 16.5; Biotin (D-(+)-biotin) (mg) 0.15; Folic Acid (mg) 1.8; Choline chloride (mg) 350; Iron (lron
sulfate monohydrate) (mg) 54; Zinc (Zn. zinc oxide) (mg) 66; Manganese (Mn. Manganese oxide) (mg) 90; lodine (1.
Calcium londine Anhidre) (mg) 1.2; Selenium (Se. Sodium Selenate) (mg) 0.18; Etoxiquin (mg) 5.332; Endo-1.3(4)-
betaglucanase EC 3.2.1.6 (U) 70; Endo-1.4-beta-xylanase EC 3.2.1.8 (U) 270; Endo-1.4-betaglucanase EC 3.2.1.4
(U) 80; 6-phytase EC 3.1.3.26 (FTU) 500; D.L-Malic acid (mg) 60; Fumaric acid (mg) 75; Sepiolite (mg) 1007.36;
Vermiculite (mg) 2.668; Colloidal silica (mg) 45.
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Table 8.2. Experimental diet calculated and Cu concentration analyzed.

Treatment Cu (mg/kg)
Calculated Analyzed
T1 CuSO, 15 19
T2 150 162
T3 300 390
T4 Cu,O 15 19
T5 150 135
T6 300 349

8.3.1.4. Statistical Analyses

Body weight (BW), average daily weight gain (WG), average daily feed intake
(FI) and feed conversion ratio (FCR) were analyzed with ANOVA using the GLM
procedure of the statistical package SAS®. The main factors used in the model were the
Cu source and Cu level, and their interaction. The statistical unit was the pen of 12 birds
(N=8) for all production measurements. The alpha level used for the determination of

significance was 0.05.

8.3.2. Invitro trial
8.3.2.1. Solubility of copper sulfate or dicopper oxide with and without
Phytate

The solubility of copper sulfate or dicopper oxide was measured at
concentrations of 0 mg Cu/L, 15 mg Cu/L, 150 mg Cu/L and 300 mg Cu/L in 200 mM
glycine buffer (pH 2.5) and 200 mM sodium acetate buffer (pH 4.5 and 6.5). Each Cu
source was mixed with 20 ml of buffer with and without 2.9 mM phytate and incubated
at 41°C in a shaking water bath for 1h and filtered through 42 um whatman filter paper
for Cu and P analysis by atomic absorption spectroscopy. The solubility of P at different
values of pH and with Cu inclusion (soluble Cu x 100 / total Cu) was expressed as a

percentage relative to the P soluble when no copper was added to the solution.

8.3.2.2. Effects of copper source and level on PP hydrolysis by Phytase

The effect of copper on PP hydrolysis was studied following the general
procedures of Pang and Applegate (2006), with some modifications. Three buffer

solutions were prepared: 200 mM glycine buffer (pH 2.5) and 200 mM sodium acetate
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buffer (pH 4.5 and 6.5). At the same time, four Cu solutions were prepared to represent
dietary Cu concentrations (0 mg/L, 15 mg/L, 150 mg/L and 300 mg/L) from each Cu
source (Cu,O and CuSQ,). Substrate solutions were prepared by mixing Cu solution
with phytate 2.9 mM (538 mg P/L) from sodium phytate solution (dodecasodium salt
from rice, Sigma-Aldrich) in buffer solution and adjusting the pH to 2.5 (simulating
gastric pH), 4.5 and 6.5 (simulating small intestinal pH). The phytase enzyme was
diluted, then suspended in a buffer such that 0.1 ml would contain 500 FTU/kg diet
(equivalent to phytase activity in the in vivo experiment) when added to the substrate
solutions.

Substrate solution (3ml) and phytase solution (0.1ml at the same pH of the
substrate solution) were added to test tubes in duplicate and incubated at 41°C for 60
min. A 2.07 mL amount of ammonium molybdate-metavandate reagent was added to
stop the reaction (ISO, 2009), and liberated P was then measured calorimetrically at 410
nm, using inorganic P as a standard. The P released was expressed as a percentage

relative to the P released when no copper was added to the mixtures.

8.4. Results

The nutrients of the diet are presented in Table 8.1. It is worth noting that Ca in
the 3 diets (0.97%, 1.03% and 1.08%) was higher than was formulated, likely as a
consequence of the presence of Ca in some ingredients (Table 8.2).

8.4.1. Invitro trial
8.4.1.1. Bird Performance

Total mortality rate (%) for the entire trial was 0.69%, corresponding to 4
random birds from T2, T3, T4 and T5, respectively. The animals” performances are
presented in Table 8.3. An interaction (Cu level x Cu source) was observed for BW,
WG, Fl and FCR.

