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PREFACE

On request of the Dutch Ministry of Economic Afigias well as of the Dutch Product Board
Animal Feed, this study was performed to inveségae retainable phosphorus requirement
and utilisation in laying hens. The modern layirenrhas a high egg number and laying
persistence, and probably a different P-requirertteart the current estimated requirements.
Furthermore, laying hens housed in non-cage housystems have a better bone devel-
opment. It might be that P supply by feed in sug$teans can be lowered without negative
effects on bone quality and production performametermination of the P-requirement, -

utilisation, and -excretion is important to supptre lump phosphorus excretion and to
reduce the phosphorus supply by the feed. The stadyrises a literature review and an
animal experiment. The results of the review arscdbed in this report. The study is a

collaborative project between Schothorst Feed Rekeand Wageningen Livestock

Research.

Marinus van Krimpen and Laura Star
Project leaders

Schothorst Feed Research B.V.
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TABLE OF ACRONYMS

Al: Aluminium

ALP: Alkaline Phosphatase

aP: Available Phosphorus
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CDDGS: Corn Distillers Dried Grains with Solubles
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EC: Enriched Cages

ECM: Extracellular Matrix

ECPD: Electrochemical Potential Difference
ESG: Eggshell gland

FLS: Fatty Liver Syndrome
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nPP: non-Phytate Phosphorus
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PMCA: Plasma Membrane Calcium ATPase
Pi: inorganic Phosphorus

PP: Phytate-Phosphorus

PTH: Parathyroid Hormone

PTM: Proximal TarsoMetatarsus

SBM: Soybean Meal

SZA: Sodium Zeolite A
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VDR: Vitamin D receptor
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1 Introduction

Phosphorus (P) is a very important nutrient in pguiutrition and is involved in many functions
for laying hens such as bone formation, energy buoditam, cellular structure and egg formation
(Ahmadi & Rodehutscord, 2012). However, 50 to 80f4he P present in grain cereal and
oilseed is bound to phytic acid, the organic foriPavhich is called Phytate P (PP; Boling al.,
2000; Abudabos, 2012) and this PP is highly unafb&l to non-ruminant animals because they
do not contain enough endogenous amounts of phytalsgdrolyze the phytic acid complexes
(Nelson, 1976). According to Fleming (2008), 5 &%d of poultry flocks might have inadequate
P intake because of variations in P content andadoiity in diet. Therefore, inorganic P needs
to be added to the diet to meet the hens’ P remeainés (Boling et al., 2000; Ahmadi &
Rodehutscord, 2012). In addition, microbial phytass be supplemented to improve the
availability of P (Carlos & Edwards, 1998).

According to Rose (1997), feed represents alre@dy @f the cost of production in egg farming
and P is the third most expensive component aftergy and protein (Boling et al., 2000).
However, it is generally admitted that thanks te slupplementation in phytase, the cost of P in
the feed has come down, especially when all thed?heen replaced. The high commercial P
supplementation prices are due to the growing ggas€ mined phosphate rock. According to
experts, the peak of P extraction is expected torosefore 2040 (Gross, 2010; Neset & Cordell,
2012). To give an example, the commodity price ob¢ks raised by 800% in 18 months during
the 2008 crisis (Neset & Cordell, 2012).

More than just an issue of cost, P is pointed ouig one of the major causes of environmental
problems. The amount of P in excess in the didirectly excreted via the faeces and the urine
(Boling et al., 2000; Abudabos, 2012). The pouWstes are therefore highly concentrated in P
which constitutes the limiting nutrient for algaedaother aquatic plant growth and leads to
eutrophication (Sharpley, 1999).

As a consequence, reduction of inorganic P needb® toonsidered to minimize the cost in the
feed and the P excretion in poultry manure. Snoal.2004) proposed three strategies to solve
this issue. First of all, by feeding poultry closer their P requirement, secondly, by
supplementing diets with enzymes or other feedtagdi to improve the availability of P in
plant sources and lastly, by feeding plant ingnedi¢hat contain lower levels of PP. All three
approaches will be reviewed in this literature gtud

The first chapter of this study aims at clarifyithgg dynamics of Ca and P, the role of Ca and P
on bone metabolism and mobilization but also theharisms of Ca and P absorption, regu-
lation and excretion. The second part’s purpose analyze every factor having an influence on
hens P requirements. Due to the overall increasieeolength of the laying period in the modern

hens and the recent change in housing system (fatery cages to furnished cages and non-
cage housing systems), the study will also condinereffect of age and housing on P require-
ment. The last and third chapter provides updatémmation on P requirements as reported in
the literature.

Schothorst Feed Research B.V. 4



2 Phosphorus and calcium metabolism

2.1 Dynamicsin P and Caduring thelaying cycle

2.1.1 Egg production

Egg composition

An average egg from egg-laying strain of a domeftiel weighs 57g and is constituted of
63.8% of albumen, 27.2% of yolk and 9.0% of shElle main components are water with 74.6%
and protein with 12.1%. The shell weight is 5.1guerage and is composed of 98% of CaCO
and 2% of protein (Rose, 1997). P is most presenheé yolk and less than 0.1% of the P
requirements is intended for the eggshell (de Vekesal., 2010). P is the first most abundant
mineral in the egg (without considering the egd$heith around 120mg P in a 60g egg
compared to 34mg Ca in the same egg (AEB, 2013. distribution of Ca in the egg is the
opposite from that of P. Only the eggshell contailieady 2.4g Ca per egg of 60g, so almost
0.1% of the Ca is in the egg without shell.

Egg formation

In modern systems, the majority of the eggs (90%) laid during the morning (Leeson &
Summers, 1978). On average, ovulation occurs 3@fMtén the oviposition and the ovum needs
4h to move from the infundibulum to the uterus,luding between 3 and 3.5h in the magnum
where the albumen is formed. After, the ovum stayke uterus during 18 to 20h to accomplish
the shell deposition (van de Velde et al., 1984h&warz, 1998). Van de Velde et al. (1984) also
precise that the egg calcifaction is only activerdy 13h out of the 18-20h, it is called the active
period in constrast with the inactive period (Fe).

dhr Shr Thr actlve period tlhr Mhr
i
[
L
! .
[ » owailation 2
pvulation 1 &OQ o utero avlposition

Figure 1. Scheme of the 24h laying cycle of chickand quails. The period of eggshell formatiorhsded (Van
de Velde et al., 1984).

As a consequence, the largest part of eggshelldibom occurs during the dark hours (afternoon
and evening) called the scotophase (de Vries €2@L0). Kebreab et al. (2009) even go further
in the description of the egg shell timing by irating that egg shell requires 20h to be 100%
complete and that the rate of formation is the ésglbetween 7 and 13h after the start of the
process (Figures 2 and 3). The period between twipositions is close to 24h but slightly
longer, especially for younger hens (Keshavarz8).99

Schothorst Feed Research B.V. 5
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Figure 2. Time course of eggshell Figure 3.  Time course of eggshell formation.
formation. Cumulative eggshell Fractional rate of eggshell formation
formation (Kebreab et al., 2009). (Kebreab et al., 200.

2.1.2 Dynamics of P and Ca during the day

Proteins

After considering the process of egg formationisitlogical to think that the deposition of
proteins, the main component of albumen and yokedaplace during the morning hours
(Keshavarz, 1998).

Calcium

CaCQ deposition starts only 5h after oviposition ané tequirements for Ca are therefore

greater during the scotophase (Keshavarz, 1998)Vis et al. (2010) also indicate that the

period of egg shell deposition occurs mostly whenii@ake from feed is low and therefore the

supply from the digestive system is also poor. A®@asequence, the period when Ca supply is
low matches with the period when the needs of Cartmuce the eggshell are great. To

compensate this lack, the hen has a special boobamsm to mobilize Ca from the leg bone

reserves. During the active period (11 to 15h),léyeng hen transfers 10% of the total bone Ca
to the egg (Bar et al., 2002; Bar, 2009). In ta2atp 3g of Ca is provided to the egg (Bar, 2009).
However, when the photo phase starts (moment wiheight is switched on), the feed intake

starts again and plasma Ca increases which comeitth the moment when egg deposition

comes to an end and Ca requirements are reduced.

Phosphorus

P is directly related to the Ca dynamics becauses Gtored in bones mostly as hydroxyapatite
(3Ca&(POy)Ca(OH)) and is bound to phosphate in a constant ratid.bto 1. Therefore, when
Ca is moblized from the bone during the eggsheth&dion, the plasma P level increases and the
P will be immediately excreted by the urine becatisannot be utilized at the moment (de Vries
et al., 2010). According to Keshavarz (1998), thkumtary P intake is higher during the morning

Schothorst Feed Research B.V. 6



than the afternoon. This is due to the need twmred® reserves together with Ca in the bones
before eggshell formation (Tolboom & Kwakkel, 1998he latter is confirmed by Holcombe et
al. (1976) who showed that layers ingest more fhduhe morning, from 06:00 to 14:00 than
during the afternoon, from 14:00 to 20:00. To fmi&eshavarz (1998) conducted an experiment
on P intake of layers and analyzed the effect dfed with constant P level (0.4g/kg) along the
day compared to a diet with reduced P level (0@gik the afternoon. He did not find any
difference regarding the hens’ performances andcluded that reduced P intake in the
afternoon does not impair the production perforneanshowing that P requirements are lower in
the afternoon. This finding shows that currentafe® level is higher than P requirements in the
afternoon and that adequate P intake during thisghef the day might reduce P excretion.