Lower WG was observed (P<0.001) for broilers of the 300 ppm Cu as CuSO,
group, as compared to birds offered lower levels of CuSQO,4 (15 ppm and 150 ppm) or
those of the 15 ppm, 150 ppm and 300 ppm Cu,O group for the period between d 14
and d 28. In the growing period (between d 28 and d 35), birds fed 300 ppm Cu as
CuSQO, showed a lower WG (P<0.05) than did those of the 150 ppm Cu as CuSO,
group. No differences were observed among the other treatments.
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Increasing the level of Cu in the diet from 15 ppm to 300 ppm with CuSO,
increased (P<0.05) FI from d 28 to d 35, a result which was not observed with Cu,O.
The broilers fed the 300 ppm CuSQO, diet showed a higher (P<0.001) FCR (2.19) than
did broilers from the 300 ppm Cu,O group (FCR=1.84), and higher than the FCR
observed in broilers of the 15 ppm and 150 ppm CuSQO, group (1.86).

Table 8.3. Effect of different copper sources and level of inclusion on feed intake and
growth performance of broilers from d1 to 35" (Trial in vivo).

Treatment BW?(g) FI° (g/d) WG* (g/d) FCR®
Source Cu(ppm) d14 d28 d35 d14-28 d28-35 d14-28 d28-35 d 14-28 d 28-35
CuSsO, 15 4817  1672° 2444® 1316 204.5° 85.1* 110.3* 1.55° 1.86°
150 463*  1634% 2448 1289 213.7* 83.7° 1162 154° 1.86°
300 429°  1481° 2221° 140.1 231.1* 75.1° 105.7° 187 2.19°
Cu,0 15 458  1614* 2361° 130.7 217.1%* 82.1* 106.7® 1.60° 2.03%®
150 481%  1704* 2512% 131.1 208.4° 87.3* 1154® 150° 1.81°
300 464°  1655° 2463* 1335 212.6* 85.1%° 1155® 157° 1.84°
Source
CuSO, 458 1596 2371 1335 2164 813 1107 165 1.97
Cu,0 468 1658 2446 1317 2127 849 1126 156 1.90
Dose (ppm)
15 470*  1643* 2403° 131.1° 2108 83.6° 1085° 1.57° 1.95%®
150 472%  1669* 2480*° 130.0° 211.0 855" 1158 152° 1.83°
300 446  1568° 2342 136.8° 221.8 80.1° 110.6® 1.72°  2.02°
SEM® 6.6 226 311 234 527 140 237 0.039  0.060
P value’
Source 0.074 0.001 0.005 0.352 0.387 0.003 0.355 0.004 0.135
Dose 0.0005 0.0002 0.0003 0.013 0.068 0.001 0.011 <.0001 0.011
Source x Dose 0.0003 <.0001 <.0001 0.173 0.019 0.0002 0.019 0.0002 0.0004

! Data are means of 8 pens with 12 chicks each; % Body weight; > Average daily feed intake; *Average daily weight
gain; ° feed conversion ratio ; ® SEM: Standard error of the mean; 7 #*¢ Values in the same column with different
letters are significantly different (P<0.05).

8.4.1.2. Organ weights and copper content in organs and tissue

samples

No differences were observed on the organ weights for liver (64.6 g), kidney
(15.7 g) or breast (211.1 g) due to the different experimental treatments used. The
effects of different Cu sources and levels of inclusion on Cu concentration in serum, and
in organs and tissue samples (liver, kidney, breast and fat), at the end of the
experimental period (35 days of life) are reported in Table 8.4.

Copper content in the liver was influenced by the Cu source and level, showing a
significant interaction (P < 0.05). Indeed, higher levels of Cu in the liver were observed

for birds fed 300 ppm Cu as CuSO, (7.91 pg/g), as compared to the rest of the
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experimental treatments (< 4.63 pg/g). No source x dose interactions were observed in
the rest of organs and tissues. High doses (300ppm) of copper with both sources
increased (P < 0.01) Cu concentration in the kidney (2.17 ug/g) and breast (0.50 ug/g)
in comparison to broilers fed the 15 ppm (1.95 pg/g and 0.32 pg/g, respectively) and
150 ppm (1.98 pg/g and 0.37 pg/g, respectively) amounts. Copper also tended (P =
0.074) to increase the concentration in the fat of chicks fed 300 ppm Cu, compared to

broilers of the 15 ppm and 150 ppm Cu groups.

Table 8.4. Effect of different copper sources and level of inclusion on copper content in

organs and the concentration of copper and zinc in serum at 35 d* (Trial in vivo).

Treatment Cu
Serum Liver Kidney Breast muscle Fat
(mg/L) (ug/g) (Mo/g)  (Hg/g) (H9/9)
Source Cu(ppm)
CuSO, 15 0.16 2.69° 1.96 0.31 0.31
150 0.14 3.41° 2.06 0.40 0.48
300 0.16 7.91° 218 0.51 0.73
Cu,O 15 0.14 2.71° 1.94 0.33 0.35
150 0.15 2.97° 1.90 0.34 0.21
300 0.16 463" 216 0.48 0.50
Source
CuSO, 0.15 4.67 2.07 041 0.51
Cu,0 0.15 3.44 2.00 0.38 0.35
Dose (ppm) 15 0.15 2.70° 195" 032" 0.33
150 015 319" 198" 037 0.35
300 0.16 6.27%°  2.17° 0.50° 0.62
SEM? 0.013 0.759 0.064 0.032 0.145
P value®
Source 0560 0.033 0.195 0.400 0.179
Dose 0.395 <.0001 0.001 <.0001 0.074
Source x Dose 0.839 0.046 0.454 0.287 0.483

! Data are means of 8 pens with 12 chicks each. 2 SEM: Standard error of the mean. %€ Values in the same column
with different letters are significantly different (P<0.05).
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Table 8.5. Effect of different copper sources and level of inclusion on mineral content (Cu, P, Fe, Zn and Mn) in ileum digesta (soluble and
insoluble) at 35 d* (Trial in vivo).

Treatment Cu / P (ug/q) Fe / Zn / Mn (ug /9)
source Cu insoluble soluble insoluble soluble insoluble soluble insoluble soluble insoluble soluble
(Ppm)
CuSO, 15 12.8¢ 9.2¢ 2517.1 1612.7° 148.4 7.4 71.6 20.3 75.0 29.4°
150 96.8° 67.3° 3353.1 547.7° 1725 6.1 92.4 6.3 104.8 9.1°
300 223.8° 163.4° 3191.8 419° 173.9 9.0 92.0 5.8 101.5 5.3
Cu,0 15 11.8¢ 7.9¢ 2346.5 1077.5° 136.0 5.5 63.5 12.7 67.6 17.5%®
150 92.0° 74.0° 2812.5 970.9°  155.1 6.0 79.6 8.1 94.5 15.3
300 169.0° 129.1° 2975.8 792.9°  161.0 8.0 80.5 6.1 85.4 6.6
Cu source
CuSO, 111.1 79.9 3020.7 859.8 164.9 75 85.3 10.8 93.8 14.6
Cu,0 90.9 70.3 2711.6 947.1 150.7 6.5 745 9.0 82.5 13.1
Dose(ppm)
15 12.3° 8.5° 2431.8° 1345.1* 142.2 6.4%° 67.6° 16.5° 71.3° 23.5°
150 94.4° 70.6" 3082.8° 759.3"°  163.8 6.1° 86 ° 7.2° 99.6° 12.2°
300 196.4° 146.3 3083.8° 605.9°  167.4 8.5° 86.3° 5.9° 93.4° 5.9°
SEM? 10.84 7.69 201.96 76.51 12.47 0.92 5.76 2.60 7.84 3.21
P value®
Source 0.028 0.135 0.054 0.341 0.171 0.182 0.027 0.399 0.087 0.582
Dose <.0001 <0001  0.001 <0001 0.104 0.024 0.003 0.0004  0.002 <.0001
Source x Dose 0.030 0.026 0.570 <.0001 0.976 0.620 0.92 0.164 0.851 0.021

I Data are means of 8 pens with 12 chicks each. >SEM: Standard error of the mean. 3#* Values in the same column with different letters are significantly different (P<0.05).
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8.4.1.3. Mineral concentration in ileum digesta

The results obtained from the analysis of mineral in the ileum digesta (soluble
and insoluble) are presented in Table 8.5. A significant interaction was observed
between Cu source and level on the Cu, P, and Mn content in soluble and insoluble
fractions.

A higher copper level in ileum digesta was observed (P < 0.05) for birds of the
300 ppm CuSO, group in both soluble (163.4 pg/g) and insoluble (223 ug/g) fractions,
as compared to birds of the 300 ppm Cu,O group (129.1 pg/g and 169 po/g,
respectively for soluble and insoluble fractions).

The P content in ileum digesta was also affected by the interaction between dose
and source. The use of CuSO, at a high level (300 ppm) decreased (P < 0.001) the P
content in the soluble ileum fraction (419 pg P/g), in comparison to the use of the same
Cu source at 15 ppm (1612.7 ug P/g). There is no significant difference among groups
of birds supplemented with Cu,0O at different levels.

Fe and Zn content in soluble and insoluble fractions of the ileum was not
affected by the interaction between Cu sources and doses. Increasing the Cu level in the
diet from 15 ppm to 150 ppm and 300 ppm increased (P<0.01) the Zn and Mn content
in the insoluble fraction and decreased their content in the soluble fraction. In the other
hand, increasing the Cu doses (CuSO,4 and Cu,0) in the bird’s diet increased (P<0.05)

Fe content in the soluble fraction of ileum digesta.