As it has been demonstrated with Ca, the hen is tbichoose his feed according to the P
content of the diet (Barkley et al., 2004). In firet phase of the experiment of Barkley et al.
(2004), hens were fed a normal P diet (2.2g aP/kf) Br a low P diet (1.1g aP/kg DM). The
low diet was proven to create a deficiency in Pthie second phase, the hens were fed a choice
of normal P or low P diets. With a choice of themal and low P diets, the hens fed the low P
diet in phase 1 ate a smaller proportion of the P¥eed than the hens fed the normal P diet in
phase 1, showing that P deficiency influenced selecfor aP. Subsequently, the authors
highlighted the presence of a P sensing mecharsdimeaappetite for P was demonstrated.

According to a study from Cusack et al. (2003),sRleposited at low concentrations in the
outside parts of the eggshell. This P concentragoadually increases until the end of the
eggshell calcification (Figure 4) which shows tlRahas only a role in the termination of the
calcification.

Mammillary Cuticle “gnical
caps | Crystal

mm Laver

i LEITN |
Inside Ouiside Inside Chtside Inside Chutsace
Beginning Middle End
w ] 1003 Ca A

W/P wfp
:"' b oo Lo -

Cations per 1) cations

Figure 4. Secondary electron image of polishedi@estof broiler breeder eggshells from the begignimiddle
and end of lay (Cusack et al., 2003).
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Modelling

The modern methods of modelling enable resear¢bdys more accurate. Kebreab et al. (2009)
proposed the most updated model in laying hensngakato consideration both Ca and P
dynamics (see the paper for the description offitked model). In this model, the Ca and P
absorption stand for the mineral absorption bydhedenum. Ca and P requirements correspond
to the requirements for maintenance and for thepgduction (yolk, aloumen and shell). Ca
and P deposition is the bone mineralization whenvhlues are positive or bone mobilization
when the values are negative. The photoperiokéesifto 16h/d. In this model, the feed intake is
assumed to be continuous along the day even thKeghavarz (1998) indicated that the feed
intake usually represents 40% in the first 8h giitiand 60% in the last 8h of light.

=
o

— Ca absorption

— P absorption
L === Carequirement r
300 qui e «=== P requirement
== Ca deposition .
=y =u= P deposition
& 200f =
E =)
= 100 o
£ E
= -]
= ., =
o 0 .E‘;
S o =25
=100
i 1 i i 'l i 1 i 1 1 1 1 i 1 _50 = | 1 S PR L 1 1 " 1 L L 1 1
oT 3 6 9 12 15 18 20 24 OT 3 6 9 12 15 18 21 24
Time (h) Time (h)

Figure 6.  Simulated diurnal dynamics of Ca in a Figure 5.  Simulated diurnal dynamics of P in a
layer at oviposition 1h after light is layer at oviposition 1h after light is
switched on (Kebreab et al., 2009). switched on (Kebreab et al., 2009).

In the Figures 5 and 6, oviposition occurs 1 hdtardhe start of the photo phase as indicated by
the arrow. At t=0, the light is switched on and thtake of feed starts. The graphs show an
increase in Ca and P absorption after this momEm. peaks of P and Ca absorptions occur
around the start of the dark period when feed ggaleases (t=16).

Due to the assumed continuous process of yolk foomaand because the majority of P is
intended to form the yolk, P requirements are a®rsid constant during the day. However,
unlike the eggshell deposition, the yolk needs d\days to be formed. As a consequence, the P
deposition is maybe less subject to variations thiaat Kebreab et al. (2009) considered in their
model. In the first hour of light, P absorption smaller than P requirements and therefore
mobilization of P and Ca from the bone takes plétaeontrast with the rest of the day, in this
first hour, P lacking is responsible for bone mialbtion. The P is entirely used for maintenance
and egg production while Ca cannot be used bedaeseggshell formation has not started yet,
cannot be stored and is therefore excreted in urine

The trend is totally reversed once the eggsheth&dion occurs (t=5h). The Ca requirements are
the highest after 11 to 17h after oviposition wheggshell rate is the highest (Figure 2,
considering t=0 as 5h after oviposition). Accordittg the simulations, the P absorption is

Schothorst Feed Research B.V. 8



sufficient to meet the P requirements until t=2Bbwever, excessive P is excreted in the urine
because it cannot be stored in the bone. In cdnthesCa absorption is sufficient to meet the Ca
requirements until t=18h and is deposited in thgskgll. From t=18h until the end of the dark

hours, the Ca is lacking for eggshell depositiod aeed to be mobilized from the bone to

compensate. P is mobilized as well, cannot be osextored and is therefore excreted in the
urine.

In this simulation, 33% of the available Phosphd@aR) intake is directly excreted in the urine

because of inadequate levels of Ca. In this sdana2% of P reduction can be considered in the
diet because P deposition into the bone is hidreer P mobilization.

8 = Ca absorption — P absorption
sppl -~ Carequirement o : === P requirement
% == Ca deposition I == P deposition
200 5
E . £
[}
£ 100 8
C E
£ : @
& <
o 0 =
[£] (=8
=100 L
B T == rammre B 11 | ST S TR R RS ST T S o Sl |
a 32 Tﬁ & a1z A5 18 3 0 3 M6 9 12 15 18 21 24
Time (h) Time (h)
Figure 8. Simulated diurnal dynamics of Ca in Figure 7.  Simulated diurnal dynamics of Ca in a
a layer at oviposition 5h after light is layer at oviposition 5h after light is
switched on (Kebreab et al., 2009). switched on (Kebreab et al., 2009).

In Figures 7 and 8, oviposition occurs later abfir The start of the shell forming process is
therefore delayed (t=10h) and the peak of calcépodition takes place after the end of the
photoperiod (t=18h), when the absorption of Ca fitben gut is small. The Ca requirements are
much higher than the Ca absorption, compared tdiftesituation and strong Ca mobilization
from the bone occurs. Large amounts of P are nzaliland excreted in the urine after t=17h.
However, from t=2h until t=15h, P is the limitingutnient for the bone formation and Ca in
excess is excreted. In this case, no reductionssiple due to the net P mobilization of bone.

In conclusion, P dynamics are inseparable fromQaalynamics as Ca and P are bound together
to form the mineral matrix of the bones. P metaoliand requirements are highly dependent
upon Ca, which justifies reviewing also the Ca rbelism and regulation in later chapters.

As explained by Kebreab et al. (2009), Ca and Re lthfferent behaviours over a laying cycle
and are often contradictory. For instance, whes [Bdking, Ca is in excess and vice et versa. In
addition, dietary P is not sufficient to avoid bamsorption but could be reduced when in excess
P is excreted. In brief, dietary Ca contributes entor the dynamics of P than the dietary P itself.
An increase of Ca intake at the end of the layipgecto support the eggshell deposition is
suspected to decrease P excretion and to decregtaeyd to fill in the bone with P in the

Schothorst Feed Research B.V. 9



subsequent inactive period. For instance, MongiSauveur (1974) proved that presenting Ca
separated from the feed resulted in an increa€aimtake between 16:00 and 20:00.

However, dietary P is also very important and canmwodulated along the day. Before the start
of the eggshell formation, in the morning, P reguoient is higher because P is used to restore
the bone content. In the afternoon, P is excretad bone mobilization and common dietary P is
therefore not adequate and might need to be red@aednd P dynamics in the bone need to be
reviewed to understand the mechanisms and conseggiehbone mobilization.

2.2 Bonemetabolism

2.2.1 Generalities

Bone functions

The skeleton has many functions for the body. & gipport for the muscles, acts as a protector
of the organs, produces red and white blood celis@ovides storage for Ca and P. In addition,

the phosphate and carbonate present in the bone aemegulators of the acid-base balance in
the body (Mackie et al., 2011).

Bone composition

In adult birds, about 65 % of the bone consistsimierals while the rest is build up from organic
components, such as fibre and collagen (Brook &dtalt, 2001). However, for young birds,
such as chicks, the organic part accounts for 48.mineral part of the bones mostly consists
of a crystalline hydroxyapatite-like phase. In bri@one is made up of hydroxyapatite crystals of
Ca phosphate deposited on an organic collagenx(sithitehead & Fleming, 2000). According
to Doyle (1979), Ca and P are the two most abunaiémérals in bone with 370 and 170g/kg ash
respectively. In laying hens, between 80 to 90%heftotal P is stored in the bones and the rest
in the nucleotides, nucleic acids and phospholigisisares, 1995; Brook & Marshall, 2001).
Brook and Marshall (2001) indicated that 99% of @eis situated in the bone. It is lower for
broilers as 75% of Ca and 54% of P is stored irbthrees (Van Krimpen). The two main types of
bone providing structural integrity are the compawter layer of the Cortical Bone (CoB) and
the more spongy porous network of the cancellousréecular) bone (CaB; Figure 9), both of
them are forms of lamellar bone (Whitehead & Flegm2000).

Schothorst Feed Research B.V. 10



Microscopic Structure of Compact Bone

Compactbone Spongy bane

\—\Lperfmning (Shampey's) fibers

Lamellae -~ Periosteal blood vessel
Periosteun

Figure 9. Microscopic structure of compact bonempact bone = cortical bone; spongy bone = trabectla
cancellous bone) (ProProfs, 2012).