8.4.2. Invitro trial
8.4.2.1. Copper solubility with and without phytate

The results of this trial are presented in Figure 8.1 and 8.2. At pH 2.5, no
difference in the solubility of Cu was observed between the two Cu sources (CuSO,4 and
Cu,0) with and without phytic phosphorus (Figure 8.1 and 8.2). The solubility of Cu,O
at pH 4.5 and 6.5 decreased when the Cu level increased to 150 ppm and 300 ppm, and
independently of phytic acid presence. The solubility of CuSO,4 at pH 4.5 and 6.5
showed a clear response depending on the presence of phytic acid in the digesta.
Without phytate in the sample, CuSQO, showed high solubility, while with phytate the
increase of Cu (from 15 ppm to 300 ppm) reduced its solubility.
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8.4.2.2. Phytic phosphorus solubility and PP hydrolysis by phytase
Solubility of phytic phosphorus (Figure 8.3) was high and unaffected by the
presence of Cu,O at different levels and pH. On the other hand, increasing levels of
CuSOQq reduce PP solubility at 150 ppm when pH was 6.5 and at 300 ppm when pH was
4.5 and 6.5. The efficacy of phytase is described in Figure 8.4 as being affected by the
pH and level of Cu supplementation. Increasing the levels of Cu with both sources did
not affect the phytase activity at pH 2.5. However, increasing the levels of Cu decreased
phytase activity at pH 4.5 and 6.5. Average values of phosphorus liberated were higher

at pH 4.5 when Cu,0 was included in the solution, as compared to CuSO,.

8.5. Discussion

The results of this study show that Cu supplementation at therapeutic doses (150
ppm Cu) increase performance when Cu,O is used as the source, but does not affect
(150 ppm) or reduce (300 ppm) the BW of the animals or gain:feed ratios when Cu is
supplied as CuSO,. The growth stimulating action of dietary Cu has been attributed to
different mechanisms (Zhou et al., 1994) in which soluble Cu 1) may affect microbiota;
2) increases serum mitogenic activity; 3) increases pituitary growth hormone expression
(La Bella et al., 1973); 4) promotes a posttranslational modification of regulatory
peptides (Eipper and Mains, 1988); and 5) is a component of the growth factor lamin
(Parkart, 1987). An increase in feed intake and growth was observed by Jenkins et al.
(1970) when birds were fed 250 mg Cu/kg of Cu. Pesti and Bakalli (1996) also
concluded that a 250 ppm of CuSO,4 improved the growth and feed-conversion ratio of
broilers. However, the response may depend on the Cu source; Lu et al. (2010)
described that chicks fed 200 mg Cu /kg as TBCC (Tribasic Copper Chloride) had
higher ADG than those fed a lower level (0 mg/Cu/kg to 150 mg/Cu/kg) as TBCC or
the same level (200 mg Cu /kg) as CuSO,.
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On the other hand, Arias and Koutsos (2006) showed that at d 45, chicks
supplemented with 188 mg Cu/kg as CuSO, and TBCC had higher carcass weight,
compared with those fed negative controls (8 mg Cu/kg), and they were not different
from positive control supplemented with sub-therapeutic antibiotics (AGP) under
immune-challenging conditions (recycled vs. fresh litter). It could be suggested that the
animal growth response to high dietary Cu supplementation may depend on the sanitary
status of the farm.

In contrast, the results of our experiment showed that a high Cu level in the diet,
such as copper sulfate , decreased BW gain and the feed efficiency. Pesti and Bakalli,
(1996) also indicated that supplementation of either 125 mg/kg or 250 mg/kg of Cu as
copper sulfate improved growth and the feed-conversion rate, but higher levels at 375
mg/kg provided no further beneficial effect. Banks et al. (2004b) also described that
supplementation with 250 mg/Cu/kg of copper sulfate had linear reductions in
performance (BW gain, feed consumption and feed conversion efficiency) and pointed
out that excesses of Cu might cause a possible toxic or corrosive response. In fact, one
of the roles of the liver is to regulate the amount of copper in the body, as the primary
copper storage organ. When the liver reaches its storage limit, copper is liberated in the
bloodstream and then accumulates in different organs. Reece et al. (2015) also suggest
that the presence of free unbound copper in the blood acts as a strong oxidizing agent
and causes hemolysis of red blood cells. Moreover, some studies with broilers have
indicated that supplementation with a 250 mg/Cu/Kg diet as copper sulfate can cause
irritation and erosions in the gizzard (Robbins and Baker, 1980), proventriculus
(Wideman et al., 1996) and oral cavity, tongue and pharynx (Chiou et al., 1999).

On the other hand, Milers et al., (1998) proved that during the storage period of
feed, "painty” odors in samples containing high levels of Cu were detected. The
"painty” odors originate from hexanal, which is a product of linoleic acid oxidation
(Frankel, 1985; Milles, 1998) likely promoted by the proxidant effect of Cu. Milers et
al., (1998) also proved that rates of oxidation can be greater when the copper source is
highly water-soluble, and Lu et al., (2010) revealed that TBCC was less active than was
Cu sulfate in promoting the oxidation of vitamin E in feeds and in reducing vitamin E
content in plasma and the liver. We can speculate that dicopper oxide promoted a lower

oxidation effect than did copper sulfate. However, we did not measure oxidation
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parameters in feed or in the animals. Thus, a decrease in growth performance for
animals fed high levels of Cu can be the result of the reduction in feed intake due to the
rancid odor in the diet. Nevertheless, in our experiment the high level of Cu sulfate (300
ppm Cu) decreased BW and WG but did not affect or even increased feed intake.