Bone cells

Three main types of cells are active in the fororatof bones. First, the chondrocytes are
responsible for the cartilage development througlprecess of proliferation, secretion of
cartilage extracellular matrix (ECM) and hypertrgphVhen the chondrocytes die, they allow
the invasion of other cells such as osteoblasts astdoclasts. Among this group of cells,
osteoclasts are responsible for bone breakdowretmpving the ECM while the osteoblasts are
responsible for the bone deposition inside theilagg remnants (Newman & Leeson, 1997;
Mackie et al., 2011). After the complete developtmeh the bones, the process of bone
deposition and bone resorption takes place to mzeba reserves and maintain Ca balances. If
this process becomes unbalanced and osteoclastsoageactive than osteoblasts, more bone is
mobilized than deposited and the hen can suffem fimetabolic bone disorder such as
osteoporosis (de Vries et al., 2010).

2.2.2 Bone growth during rearing

The skeleton of the laying hen is fully developexfobe the sexual maturity (de Vries et al.,
2010). The bone growth during rearing takes pladé the formation of two structural bone
types: the CaB and CoB (Fleming, McCormack, & Wingad, 1998a). This development occurs
through the process of endochondral ossificatiagufie 10) which consists of the replacement
of a cartilage model by bone tissue (Mackie et2f11,1). This endochondral ossification is based
on the epiphyseal growth plate where resting chmndes turn into proliferative chondrocytes.
They form columns of cells and secrete an ECM ¢uetl of collagen. Then, more matrix is
secreted, the chondrocytes start to hypertrophy thedgrowth takes place in two different
regions: the proliferative zone and the hypertrogtuine. The bone formation starts in the lower
hypertrophic zone. The hypertrophied chondrocysete Alkaline Phosphatase (ALP) that
helps to initiate the formation of hydroxyapatilehe chondrocytes then experience apoptosis
and the formation of osteo-cells starts. The comtgid action of osteclastic resorption and
osteoblastic bone formation leads to the developroétrabecular bone which will resorb to

Schothorst Feed Research B.V. 11



form the marrow cavity. In brief, the developmenhtlee long bones is based on proliferation of
the chondrocytes, hypertrophy and finally minewian (Whitehead, 2004).

Osteoblasts secrete layers of cortical bone irnp#rehondrium while, in the endosteal surface,
the osteoclasts begin to resorb bone. This praoesses an expanding ring with bone formation
on the outer surface and resorption in the innermiry the early weeks of growth, the ring
expands so rapidly that cavities are not filledvith bone before osteoclastic resorption. As the
growth slows, the degree of infilling increases (&head, 2004).

rerasing) 1 ronwth % Epiphysis
"-"3""'?' — Plake
oollar 11l
ih‘"l' Metapliyes
“““ Diaphysis
Sweoondary
cantis o
D Cartilags
. Bore
l:l Barw mamaw (induding Hosd vessala) ;{Eﬁg:;_b_

Figure 10. Endochondral ossification in long bonkss the start of the cartilage mall and E is thature bone
(Mackie et al., 2011).

2.2.3 Bone growth during laying

Medullary Bone (MB) development

Bone growth process is common to most of the ddonaetl animals. Nevertheless, female birds
are unique in the sense that the development oéridesteal cavities in the long bones forms a
secondary type of bone, called Medullary Bone (MBylor, 1970; Dacke et al., 1993). The
development of the MB has been extensively revieindtie literature (Taylor & Moore, 1956;
Taylor, 1970; Candlish, 1971; Dacke et al., 1993itéhead, 2004; Fleming, 2008). At the onset
of sexual maturity (16-18 weeks), the follicular tomation coincides with the secretion of
oestrogens, especially oestradiol, which will drilie formation of the MB, acting in synergism
with androgens. The rise in circulating oestrogstsulates the osteoblasts to change from a
formation of structural bone to a development oft $ssue and to depose the MB on the
surfaces of the structural bone (Whitehead, 2084/ries et al., 2010). When the MB formation
starts, there appear to be little or no furthemfation of structural bone (Whitehead & Wilson,
1992 cited by Fleming, McCormack & Whitehead (199&)eming, 2008). Taylor & Moore
(1958) also brought evidence that this change fstmnctural bone to MB appears 7 to 10 days
before a pullet starts to lay. The MB formation wrscrapidly during the early laying period and
continues slowly during the rest of the reprodueiperiod (Whitehead, 2004).
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MB structure

MB is a special type of woven bone mostly foundhia marrow of long bones and the highest
content of MB is found in leg bones (especially tbmur and tibia; van de Velde et al., 1984;
Dacke et al., 1993; Whitehead & Fleming, 2000; Feglil). MB is not a structured type of bone
due to the fast speed of bone turnover which prsvamgood orientation of collagen in response
to functional loading (Fleming, McCormack, McTegt, al., 1998). The mineral composition is
comparable to CoB or CaB and consists of a hydnoatyie lattice (Wilson & Duff, 1991; Dacke
et al., 1993; Whitehead & Fleming, 2000). HowevarCoB, the hydroxyapatite crystals are
oriented with respect to the organic matrix whil® Mas apatite crystals randomly distributed
throughout the matrix (Dacke et al., 1993).

Aem

Figure 11. Histological section of bone of a layimgn showing trabecular bone coated with darklinethMB;
Whitehead & Fleming (2000).

Wilson & Duff (1991) found out that in severe stioa of Ca, P or vitamin D deficiency, MB is
poorly mineralized with low ash content. MB prowda labile source of Ca for shell formation
and mobilization of bone minerals (Whitehead & Fiegn 2000), as will be explained later on.

2.2.4 Bone mobilisation during the laying cycle

Proximal TarsoMetatarsus (PTM) and the Free Thatagertebra (FTV)

In order to assess the bone mobilization in théntpgycle, researchers need to measure the
relative volumes of the different types of boner{jcal, cancellous and medullary) to define the
respective proportion for each type of bone. In #xperiments, the most common bones
observed are the PTM and the FTV as being respdgtiepresentative of the appendicular and
axial skeletons (Knott et al., 1995; Rennie et #097; Fleming, McCormack, & Whitehead,
1998a; Whitehead & Fleming, 2000).
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Ca and P availability is most crucial during thging period (de Vries et al., 2010). In the laying
hen, approximately 2.4g of Ca is required in 20lprimduce a shelled egg of 60g (Etches, 1987,
Bar, 2009). As a result, the transfer of Ca frora blood to the eggshell reaches in average
120mg/h and varies from 100 to 200mg/h. In a layiag, the plasma Ca concentration is around
200mg Ca/L of blood during the period of shell dgpon. When, at the end of the day, the
supply of Ca from the feed is low, the plasma levidlgo down to 0 in 7-15min if no alternative
source of Ca is available (Etches, 1987). Fromatheunt of Ca needed for eggshell production,
only 60-75% can therefore be provided by the faatithe rest is from osseous origin (Van de
Velde et al., 1984; Fleming, 2008). When the Cagii®on from the gut decreases at the end of
the day because of lower feed intake, the dietaayc@&nnot cover the Ca requirements for
eggshell deposition anymore and the hen has tolim®lia from the bones. However, by using
coarse limestone (as Ca grits) that solubilisealglin the gizzard, mobilization of Ca from the
bones can be reduced.

Variations in bone volumes over the reproductiveqoke

According to Fleming, McCormack & Whitehead (1998¢ variations in bone volumes is not
uniform in all bone types. First of all, there isn@arked loss of cancellous bone (first 10 weeks
after sexual maturity; Figure 12). When hens gdeolafter 25wks old), the loss of structural
bone continues but at reduced rates. However, dlsgy show a continuous net increase in the
total amount of bone. As a result, the total bookeiwme is the greatest at 70 weeks. The marked
loss of CaB in both PTM and FTV suggests that tlagomdevelopment of osteoporosis occurs
within the first weeks of egg production. As staeadlier, the onset of maturity determines the
end of the structural bone formation and the oagi resorption therefore leads to a net
depletion of structural bone. At the onset of séxnaturity, the MB is not formed in the PTM
and FTV and the CaB is solicited to supply Ca fa shell deposition. The prevention of early
CaB depletion can result in preventing spinal daan&gcondly, in the bones that are the most
subject to fractures, such as leg and wing bomesetis a considerable loss of structural bone
between 25 and 50 weeks which is mostly CoB inghEmes. These observations indicate that
loss of structural bone occurs later in the wingl &g bones than in the PTM and FTV
(Fleming, McCormack, & Whitehead, 1998b). In brigfructural bone volume declines during
the laying period but the accumulation of MB metra total bone volume remain constant or
even increase over the laying period (Whitehea@42Bigure 13).
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Figure 12. Structural and strength characteristidifferent hens between 15 and 70 weeks in hedsofediets
containing limestone in powder (C) or particuladent (P; Fleming et al. 1998).
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Figure 13. Sections through tibia midshaft of psli@Vhitehead, 2004).

Variations in bone volumes or content over a laydag

Candlish (1971) did not detect any significant deim total volume of the bones during the
day. Although the volume seems to vary the vernyhhstandard errors make it difficult to
demonstrate.
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However, he found out that the MB was subjectesidaificant variations of composition along
the day. There is significantly less hydroxyprolarel Ca in MB at times 3, 13 and 18h than at 8
h, when the MB is heavily loaded with Ca.

Van de Velde et al. (1985, 1984) confirmed thatttital MB volume does not change during a
laying day, only the degree of calcification. Fr@ to 4h, during the inactive period, the MB
matrix is recalcified (van de Velde et al., 198H)is observation was confirmed by Bar (2008).