The difference in feed efficiency with copper sulfate being incorporated at high
doses could reflect the toxicity of a copper excess in the body. Copper is preferably
stored in the liver, the other storage organ is the kidney, but to a lesser extent. Lower
levels are observed in muscle and fat whatever the level used in the feed (E.C., 2003). In
this experiment, kidney and breast-muscle Cu content increased with the dietary Cu
level independently of the mineral source used. Samanta et al., (2011) and Cromwell et
al., (1989) opined that gradual increases in the concentration of dietary Cu until 300
ppm have a direct influence on tissue and organ accumulation of Cu. Absorption and
organ accumulation of Cu appeared to be highly related to the solubility of the copper
source, the accumulation of Cu in the liver was greater for birds fed 300 ppm as CuSO,
than in those given the same Cu level as Cu,O. This increase in liver content of Cu
might be due to a higher solubility of copper sulfate, in comparison to dicopper oxide.

Soluble sources of Cu in digesta could also interact with phytate and phytase
activity. High levels of Cu of copper sulfate are known to interfere with phytate at
intestinal pH, and the resulting complexes tend to be resistant to the hydrolytic activity
of phytases (Persson et al., 1998). We have also revealed in in vitro trial that the
addition of 150-300 mg/Cu/Kg as CuSO, at pH=4.5 reduced Cu solubility in the
presence of phytic phosphorus, coupled with the reduction in PP solubility and phytase
hydrolysis. This inhibitory effect was greater at pH=6.5 (intestinal pH). This result is in
accordance with Pang and Applegate (2006), who showed that increasing doses of Cu
inhibited PP hydrolysis at pH 5.5 and pH 6.5, and the effect of Cu on phytase activity
was dependent on the Cu source. In fact, they found that TBCC and copper lysinate
inhibited PP hydrolysis much less than did copper sulfate and copper citrate. This result
was also described by Banks et al., (2004a) in an in vivo experiment, where they
observed that supplementation with 250 mg/Cu/Kg diet from copper citrate or copper
sulfate decreased apparent P retention; however, supplementation with a 250 mg/kg diet
of copper lysinate did not affect apparent P retention. Furthermore, Champagne et al.,
(1990) confirmed that, at pH similar to intestinal pH, insoluble complexes with more
than one cation per phytate molecule are formed. Therefore, phytin can bind to Cu as

well as to other minerals concurrently. The resulting insoluble complexes do not allow
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the hydrolysis of phytin-P by endogenous and exogenous phytases or the absorption of
the minerals within the complex (Banks et al., 2004b). In fact, the phytate precipitated
with different minerals present in the diet, and the order of stability of metal-phytate
complexes was found to be Cu > Zn > Co > Mn > Fe > Ca (Tamim and Angel, 2003). In
this experiment, higher insoluble Cu in the ileum digesta was accompanied by lower
soluble P when high CuSO,4 was added to the diet. This result may indicate that CuSO,
precipitated with phytic phosphorus at high pH (intestinal pH) and may limit the bio-
availibility of phytic phosphorus to the phytase. Moreover, a high copper dose
decreased Mn and Zn solubility in the ileum, which may also reflect the high affinity of
phytate to Cu, Zn and Mn. Maenz et al., (1999) described that multiple mineral
complexes such as Ca-Zn-phytate are thought to be more stable than are single mineral

complexes such as Ca phytate or Zn phytate (Banks et al., 2004a).

Based on the results acquired in this experiment, we can conclude that a high
dose of Cu as dicopper oxide (150 ppm) improved BW of the animals. However, high
doses of CuSO,4 (300 mg/Cu/kg) may decrease performance, either as a result of
decreased PP hydrolysis by phytase or as a consequence of the toxicity of copper
accumulated in different organs. Further research may be warranted to determine the
possible oxidative effects of these two copper sources and also the fate of the released

anion after Cu dissociation.
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In the present study the effect of administering lower levels of Ca and P in the
broiler diets as compared to requirements proposed by FEDNA, NRC or INRA was
investigated. The outcomes derived from the use of different mineral Ca and P sources
based on in vitro and in vivo trials have also been compared. In general, positive effects
have been observed in animal performance and mineral retention after reducing Ca and
P levels in diets supplemented with phytase. The use of different calcium sources
affects growth performance and bone mineralization, but the phosphorus source used

did not affect the studied parameters.

Results have been discussed in the different chapters of the present thesis.
Therefore, this general discussion will bring the results together to highlight the most

interesting findings and gain new insights.

9.1. Ca and P requirements
Calcium and P requirements were evaluated based on a multifactorial approach,

as determined by animal performance or bone mineralization at different age periods.