Ca mobilization from the MB

The MB acts as a temporary depot of Ca for eggstsetiation, when requirements are high and
absorption from the gut is low (de Vries et al.1@p During this period, the fully calcified MB

is replaced by an organic matrix poor in Ca andetioee Ca is released into the blood to supply
the eggshell. When the eggshell is complete, tlelpealcified MB is recalcified during the
following inactive period. The osteoblasts repl#te osteoclasts and regenerate the medullary
bone (Whitehead, 2004). The quantity of Ca in basdsgher during days of no shell formation
which indicates that the bone reserves are resthrgdg the inactive period (Schraer & Schraer,
1961; Buss & Guyer, 1984; van de Velde et al., 1984

The MB is an easy-to-mobilize type of bone

Simkiss (1967) stated that both types of bone (@o&8 MB) are different in terms of ease of Ca
mobilization. Wilson et al. (1993) showed a veryivaeremodelling of MB (Figure 14). The MB
is metabolically very active and in continuous twer compared to the more inert CoB (Taylor,
1970; Candlish, 1971). Candlish (1971) compareddites of metabolism of both type of bones
(structural and medullary) and concluded that MB ba metabolized 10 to 15 times faster than
CoB. MB has a cell cycle, which is about 25% of twoetical bone, and it is therefore a much
more active remodelling system (Dacke et al., 1983)en though the mineral structure is
similar, the organic phase is different betweerhligpes. According to Kim et al. (2007), the
MB has a three times higher mineral to collagemrand a higher non collagenous protein
content than CoB. The latter could be a reason theyMB can mobilize or restore much faster
than a structural type of bone. In addition, Kn&ttBailey (2010) explained that this rapid
turnover is made possible by the difference inag#h cross-link profile. MB has a lower
concentration of mature collagen cross-links ah@yber level of immature cross-links.
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Figure 14. Undecalcified section of proximal targtatarsus (Wilson et al., 1993).

Ca mobilization from the CoB and CaB

MB is the favoured reserve of Ca for eggshell farora However, in the situation of long- term
Ca deficiency, the structural bone and especiakly@oB can suffer depletion (de Vries et al.,
2010). Due to its rich vascular network and itgéasurface area, the MB is very sensitive to
small variations of circulating PTH. However, whEeifH concentrations heavily increase, for
instance during periods of prolonged Ca deficienitye MB response to PTH reaches its
maximum and PTH has profound effects on CoB (Tayéi70). As a consequence, if the hens
are fed with highly deficient Ca diets (0.054% @ad keep laying, it is the structural bone
which suffers attrition (Taylor & Moore, 1958). Tlay & Moore (1954) also indicate that when
hens are fed with Ca deficient diets during 7 d#ys,osteoclastic activity and the volume of MB
remained unaffected, only the CoB was depleted. é¥aw during prolonged Ca deficiency, the
hen responds by increasing the size of the meguliservoir at the expense of the less labile
CoB. This theory was confirmed by Dacke et al. @9&nd also indicated that MB is restored
from structural bone. Once depleted, CoB can nilstylnot be repaired.

Recent publications also state that even in no@aatliets, the structural bones are also subject
to resorption. The osteoclasts are not specifidBoand the large number of osteoclasts can also
resorb Ca from cortical and trabecular types ofeo@ihitehead, 2004; Fleming, 2008).

2.2.5 Hormonal regulation of the bone

The bone mass is maintained through a balance betasteoclast and osteoblast activity. The
osteoblasts have specific receptors for PTH an8-((Q),D; and both hormones regulate the
ALP activity and the transport of €an and out of the bone.

According to Dacke et al. (1993), the osteoclast asteoblast activity is mainly regulated by
two hormones: the calcitonin and the Parathyroidnttme (PTH). The main effect of PTH on
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bone is undoubtedly to increase resorption and wherCa plasma level is low, PTH indirectly
stimulates osteoclastic bone resorptive activitgg eeduces osteoblastic activity. PTH, vitamin
D3 metabolites and prostaglandia fPGE) increase osteoclast ruffled borders, clear zamels
cell size. The PTH does not effect osteoclastsctiyrdbecause most researchers report an
absence of PTH receptors on osteoclasts and nkety lcauses the retraction of osteoblasts,
allowing the osteoclasts to develop their procefBaske et al., 1993). In contrast, according to
Dacke et al. (1993), calcitonin acts as an inhibdb bone resorption by inducing cellular
contraction and reducing migration of osteoclasts.

This is showed in terms of osteclasts activity lay wle Velde et al. (1984). During the active
period, although the total number of osteoclasteaieed constant, the percentage of active
osteoclasts increases from 9.8 to 63.9%, and #dwpton surface per osteoclast increased from
23.6 t0 33.4 um.

2.2.6 Extra information

Bone and eggshell quality

Buss & Guyer (1984) conducted a study to compagedifierences in bone parameters in hens
from layer breeds producing thick eggshells andchftayer breeds producing thin eggshell. They
found no difference between the two lines for bask and Ca content of bones and therefore
concluded that bone metabolism is not a causeicK tr thin eggshell and is not involved in the
Ca-related deficiencies in the thin shell line. &ling to the authors, the hens from thick lines
deposited Ca at a faster rate than hens from thes.| As the bone parameters do not differ
between both lines, the hens from thick lines haveaore efficient absorption of Ca from the
intestinal lumen. Whitehead (2004) also explairat ttmere is no direct relationship between
medullary bone volume and eggshell quality. Inghdy period of lay, the fast rate of trabecular
bone resorption is explained by the high mobilmatof Ca from structural bone to form the
early eggshells. Shell quality is good at the &gyt of the lay, even when little medullary bone
has been formed.

P content in bone

Rennie et al. (1997) indicate that there is noedéhce in the volumes of structural bone or MB
when fed P-deficient diets (4.5g tP/kg) comparedigts with normal P levels (6g tP/kg). Bone
was histological normal with no evidence of thickdrosteoid seams, indicating that the lower
concentration of dietary P did not result in ostatauia.

Bone and forms of Ca

Later in this study, we will focus on the effect @& forms on P requirements. However, it is
important to state here that feeding birds withipalate forms of Ca can have a beneficial effect
on bone characteristics. Fleming (2008) indicaked the number of osteoclasts is reduced when
hens are fed particulate limestone by improvingadieintake with a slow overnight release of
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Ca. Fleming, McCormack & Whitehead (1998) also pibthat providing a particulate source of
Ca results in a decreased loss of CaB and incresseonulation of MB, particularly later in lay.
Greater particles enhance the MB formation, deerethe structural bone resorption and
therefore decrease the severity of some of theachanstics of osteoporosis. It is confirmed by
Guinotte & Nys (1991) who showed that feeding pattate forms of Ca improved the bone
breaking strength of egg-laying hens aged fromo6A7t weeks.

Osteoporosis

As shown earlier, MB is mobilized to supply Ca the eggshell formation but the osteoclasts
can also resorb CoB and CaB (Fleming, 2008). Ostesps occurs when there is a net
resorption of structural bone (Whitehead & Flemi@@00). In older hens in particular (>40

weeks of age) osteopenia and the risk of ostedpdractures increase (Fleming, 2008). Figure
15 shows the proportional variations of structdrahe and MB over the lifetime of a hen. We
can observe a gradual loss of CaB replaced by MBarPTM.
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Figure 15. Change with age in the volumes of déffiertypes of bone in the proximal tarsometatarBi$W) and
free thoracic vertebra (FTV) in the caged laying fi@hitehead & Fleming, 2000).

Over time, the hen presents less structural bomenaore MB. Unfortunately, according to
Fleming et al. (1998) and Knott et al (1995), thB bbntribution to mechanical strength is small
compared to CoB and CaB. Figure 16 shows the medredular bone volume and the MB
volume in relation with the grade of osteoporoBis. example, the grade 0 which corresponds to
“no osteoporosis” is associated with low amou¥i@& and high volume of structural bone.
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Figure 16. Mean TBV and medullary bone volume (MBM)each grade of osteoporosis (Knott et al., 2995

The effect of age on bone is still unclear at gtege and will be discussed later. In brief, the
hens dispose of a secondary MB which acts as ke labirce of Ca. At the end of the day, when
Ca needs become larger than Ca supply from thetguiyIB is favoured to mobilize Ca from its
mineral matrix. However, only the degree of cat@fion is affected, not the volume. In
addition, it is well known that MB does not contrib to the bone strength of the birds unlike
structural types of bone. The MB is favoured coreddp cortical and cancellous bone due to its
different collagen organization which makes it eatd resorb and fill in.

However, in case of profound or longer Ca deficiesicthe structural types of bone are favoured
to mobilize Ca resulting in a reduction in bone woks. This complex bone depletion
contributes to reduce the breaking strength obthrees and lead to osteoporosis.

How the bone responds to Ca or P deficiency haaadyr been discussed in this chapter but the
hen is capable of stimulating also the intestine the kidney to compensate inadequate supply.

2.3 PandCatransport and regulation

2.3.1 Concentrations of P and Ca in the blood

According to Maynard et al. (1979), extracellulavd&ties from 40mg/L to 90mg/L of blood. P
absorption increases as well during periods of lglg$ormation, although not as strikingly as
Ca absorption (Hurwitz and Bar, 1965). Frost & Radl@1990) indicated that the plasma P varies
from 44.0 mg/L at oviposition to 52.7 mg/L at 10bspoviposition. The increase of plasma P in
the first hours of shell calcification is directhglated with the mobilization of Ca form the
medullary bone for shell formation. According te thoultry site, the volume of blood in a bird
of 2kg is 0,33Ibs which corresponds to approxinyal&lOmL of blood volume. As the P content
in the blood varies between 40mg/L and 90mg/L,tttal pool of P present in the blood can
range between 6 and 13,5mg.
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The extracellular pool of Ca is higher in egg-layspecies (200 to 300mg Ca/L) than in growing
birds in order to ensure a high flow of Ca to tggshell (Maynard et al., 1979; Etches, 1987).