9.1.1. Animal performance

In Chapter 4, birds exposed to diets with a medium level of Ca (7g/kg) and 3.8
o/kg NPP with high doses of phytase (1,150 FTU) performed the best in the starting
phase, while higher Ca levels (0.9%) induced negative responses concerning FI and
WG. Similarly, in Chapter 7 also, the use of lower Ca:aP ratio (2.33:1) increased bird
performance in comparison to a higher Ca:aP ratio (3:1) for broilers at 14 days of life.
Rama-Rao et al. (2006) described that weight gain, feed intake and leg abnormality
scores were not affected by increasing the dietary Ca from 6 g/kg to 9 g/kg, and NPP
levels from 3 g/kg to 4.5 g/kg for commercial broilers up to 42 days of age. It has been
reported that Ca may form insoluble soaps with free fatty acids and bile acids, and there
Is some evidence that these soaps reduce the absorption of fat (Gacs and Barltrop, 1977,
Govers et al., 1996; Shahkalili et al., 2001), particularly saturated fatty acids in broiler
diets. Soluble Ca may also increase intestinal pH and reduce mineral solubility and
availability, as reported by Shafey and McDonald (1991). Soluble Ca in the diet may
also insolubilize phytic acid by forming Ca-phytate complexes (Wise, 1983; Tamim et
al., 2004) and interact with inorganic P in the gut lumen to form insoluble Ca
orthophosphate (Plumstead et al., 2008), an insoluble complex in the chicken gut
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resulting in reduced absorption (Underwood, 1981; Georgievskii et al., 1982, Rama-
Rao et al., 2006).

In particular, the negative effects of higher levels of Ca in performance are
clearly observed when diets are formulated with lower levels of P. The results obtained
in Chapter 4 confirmed that with Ca levels at 9 g/kg, the use of 4 g NPP/kg and 4.5 ¢
NPP/kg, which corresponded to the lower Ca:NPP ratio (2-2.25:1), increased animal
performance, as compared to those broilers fed with 3 g NPP/kg and 3.5 g NPP/kg,
which correspond to the wider Ca:NPP ratio (2.57-3:1). Higher Ca levels and Ca:aP
ratios may also reduce exogenous phytase efficacy. At least two mechanisms have been
proposed to explain the detrimental effect of increased concentrations of dietary Ca on P
utilization: 1.- excess dietary Ca tends to form insoluble complexes with phytate (Lei et
al., 1994; Angel et al., 2002), rendering the phytate unavailable for hydrolysis; extra Ca
in the diet may also compete for the active site of phytase and thereby reduce the
efficacy of phytase in hydrolyzing phytate (Wise, 1983; Pointillart et al., 1985; Qian et
al., 1996); 2.- high dietary Ca favors an increase in digestive tract pH, which, in turn,
decreases phytase activity and phytate solubility (Selle and Ravindran, 2007). We
explored this interaction between the Ca:aP ratio and phytase inclusion in the diet in
Chapter 7, but no interactions were observed for starting broilers during the first 14

days of life. A likely explanation could be the short period of study.

9.1.2. Bone mineralization

In addition to growth performance, bone mineralization is also a good sensitive
criterion of P status in growing birds (Ravindran et al., 1995). In Chapter 4, tibia
weight and bone mineralization were also influenced by the level of Ca, with the low-
Ca diet (5 g/Kg) showing the lowest bone weight and ash content. However, the lowest
tibia ash content was observed in chicks of the highest unbalanced diets, either 4.5 g
NPP/kg with 5g Ca/diet, or 2.5 g NPP /kg with 9 g Ca / kg in the diet. This depression
observed with the Ca and P unbalanced diets reflect the improper utilization of these
minerals at wider Ca and NPP ratios (Rama-Rao et al., 2006). If diets with a low Ca:P
ratio are fed, most of the P is excreted in the urine due to a lack of Ca for bone-tissue
synthesis. The same decrease in bone growth may occur when high levels of Ca are
administered with low levels of dietary P. A low concentration of one mineral will

prevent bone synthesis and cause excretion of the other mineral in the urine
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In Chapter 6, increasing NPP from 4.0 g/kg to 4.5 g /kg increased the tibia
weight and ash content (mg/tibia) in diets without phytase at 21 d of age. In contrast, in
Chapter 4, with diets including high levels of phytase, 3.8 g NPP /kg improved the
growth of chicks and increased bone mineralization on d 14, but no further increases
were observed with 4.5 g NPP /kg in the diet. The difference between the two
experiments may reflect the effect of high doses (1,150 FTU) of phytase inclusion in the

diet, but also the length of the experiment.

Furthermore, in Chapter 6, increasing the NPP from 4.0 g/kg to 4.5 g/kg
increased tibia weight and tibia ash (mg/tibia), but no further increases were observed
for growth performance at d 21. This result confirms that NPP requirements for BW
gain and feed conversion are lower than those required for bone mineralization for

broilers of 3 to 6 weeks of age (Yan et al., 2001).

Several authors have demonstrated that the addition of phytase has positive
effects on bone ash content and bone mineralization in broilers fed low available P
diets. Moreover, the productive efficacy of phytase is higher as the level of dietary P is
lower. Higher tibia ash and body weight was observed for broilers supplemented with
1,000 FTU of a new phytase in Chapter 7. Therefore, Ca and P in the diet can be
reduced without affecting bone mineralization because phytase supplementation
increased the release of available P. Growth performance of broilers fed with Ca level
(7 g/kg and 6.3 g/K/kg) and NPP (3.2 g/kg and 2.9 g/K/kg) levels, respectively, for
starter and growth phases supplemented with 1,000 FTU/Kg diet were not significantly
different from the positive control with a 0.18%-0.2% higher analyzed total P content.

No differences were observed either among different phytases used in this thesis.

9.1.3. Mineral retention and digestibility

The metabolism of Ca and P is closely related, and a deficiency or an excess of
one will interfere with the utilization and metabolism of the other. It has been observed
in Chapters 4, 5, 6 and 7 that the increase in dietary Ca decreased its fractional
retention. On the other hand, increasing the levels of NPP from 0.25% to 0.31% allowed
for increases in the fractional retention of Ca, likely allowing a higher retention of Ca in
the bones.

However, increases in the NPP level in the diet reduced the fractional retention

of P, which is a similar response to that observed previously for increasing levels of Ca.
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Mitchell and Edwards (1996a) and Ziaei et al. (2008) have stated that reducing mineral
content of diets resulted in a higher apparent retention of Ca and P, leading to a
reduction in mineral excretion. Al Masri (1995) showed that the values of dietary Ca
and its ratio with P may affect P absorption, with lower values of P absorption when
higher ratios between Ca and P were added in the diet. Higher ileal digestibility of Ca
and P were observed for birds fed a low Ca:aP ratio than for those fed higher Ca:aP
ratios.

Several studies have shown that phytase inclusion in the diet improved ileal
digestibility and retention of P in broilers fed low Ca and available P diet (Ravindran et
al., 2000; Woyengo et al., 2010). These effects were also observed in Chapter 7, when
higher P retention and ileal digestibility was observed for animals fed diets
supplemented with phytase. Phytase may liberate P from phytate-P and prevents the
formation of insoluble Ca-phytate complexes in poultry diets (Woyengo et al., 2010).

Nevertheless, the incorporation of high levels of other divalent cations in
addition to Ca may also affect phytase activity. It has been demonstrated that Cu and Ca
may interact with phytic acid, because phytin has chemical characteristics enabling it to
bind divalent and trivalent minerals within the digesta and render the minerals less
available for absorption (Maenz et al., 1999; Banks et al., 2004b).

9.2. Phytase interaction with copper and pH

The addition of dietary Cu in excess of the nutritional requirements to poultry
diets has been a common practice for many years in non-European countries. The
excess supplemental Cu has been reported to have growth-promoting effects, which
have been attributed to the antibacterial activity of Cu (Ward et al., 1994). However,
high levels of Cu are known to interfere with phytic acid in the intestinal pH and the
resulting complexes tend to be resistant to the hydrolytic activity of phytases (Persson et
al., 1998). Most research trials carried out to study these effects have used copper
sulfate (CuSQ,) as a source of Cu. In Chapter 8, two different sources of Cu were
compared, either of a high (CuSQ,) or low (Cu,0) solubility, concerning their effects on
phytase hydrolysis and efficacy in vitro and in vivo. In the in vitro test, we confirmed
that the efficacy of phytase was affected by the interaction of the pH and Cu level
supplementation. Increasing the levels of Cu with both sources did not affect the

phytase activity at pH 2.5. However, increasing the levels of Cu decreased phytase
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activity at pHs 4.5 and 6.5. Average values of phosphorus released by phytase were
higher at pH 4.5 when Cu,0 was included in the solution, as compared to CuSO..

This result is in accordance with Pang and Applegate (2006), who showed that
increasing doses of Cu inhibited PP hydrolysis at pH 5.5 and pH 6.5, and the effect of
Cu on phytase activity was dependent on the Cu source. Phytin can bind to Cu as well
as to other minerals concurrently at a different pH. The resulting insoluble complexes
do not allow for the hydrolysis of phytin-P by endogenous and exogenous phytases or

for the absorption of the minerals within the complex (Banks et al., 2004a).

The in vitro results help to explain the results observed in vivo. Indeed, higher
insoluble Cu in the ileum digesta was accompanied by lower soluble P when high doses
of CuSO, were included in the diet, as compared to high doses of Cu,O. This result may
indicate that CuSO, may have reduced the bio-availibility of phytic phosphorus to

phytase.

Moreover, a high Cu dose, regardless of the source, decreased soluble Mn and
Zn content in ileum digesta, which may also reflect the formation of complex phytate to
Cu, Zn and Mn. Maenz et al. (1999) stated that multiple mineral complexes such as Ca-
Zn-phytate are thought to be more stable than are single mineral complexes such as Ca
phytate or Zn phytate (Banks et al., 2004a). Higher insoluble Cu in ileum digesta was
accompanied by lower soluble P when high CuSO,4 was added to the diet. This result
may indicate that CuSO, precipitated with phytic phosphorus at high pH and limits the
availability of phytic phosphorus to the phytase. High doses of CuSO, may decrease
animal performance, either as a result of decreased PP hydrolysis by phytase or as a
consequence of the toxicity of copper which accumulated in different organs, specially

the liver.