2.3.2 Hormones involved in P and Ca regulation

Ca and P homeostasis are both maintained throwgimalex mechanism involving modulating
hormones. The three major molecules playing a imlP and Ca metabolism are vitamin D,
calcitonin and PTH (Bar, 2009; de Vries et al., @01

Vitamin Dj

Vitamin D3, also named cholecalciferol, is a fat-solublemitathat is found almost exclusively
in animals (Veum, 2010). VitaminiOs necessary to the bird to absorb, transportudiide Ca
and P. According to Frost & Roland (1990), vitania is transported to the liver and
hydroxylated to form 25-hydroxyvitaminsDThis metabolite is transported to the kidney and
further hydroxylated to form 1,25-dihydroxyvitamidy (1,25(OH)}D3s, as shown in Figure 17).
This hormone is named calcitriol and is classifexl a secosteroid hormone because of its
functional roles in Ca and P metabolism (Veum, 2010
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Figure 17. Process of 1,25-dihydroxycholecalcifgmaduction (Soares, 1984).

Parathyroid hormone (PTH)

PTH is a hormone which consists of 84 amino aciilk & half-life of 5 minutes. The hormone
is produced in the chief cells of the parathyrdiahg and his secretion is directly influenced by
Ca levels. The Ca binds to the Ca receptor, linkeghospholipase C on the chief cells. This
binding reduces the transcription of PTH (Galiteerl., 2009). In poultry, PTH responds very
rapidly on changes in plasma Ca levels, while 1@2B),D3; responds much slower. Even
though, the understanding of the interrelationsvben 1,25-(OHD; is not complete yet. It is

likely that 1,25-(OH)D3 generally suppresses PTH secretion (Jones 088, DelLuca, 2008).

Calcitonin

Calcitonin is a hypocalcemic hormone which is prtl in the ultimobranchial gland. The
breakdown of this hormone occurs in the liver ahd kidney (Brook & Marshall, 2001).
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Calcitonin directly inhibits osteoclastic activilyy reducing the motility of the osteoclasts
(Dacke et al., 1993).

2.3.3 Ca transport and regulation

The mechanisms of Ca transport (Bar, 2008; 2006)ragulation (Dacke et al., 1993; Veum,
2010) have been very recently reviewed. The folhgnvchapter is mostly based upon those
publications with inputs from earlier studies. @ansport, regulation and deposition are treated
in three different parts.

In laying birds, a third pathway via the eggshédingl drains C4 and induces a high demand of
Cd”*. As stated by Kebreab et al. (2009), the deman@af from the eggshell gland is the
highest when the intestinal lumen becomes completelpty of Ca. Therefore, two mechanisms
are enhanced to compensate for the lack of Cd., Eues absorption of Ca from the intestine is
enhanced. Secondly, as already discussed in the dwapter, an active bone resorption takes
place (Bar, 2008).

Ca absorption

In terms of absorption efficiency, an increaseietaty Ca reduces relative the rate of absorption
but increases the absolute volume of absorptiom, (B209). The C4 absorption in the laying
hen is more intense during the period of shelliftesxtion than during the inactive period. The
Ca transport during the active period (shell foiorgtaccounts for net absorption of about 80%
of the dietary C# intake in hens while much less (36%) is absorbednd the period of
inactivity (Bar, 2008, 2009).

The apparent absorption of Ca takes mostly plactenduodenum and jejunum of the small
intestine (Hurwitz & Bar, 1965; Hurwitz, 1996).i# confirmed by Bar (2009) who states that
the proximal intestine appears to have greaterhikiyethan the distal intestine to absorb®Ca
Most of the Ca is absorbed before it reaches tiverdeum, most likely as a result of the high
efficiency of the proximal intestine in absorbing?C

Ca absorption occurs both by diffusion (passivengpart) and active transport (energy-
dependent transport; Hurwitz, 1996). In poultry, taps0% of the dietary Gais absorbed by
passive diffusion. Proportion of active transpatgreater in situation of longer and larger
plasma C& deficiency (Veum, 2010). According to Bar (2008)e transcellular mechanism
(active transport) acts predominantly at the prafiimtestinal segments, the duodenum and
jejunum, whereas the paracellular transport (passansport) occurs along the whole length of
the intestine, driven by the electrochemical paténtifference (ECPD). The paracellular
transport is more important in animals fed adeqGaté.

Ca transport

Vitamin D appears to be the most important fact@dmating C4" transport. Its metabolite
form, 1,25-(OH)D3 binds to vitamin D receptors (VDRs) and then states the synthesis of
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RNAs coding for several vitamin D-dependent praeisuch as calbindin Jg, Plasma
Membrane CEATPase (PMCA) and epithelial Ca channels (TRP\Wsaddition, other proteins
appear to be vitamin D dependent: osteocalcinppstain (OPN), collagen type | and carbonic
anhydrase 1l (CAH; Bar, 2008). Another group oftpios is involved in Ca regulation, the
Na'/C&* exchangers. All the aforementioned proteins avelired in transcellular transport but
a last group is involved in paracellular transptirg, tight junction proteins (Bar, 2009).

Vitamin D receptors (VDRS)

The stimulation of Ca-transport proteins by 1,253 is operated through the binding to
VDRs. Following the binding of 1,25-(ObD3; to a VDR, the receptor is phosphorylated and
thereby simulates the RNAs coding for osteocalosteopontin, calbindins, 24-hydroxylase,
TRPVs and Carbonic Anhydrase (CA). The VDRs level markedly increased during
maturation, prior to the onset of egg productiororder to allow the development of the Ca
transport mechanisms. In the laying hen, the EgiySBkend (ESG) VDRs concentration
represents 33% to 20% of the intestinal VDR contemith indicates a lower dependency of the
ESG on the vitamin Pmetabolites compared to the intestine (Bar, 2Q089).

Calbindins

In the bird, high levels of calbindins, previousigmed Ca-binding proteins, are found in the
intestine, the ESG and the kidney. The calbindnescansidered to facilitate the movement of
Cd”" inside the epithelial cells of the Ca-transportiogyans (intestine, kidney and ESG).
Moreover, calbindins may act as a buffer, by manimg a low CA" concentration in close
proximity to the TRPVs pores, and thereby ensutireg“downhill” movement of C4 into the
cell. However, differences exist among the thregans regarding calbindin metabolism.
Whereas the calbindin contents in the kidney anthénESG are correlated with the mass of Ca
transported (weight unit), the intestinal calbindircorrelated with Ca transport capability (% of
absorption). In addition, whereas intestinal calbinreflects the change in intestinal change of
1,25(0OH}Ds in the intestinal cell, the ESG calbindin is natitamin D dependent protein.

Plasma Membrane Ca ATPase (PMCA)

PMCA uses the energy stored in ATP to extrudé’ @at of the cell against the electrochemical
gradient. It is has been clearly demonstrated ititastinal and renal PCMA are modulated by
vitamin D. Nevertheless, as for ESG calbindin, BS@CA is not dependent on 1,25-(QB}.

Epithelial Ca channels (TRPVSs)

Among the Transcient Receptor Potential Vanilladhfly, TRPV5 and TRPV6 are known to
facilitate the entry of Cd into the epithelial cells of the Ca-transportimgans. Most findings
support the idea that TRPVs are vitamin D dependent
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Carbonic Anhydrase

CAH is involved in bone resorption, bone calcifioatand Ca transport.

Na'/C&" exchange

The Na+/Ca2+ exchange mechanism is another tramgpaystem involved in the “uphill”
extrusion of C& (Bar, 2009).

Osteopontin (OPN)

OPN is a glycosylated, highly phosphorylated pro@ipressed in bone and ESG. OPN appears
to affect migration and maturation of osteoclastscprsors, osteoclast activity and is also
involved in eggshell formation even though its nsl@ot clearly defined (Bar, 2009).

The transcellular transport consists of three majeps. First, the entry of Ca2+ through the
brush border is ensured by TRPV6 and, to a lesdgeng TRPV5. Secondly, the diffusion or
movement to the basal membrane is facilitated lgstmal calbindins. Finally, the energy-
dependent extrusion through the basal membraneltsestom the low cellular Ca2+
concentration and the higher plasma Ca2+ concenirakhis step is facilitated by PMCA. The
entire process is dependent on vitamin D becauseyestep involves vitamin D dependent
proteins.
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Figure 18. Ca and P homeostasis in the laying BerMries, 2010).

Ca regulation
Ca changes in plasma levels are detected Birsemsing receptors (Bar, 2008). The upper part
of Figure 18 reports the different mechanisms ofé&mlation in case of low or high plasma Ca.