9.3. Mineral sources

9.3.1. Phosphorus sources

With the increases in prices of mineral sources, the poultry and feed industries
have become increasingly interested in detailed information about the variation in the
availability of P among different inorganic sources. Di-calcium phosphate is often
utilized as the standard P source in poultry feed (Lima et al., 1995). However, the
characteristics of di-calcium phosphate obtained from different manufactures may vary
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according to the origin of the rock phosphate, phosphoric acid and limestone used
during the industrial processing. In another experiment in this thesis, different
phosphorous sources in the broilers diets were compared, but contrary to what was
expected no differences were observed among MCP, DCP and TCP. In previous studies,
a higher bioavailability has been described of hydrated P sources, as compared to the
anhydrous form (Lima et al., 1995). In the present study, all of the selected sources

were mono- or di-hydrate, and none of them was anhydrous.

9.3.2. Calcium sources

Calcium requirements have usually been measured using limestone in the diet,
which shows a lower solubility, as compared to other calcium sources, during
neutralization in the small intestine. Indeed, limestone is approximately 80% soluble in
the acidic medium of the gastrointestinal tract, but that solubility decreased to 77% in
the neutral conditions of the intestine (Walk et al., 2012a), where most absorption takes
place. Although diets are usually formulated on a total Ca basis, there has recently been
an interest to know the availability of Ca from different sources. To verify the
importance of Ca sources in mineral availability for young broilers, an in vitro and in
vivo study was carried out in Chapter 5. The results of this experiment refute the
hypothesis that the use of high-soluble Ca sources with a low acid-binding capacity can
improve mineral digestibility and reduce the level of Ca in the diet. Indeed, Ca chloride
showed the lowest buffering capacity and the highest solubility among the three sources
(Limestone, Ca Chloride and Lipocal (TCP)) at pH above 3.5 until neutrality.
Nevertheless, Champagne (1988) reported that Ca-phytate complexes may precipitate at
pHs between 4 and 6. So the free Ca®* derived from the high-soluble Ca (Ca chloride) in
the intestine may precipitate with inorganic P and/or phytic P and form phytate-mineral
complexes in the intestine that are more resistant to phytase action (Tamim et al., 2004)
and reduce Ca and P absorption (Lonnerdal et al., 1989). This process could explain our
results of higher WG observed for birds fed limestone and TCP than for birds fed Ca
chloride. The results are in agreement with those observed by Walk et al. (2012a), who
showed that broiler growth was lower when diets were formulated with a highly soluble
source of Ca, as compared to birds fed on limestone. So, based on these observations, it
could be suggested that Ca sources with lower solubility may allow for better

performances than with high-soluble Ca sources.
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From the results presented in this dissertation, the following conclusions can be drawn:

1)

2)

3)

4)

5)

6)

7)

Calcium and phosphorus dietary recommendations should be considered
together because both macro-minerals show clear interactions in the digestive
tract as well as on bird performance and bone formation. Increasing the NPP
levels increases the fractional retention of Ca. The use of a lower Ca:aP ratio

increases bird performance in comparison to a higher Ca:aP.

A dietary level of 3.8 g NPP /Kg in a pre-starter diet, simultaneously overdosed
with phytase (1,150 FTU), was adequate to ensure the best growth and bone
formation of broilers from d 1 to 14 of age. Increasing NPP to 4.5 g/Kg without
phytase supplementation increased tibia weight and ash for broilers at 21 days of
age.

A calculated dietary level of 7 g Ca/kg (analysed at 7.9 g Ca/kg) may optimize
performance and bone mineralization of chicks during the first two weeks of
life; this value is below those currently used by the industry. Higher values of Ca
promote significant decreases on feed intake and body-weight gain and on the
Ca fractional retention during the first 14 days of life.

Including a novel phytase (1,000 FTU/kg) in low NPP diets (3.2 g NPP/kQ)
enhanced growth performance, P retention and ileal digestibility, as well as bone
mineralization in broilers at d 35, to reach values similar to those broilers fed a
diet with a 2 g/kg higher total P content.

No differences were observed among different commercial phytases and no
interactions were observed between the dietary Ca:aP ratio and the different
phytases.

Several mineral Ca and P sources show clear differences in their in vitro
solubility at a wide pH range, and they promote differences in Ca and P ileum
digestibility in 14-d-old broilers, which encourages the interest of using
digestible Ca values on feed formulation.

However, Calcium chloride, which was the calcium source with the highest
solubility and ileum digestibility, depressed feed intake and affected bone
mineralization of the young chicks. No differences were observed among the
studied sources of NPP, mono-calcium phosphate, di-calcium phosphate, and tri-
calcium phosphate.
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8)

A high dose of Cu as di-copper oxide (150 ppm) improved BW of the animals.
Nonetheless, high doses of CuSO,4 (300 mg/Cu/kg) may decrease performance
(not observed with the use of Cu,O), either as a result of decreased PP
hydrolysis by phytase or as a consequence of the toxicity of Cu highly
accumulatedin different organs. Further research may be warranted to determine
the possible oxidative effects of these two copper sources and also the fate of the

released anion after Cu dissociation.
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