Hypocalcaemia

Hypocalcaemia occurs when body Ca losses exceentpdiom, for example, in case of Ca
deposition into the eggshell (DelLuca, 2008). Inecaklow plasma Ca, the parathyroid gland is
stimulated to secrete PTH, the peptide hormonertsdonds to short term perturbations (Bar,
2008; Veum, 2010). In case of longer perturbatioh€a concentrations, PTH stimulates the
hydroxylation of 25-OHR to 1,25-(OH)Ds in the kidney, in association with Bfeestradiol,
prolactin and GH (de Vries et al., 2010; Veum, 20Ithis hydroxylation is also stimulated
directly by lower plasma Ca. 1,25-(O4B) has three main roles on the Ca metabolism. In the
intestine, its secretion increases the efficientylwsorption of Ca. In the bone, 1,25-(GBY
stimulates, in association with the action of P& resorption of the medullary bone to release
Ca. Thirdly, 1,25-(OH)D3, together with PTH, stimulates the absorption af i@ the kidney,
consequently reducing Ca excretion (de Vries e810; Veum, 2010). In the kidney, about 96
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to 99% of the Ca is reabsorbed during filtratioalf by transcellular and half by paracellular
diffusion. Most of the reabsorption occurs in tmexpmal tubule but the regulation takes place in
the distal tubule where 10% of the reabsorptioredaplace. PTH and 1,25-(OfB) stimulate
absorption of C& by the kidney (Veum, 2010). The conversion of 38oxyvitamin D3 (25-
(OH)Ds) into 1,25-(OH)D5 is homeostatically regulated by plasm&Cthe secretion of PTH
(Soares, 1984). However, when the levels of Caadexjuate to support eggshell deposition,
1,25-(OH)D3 stimulates bone mineralization (de Vries et &11(®).

Hypercalcaemia

On the contrary, high dietary levels of Ca suppliedhe hens result in an increase in plasma
Ca&* which induces the release of calcitonin from tHémwbranchial gland. In case of
hypercalcaemia, calcitonin blocks the resorptiothef Ca from the bone in order to reduce the
concentration of Cd in the blood (de Vries et al., 2010; Veum, 201T&lcitonin is secreted in
laying birds when the plasma level of ionic Ca edsel.5mmol/l (Baimbridge & Taylor, 1980).
Ca excretion is also increased whereas the formatid,25-(OH)Ds is inhibited. The reduction

of 1,25-(OH}D3; metabolism leads to a reduced efficiency of Qasitinal absorption (Shafey,
1993). High C4' levels also induce the production of 24,25-(giM)from 25-(OH}D3 and from
1,25-(OH)D3 (24-hydroxylation; Veum, 2010; de Vries et al.10]

Prostaglandins (PGs)

As PGs, and in particular PGEre drastically more elevated during eggshethfdron and falls
after oviposition, it is likely that they are inwveld in the process of Ca mobilization in avian
species. The understanding of the role of PGkEbone resorption is not complete yet (Dacke et
al., 1993).

Ca deposition into the eqggshell

The eggshell is mostly composed ofCand HCQ bound together to form a solid matrix of Ca
carbonate. Their transport into the eggshell by B8 is fluctuating over the egg-formation

cycle. The peak of transport occurs 11 to 12h aftetation and ends 22 to 24h after ovulation.
Most of the ESG proteins, egg membrane and shelixrare formed in the ESG. Some of the

constituents are structural proteins (collagen) atfeérs have more functional properties (CA,
calbindins, PCMA, VDR). A significant correlatioppears between uterine calbindin and shell
Ca because hens laying shell-less eggs have a ladesne calbindin content (Bar et al., 1984;

Nys & de Laage, 1984) and also show a lower ATRastity (Castaldo & Maurice, 1990).

Eggshell calcifaction takes place by transcelldamparacellular transport of €aTwo of the
three proteins involved in transcellular transpoe present un high concentrations in the ESG
(calbindin, PMCA). It indicates an “uphill” transgoand the presence of an active transport.
Balnave et al. (1992) indicate that Ca transporbsecthe shell gland is an active process that
utilizes adenosine triphosphate as the energy soliras confirmed by Castaldo & Maurice
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(1990) who found that the ATPase activity in thelsgland of hens producing eggs with strong
shells was greater than that of hens producing egfsveak shells.

Despite the high concentrations of vitamin-D-depsrigroteins such as CA, calbindin, PCMA,
VDR or OPN, the vitamin D dependency of ESG transpbC&" is not certain. Even though
most workers found no interaction, Corradino et(#68), on the basis that hens fed a vitamin
D-deficient diet, showed lower ESG calbindin, swgigg a possible dependency. The non-
dependency of the Ca transport proteins on vitdlnshows that the ESG capacity to transport
C&" is not modulated by vitamin D metabolism oClaomeostasis. In addition, most workers
tend to show that CA is the driving force for®Ceeposition.

2.3.4 P transport and regulation

P absorption

As well as Ca, P absorption mostly takes placéénduodenum and jejunum (Hurwitz & Bar,
1965; Veum, 2010). Moreover, as indicated by Wasaar& Taylor (1973), the absorption of P
occurs more rapidly in all parts of the small ititgss than Ca. They also state that P absorption is
higher in the duodenum than in the jejunum (Figl®® and that the rate of P absorption in the
jejunum is linearly correlated with the P concetitrain the duodenum.

In gut Transferred
Bagment! Vit. I Absorption T to body
% k) Th
Duodenum - 7O+ 20 58 +1 W41
Duodenum + 842 63 =1 26 == 2
(N3} (N3) (P < 0.025)
Jejunum = Th+4 63 + 3 13 + 2
Jejunurm + 91 + 4 61 + 2 31 £2
(P < 0.01) (N8) (P < 0.001)
Ileum - 47 =7 M4 135
Ileum + 75+ 4 48 £ 1 26+ 3
(F < 0.01) (P < 0.005) (F < 0.05)

1 Mpan gut bngths: dugderum = 0.1 em.; jejunum = 227 em.; ileam = 14.0em. ! Values represent mean 2azu of six ahisks.

Figure 19. Phosphate absorption from differentsiital segments (Wasserman & Taylor, 1973).

P is absorbed in the small intestine by two difféngathways: paracellular phosphate transport
(passive diffusion) and active transport through sbhdium-dependent phosphate co-transporters.
The paracellular phosphate transport depends atr@®emical gradients across the epithelial
layer. This paracellular movement occurs throughttjunctions consisting of proteins including
claudins and occludins. Beside this passive tramspsodium-dependent active transport takes
place and contributes to 30 to 80% of total transpbhe ratio between active and passive
transport is highly dependent on the phosphateesdretion. The major phosphate transporter
found in the intestine is the Npt2b from the typesddium dependent family. According to
various studies, Npt2b accounts for between 4986 6f the total phosphate transport (Sabbagh
et al., 2011).
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Diets containing low P content result low absolptasma P and therefore higher relative P
absorption rate (Bar & Hurwitz, 1984; Rao et a@91; Frost et al., 1991). The study from Frost
et al. (1991) showed that lower dietary P inducedelr plasma P (mg/dL; Figure 20). It is
confirmed by the study of Bar & Hurwitz (1984) irhieh hens fed a low P diets showed a lower
plasma P (mg/dL). They also demonstrated thatdteplasma P levels resulted in a higher P
absorption (% of intake; Figure 21). As a consegaeP absorption from the intestine increases
at low levels of P supply which might partly compate for the reduced P intake.
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Figure 20. The effect of dietary P on plasma P B28(OH)}D; (Frost et al., 1991).

3.58% Ca, 6T% P F58% Ca, 22% P
Feed intake, g/day 103 o
Egg production, %* 78.1 & 4.38 600 = 43k
Egg weight, g* 629 & g 605 = ab
Shell weight, mg® 33000 & 1392 £344 2174k
Shell densicy, mglem?® 7146 = 208 604 & 2.0b
Plasma Ca, mg/dl? 264 + 1,24 243 = 1.8
Plasma Py, mprdl® 47 = 40 14 = 7b
Intestinal CaBP, mg/p® 202 250 3 R 1
Ca Absorption, % of incafe® B0 o+ 4,32 557 = 4.2b
P Absorption, % of intake® 204 &+ 2.R2 524 & 4.35b

ab

Means designaced by different superseripes are significantly different (P<L05),

! Hens were fed the experimental diets for 39 days. ‘They were bled and killed during a period of ESC inac-
tivicy.

?Mean £ SEM af 18 hens,

*Mean + SEM of 6 hens that laid at lesst § eggs during che 7-day period prior 1o the assays. P; = Inorganic
phesphorus,

Figure 21. The effect of dietary P restriction @geroduction, egg shell quality and on Ca and $ogiiion in
laying hens (Bar & Hurwitz, 1984).
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P regulation

P, as well as Ca homeostasis, is maintained thr@glomplex regulatory system although
according to Veum (2010), there is less regulatbr® than for Ca. The effects of PTH and
vitamin D might be secondary to those on Ca. Anroupment of Ca absorption reduces the
opportunity of Ca to form unabsorbable phytatetheagut and therefore reduces the P availabi-
lity.

Three major organs are concerned by P regulatiostl\; in the intestine, when plasma P is low
the concentration of 1,25(OHD3 increases in the blood (Figure 20). 1,25(eH4)mproves the
efficiency of P absorption via up regulation of thgp2b protein when plasma P levels are low.
Npt2b is also found to be stimulated by a low diet& level through a post- transcriptional
system. However, the Npt2b protein is not sensitov®TH and this might explain why PTH
does not have any influence in the P metabolistharintestine (Sabbagh et al., 2011).

Secondly, together with Growth Hormone, 1,25(¢i¥)stimulates the bone resorption of Ca
and P in case of low plasma P (de Vries et al.0p01

Thirdly, in case of low plasma Ca, the 1,25(@bg) together with PTH, has a suppressing effect
on renal P resorption. As a consequence, 1,25{@)associated with PTH increases P
excretion in urine and reduces plasma P level. Wewen the situation of low plasma P, there is
a secretion of 1,25(Oksbut not of PTH (Deluca, 1988; Rao et al., 1991)he Tindings
indicate that, in the absence of PTH, 1,25(&H3timulates renal resorption and therefore
reduces P excretion. The mechanisms behind thedparare still unknown (de Vries et al.,
2010).

About 85-90% of the P is reabsorbed during glonaerfiltration in the kidney with about half
by paracellular and half by transcellular diffusidhen plasma P is elevated, vitamin D induces
the excretion of P in the kidney to correct thedmpghosphatemia (Edwards, 1973; Veum, 2010).

As indicated by Bar & Hurwitz (1984) and revieweg Bar (2008), low plasma P do not
increase the renal activity of 25-hydroxyvitamin-Di3ydroxylase enzyme, responsible for the
synthesis of 1,25(OHIp; (Figure 22). However, most findings indicate thatthe situation of
low P levels, there is an increase of 1,25(H)in the plasma and target tissues (Newman &
Leeson, 1997; Bar, 2008). As a consequence, thehanemn inducing stimulation of
1,25(OH}D3 by low plasma P levels is still uncertain (de gret al., 2010). This could be due to
the fact that low plasma P levels induce 1-hydratigh of 25-(OH)R not in the kidney but in
the intestine or the bone (de Vries et al., 2010).
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3.58% Ca, 67% P 1.70% Ca, .67% P 3.08% Ca, 33% P

243 24* 248 34°
Egg production, ol QTR + 28 25,7 =+ 4.3 900 = 2.8 829 + T
Plasma Ca, mg/dl 2.1 = 1.6 18,1 = 8 241 £ B 216 + 7
Plasma P, mg/d] 52 + .38 40 = .6ab 28 + 5b 16 + .8b
CaBl, mgig:
Intestinal 1942 082 274+ .agb 177+ .28 285 43b
ESG 1.38+ .12 1.55 + il 143 2 02 1.37 ¢ .0
Kidney 29 (28 3%+ 038 56+ osh 46 04b
Kidney 1-hydroxylase, 209 = 509 519 + gob 151 =z 4.6 19.8 & 473
pmalefgf 15 min
Tibia ash, mg/hone
Strucrueal 2007 = RO 2745 1 142 1748 £ 1278 2805 + p(Aa
Medullary 165 2 162 173 = 142 B+ + gb 106 +12b

a'beEII.'S designated by different superscripts are significantly differenc (P01,
' Means = 5E of eight hens,
*Day of reatment,

I The hens selected for this izl laid ar least five egps during the 7~day period prior to the assays. Therefore,
any practical compatison hetween these means should ror he made,

Figure 22. Effect of dietary Ca and P restrictionlmne ash, egg shell gland, intestinal and kiddaybinding
protein, and on kidney hydroxylase activity of lagyihens (Bar & Hurwitz, 1984).

Unlike Ca regulation, low plasma P does not indaceecretion of PTH but GH to increase
plasma P levels. The maintenance of P homeostabisnvolves 1,25(OH)D3; which acts less
rapidly than PTH. We can conclude that the resptinge of the P mechanism is high compared
to C&" mechanism (de Vries et al., 2010).

Both high plasma CG& and P induce the production of another derivatevitsfmin D, the
24,25(0OH)D3 from 25(0OH)YD3 but also from 1,25(OHIP; (24-hydroxylation). The effects of
this molecule on P and €aare not well understood but it is clear that thistabolite can affect
vitamin D regulation (Jones et al., 1998).

Many other molecules have not been discussed bereleral reasons: 1) Some have not been
specifically discussed in egg-laying birds in titerature: thyroid hormone, PTHR1, cytokine
KB ligand, norepinephrine, insulin-like growth factl; 2) Some might not have a clear effect on
P and Ca metabolism: Indian hedgehog protein, filasi growth hormone, bone morphogenetic
proteins, epidermial growth factor, glucocorticqiasatrix extracellular phosphoglycoprotein,
leptin.

It is clear that P regulation has been much lebgestiof study than Ca regulation. This can be
explained by the strong dependency of P metabadisi@a. In addition, P regulation is known to
be less efficient than Ca regulation. For instaftes, only regulated by the slow-process vitamin
D, and not by the PTH. In case of high levels 0bRly a stimulation of P excretion can reduce
the plasma P.
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3 Factorsinfluencing P requirements
3.1 Dietary effects

3.1.1 Phosphorus

It is generally admitted that a great majority lné  present in cereal grains and seeds is bound
to phytic acid as Phytate P (PP; Eeckhout & De Pad®94). However, PP has a low
availability in monogastric animals, unless tha&ed contains phytase enzyme to hydrolyze it
(Nahm, 2008). Approximately 60 to 75% of P in conmiycused feedstuffs are not available for
digestion by the hen (NRC, 1994). The availableoRtent of a diet is dependent on three
parameters: the PP content, the non-PP contenthanghytase content (Eeckhout & De Paepe,
1994).

PP content

Generally, maize-soybean diets in poultry conté&iouw 2.59/kg phytate-P or 8.9g/kg phytic acid
(Selle and Ravindran, 2007; cited by Lei et al.0@20. According to Eeckhout & De Paepe
(1994) and as presented in Figures 24 and 25,RheoRtent (%) of cereals is as follow: triticale
(0.25), wheat (0.22), rye (0.22), barley (0.22)tso@@.21), sorghum (0.19) and maize (0.19).
Wheat by-products have the highest PP content: Wimegbran (0.72), wheat fine brand pelleted
(0.78) and wheat midllings (0.53). Those data amgla to the findings of Cromwell (1992;
cited by Nahm (2008)). However, Even though all anéhors used the same method (Haug and
Lantzsch method (1983) some feedstuffs have coettseal amount of PP. For example, PP/tP
ratio in rapeseed meal is estimated to 17% (Hop&iret., 1989; cited by Eeckhout & De Paepe
(1994)), 36% (Eeckhout & De Paepe, 1994) or 67%fzsch, 1989; cited by Eeckhout & De
Paepe (1994)). The corresponding values for sueflaneal are 32%, 44% and 75%, while for
soybean meal the respective values are 43%, 53%56%d PP content can be predictably
determined in function of total P content as the parameters are significantly correlated, but
only in wheat, wheat by-products, maize and mai@rbducts (Figure 23). However, phytase
content cannot be predicted from total P conterany of the available feedstuffs (Eeckhout &
De Paepe, 1994).
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Figure 23. Linear relationship between PP (%) dnd%) for wheat and wheat by-product (+) and maird
maize by-products (Eeckhout & de Pape, 1994).

n Towal P (%) Phytate-P { Phytate-F/ Phyrase
meant 5D (%) tetal Py 100 {units kg=')
{range) mean + 8D mean +5D meant 5D
{range) {range} (range)
Seeds
Rye 2 0.36 0.22 6l 5130
(0.35-0.36) (0. 20-0,23) [ 56-66) (4132-6127)
Triticale & 0.37+0,02 0.2520.02 67237 1688+ 227
(0.35-0.40) (0.22-0.28) {G61-70) (1475=-2039)
Wheat 13 0.33+0.02 0.22+0.02 6T+4.8 11932223
[0.31-0.38) (0 19=0.27) {61-78) {915-1581)
Barley 9 0,370,022 0222001 BhE24 5821178
(0.3d-0.39) (0.20-0.34) {55-62) {408-882)
Peas 11 0.38+0.02 017003 45162 116+ 54
(0.36-0.40) (0.13=0.21) {36-53) {36-183)
By-products
Wheat fine bran [ 0952006 0.72£0.08 T6L 56 4601 = 860
(0LE5-1.03) (0.60-0.81) (68-54) [3485-5345)
Wheat fine bran 15 101 +0.08 0.78+0.08 Ti+56 2573£0.59
(pellets) [0.BB-1.17) (0.62-0.86) (62-82} [1206-4230)
Wheat middlings 5 (L A0+0.25 0.53+0.14 66469 4381 £ 956
{0.53-1.200 (0.33=0.71) [59-74) (2825-5042)
Wheat feed flour i1 0561020 0.39+0.16 TOL7.6 3350+ 1244
(0.26-0.91) (0.15-0.641} (56-76) {1007-4708 )
Wheat bran 5 l.16+0.14 0.97+0.20 Ba+73 2957+ 1556
{LD3-1.36)  (0.77-1.27)  (75-93) (1180-5208)
Mali sprouts 4 (a0 £0.09 0.01 £0.03 2134 B7T+242
(pellets) (0.52-0.73) [0-0.03) {0=7) (605=1174)
Cormn distillers 3 0.90 019 21 385
(0.86-0.86)  (D.17-0.21)  (20-24) [141-850)
Rice bran 2 1.71 1.10 G 122
{1.37-1.74) [1.08=5.11) [62-66) [108-135)

Figure 24. Total P, phytate-P and phytase actfitieedstuffs with phytase activity of more thar0ihits/kg
(Eeckhout & De Pape, 1994).
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Phytase activity

Eeckhout & De Paepe (1994) indicated that ceraalb 8s rye, triticale, wheat and barley have
higher phytase activity than others. It is also admable how wheat by-products present
considerably higher phytase activity than any otfemdstuffs (Figure 24). Maize, oats and
sorghum have no sufficient phytase activity to loyglrte phytic acid in appreciable quantity
(Figure 25).

Total P, phytate-P and phytase activity of feedsiuffs with phytase activity of less than 100 units kg~

i Total P {%) Phytate-P {Phyiate-P/ Phytase
mean + S0 (%) tal Pyx 100 (unitskg™')
{range) mean =50 mean 5D mean 5D
(range} {range) (range)
Cereals
Maize 11 028003 0191003 GEE5.9 15%1%
(0.25-40.35) {0.16-0,26) {61=77) (0-48)
Oans 6 036003 0.21£0.04 59+11 421 §)
{0.33-0.40) (0.16-0,28) (48-T8) (D-108)
Sorghum § 0271005 0192004 TOx6.2 4=32
(0.20=0.33) {0.14-0.24) (61-78) (D0=-T6)
Maize {moist ensiled )’ 7 0300005 G13z002 43+53 12+11
(0.24-0,38) (0 11=0,18) [35=49) (0=30)
Cereal by-products
Maize gluten feed 9 0BT=0.16 0.47 £0.06 54%62 48 £ 68
(0E3-1.100  (0.35-0.54)  (44-62) {0=177}
Maize gluten fead 5 089010 0.52+0.08 LT EEN | 547
{pediets) (0. 75=0.99) (0,400,650 (53-61) {0-15)
Maize germs (extracted ) 1 065 0.42 %] LG
Maize feed Mour 2 023 014 &l 5
(0.22-0.24)  (0.12-0.16)  (55-67) {3-6)
Maize feed flour 5 0.50+0.04 0.27£0.07 54197 3ITL30
{LI5A) (0.45-0.55)  (0.20-0.38)  (44-65) {0=78)
Rice feed flour 1032 0,23 72 ]
Rice bran (extracted) 4 1.B9E0.27 0.79+0.19 42496 45T 67
(L57-2.21)  (0.69-1.073  (31-54) (0=145%)
Wheat gluten feed 6 0.78+0.06 0,36 10,10 T 1.0 25+61
(0. 71-0L87) (0, 44=0.69} (39-50) {0-150}
il meafls
Peanut {extracted ) 3 (.68 0.32 47 3
{pellets) (0.65=0.70) (0.30=0.34) (46-49) (0-8)
Coconut (expeller) 4 0334005 018 +0.03 3440 24+17
(0.47=0.58) (0.14-0.20) {30-39) (0=80)
Linseed {expeller) 4 0.75+£0.02 0,42+ 0.02 5520 546
(0. 73=0.78) {0,39-0.43) {52-58) {0-12})
Linseed (extracted ) I 082 0.47 57 41
Rapeseed {extracted ) $ L12+0.04 0,40 % 0.05 634 16416
[1.07-1.17} {0.34=-0.48] {32-41) (0=36)
Palm-kemnel {expeller) 6 0.59:+10.03 0.39+0.03 6639 aTtn
(0.55-0.62}  (0.33-0.41)  (60-71) (0-21)
Sunflower (extracted ) Il Lobx0ll 0.44 £ 0,05 44+3.9 62+ 53
{pellets) (0.86-1.28) {0.32=0.51) {35=47) (D=185)
Soyabean 44 (extracted) 15 0.662003 03520002 53+25 045
{(0.61-0,71) (0,33-0.39) {46-5T}) (0-120}
Soyabean 48 [extracted) 5 0612001 0321002 5237 BExE
(0590062 (028-0.33)  (46-56) (0-20)
Soyabean 50 (cxiracted) 9 0T +0.02 (138 £0.01 54+2.2 3150
{0.67-0.73) (0.3T7-040)  (51-38) [0-149)

Figure 25. Total P, phytate-P and phytase actioftfeedstuffs with phytase activity of less thar0Qlnits/kg
(from Eeckhout & De Pape, 1994).
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A remarkable finding is the reduced phytase agtiint pelleted wheat bran compared to non-
pelleted one. This might be due to heat treatmenhd pelleting (Eeckhout & De Paepe, 1994).
Plant phytase is heat-labile and may be eliminatbeén diets are steam- pelleted at high
temperatures in excess of 85°C (Selle et al., 2009)

P availability

Kiarie & Nyachoti (2010) investigated the sciertifiterature to determine the P availability of
most feedstuffs in swine, poultry and ruminantseiT findings regarding poultry production are
presented in Figure 26.

P in maize is for 21% available to poultry. Howewshen maize is presented as DDGS, the
availability is about 76%. Eeckhout & De Paepe @)9fredicted a higher bioavailability of
maize when it is moist ensiled because it inducesdaction of the PP content. (Nahm, 2008)
also noticed the considerably higher P availabditgorn gluten feed, because of the presence of
moisture in the steeping process prior to remot#h® starch.

Wheat, wheat bran and wheat middlings have a highgoavailability than maize, respectively
39%, 41% and 30%, due to high intrinsic phytaséviagt Nahm (2008), based on Cromwell
(1989), found a lower availability of P in maizethvan average of 14% and a higher availability
in wheat (50%).

The bioavailability of P in soybean meal (SBM), thest common protein source in non-
ruminant diets, is low at around 20% for poultrgterestingly, soybean hulls have a high P
availability for poultry (119%), although the relce of this value is not large, because of the
low P content of soybean hulls. In the CVB tabseg/bean hulls is associated with a digestibility
close to 75%.

Rice is the cereal which presents the lowest Plahibdy. This is mostly of interest for poultry
farmers in Eastern Asia.

Animal protein sources present considerably highawailabilities compared to plant stuffs. For
example, as indicated in the CVB tables, fishmaak@nts a P content of 22-25g P and a
digestibility of 73%. The two main inorganic phospd sources, dicalcium phosphate and mono-
calcium phosphate, present P bioavailability ckms®£00% for poultry.

Genetically modified low-phytate feedstuffs suchnaaize (Spencer et al., 2000) and soybean
meal (Sands et al., 2003) have higher P bioavétlat@nd true digestibility values than the
conventional feedstuffs.
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Feedstuff Mean Min. Max
Carsal graing
and by-products
Barley 38 33 50
Barley, breweans’ Iz - -
dried grain
Maize, dry 2 12 33
Maize, DDGS TE 63 102
Maize, gluten feed gs - -
Maize, homimy feed 34 — -
Sarghiem, dry 2 18 36
Sorghum, high 47 - -
i siune
ats 42 28 47 Feedstuf Mean Min. Max.
Soyabean meal, hulls 118
Qats, groats 4 - Suriflower maal 23
Oats, bean B0 - -
Rice o - - Frrises
Fiedd peas 2B - —
e bran b2 18 Pinto beans o - -
Triticale 31 - - r -
Wheat . 58 Animat-h
IeadisiugTs
Bonemesal 80 B9 a4
Wheat, meddlings 41 - - Meat and 76 52 ag
Wheat, bean a0 23 36 bonemeal
DHzead mesails Fishmeaal 103 - -
Candla meal 45 - - Casein 48 - -
Cottonseed meal 42 - - Inonganic
Soybaan mesl, 1€ 11 40 Curagae lsland gl 55 100
hiullesd phosphale
Dicalcium a1 71 123
phosphate
Soybaan mesl, 57 - - Monophosghates, R 0t
low phytate Ma and Ca
Sa:h.?;n mesl ®o- - Rock phosphate, 75 &7 o
53,:;53;-. mesal 77 - - e
I phrytate ' Rock phosphate, By 82 103
Soybaan meaal, a9 16 35 delluorinaied
dehuliad Rock phosphate, soft 47 25 76

Figure 26. P availability of different feed stuf®; Kiarie & Nyachoti (2010)).

Supplementation of inorganic forms of P

Shastak et al. (2012) compared two different sauafeP in broilers: Anhydrous monosodium
phosphate and the anhydrous dibasic Ca phosphat¢éeriRion and prececal P digestibility were
higher for monosodium phosphate than dibasic Capitate.

Keshavarz (1994) compared monobasic and dibasispblade. Supplemental levels of dibasic
phosphate did not have an adverse effect on peafmcenand did not affect shell quality whereas
performance was seriously impaired by a supplerhé&tal of monobasic phosphate. However,
the levels used in the study were considerablytgréhan commonly used levels of P.

The common maize-soybean meal diet is known toeptes low availability in P for poultry.
The various levels of P availability for feedstuffisow that poultry diets can be modulated to
include feedstuffs with a high P-availability toydny (wheat by-products, genetically modified
corn, ethanol by-products). The incorporation ofchsuproducts could reduce the P
supplementation levels and will be discussed later.
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3.1.2 Influence of Ca source, particle size and dietamel

Egg producers mostly use two sources of Ca, linmestnd oyster shell (Soares, 1995). Both
forms provide Ca as Ca carbonate and contain &8%tof Ca (Saunders-Blades et al., 2009).

Effect of origin of Ca source

Most of the studies agree on the absence of etiedfa origin (seashell, oyster shell or
limestone, regardless of particle size and Ca Jemelbody weight, egg-day production or egg
weight (Miller & Sunde, 1975; Guinotte & Nys, 199Grizzle et al., 1992; Saunders-Blades et
al., 2009). Moreover, bone parameters such as baight, bone-breaking strength and bone
percentage ash do not vary between the Ca soutteng & Coon, 1990; Guinotte & Nys,

1991; Saunders-Blades et al., 2009). However, tfeeteof Ca source on eggshell quality is
controversial, even though most studies have reganb difference between particulate lime-
stone and oyster shell (reviewed by Roland (198&unders et al. (2009)).

Effect of particle size of Ca source

As for origin of Ca, particle size does not affeglg production nor body weight (Miller &
Sunde, 1975; Cheng & Coon, 1990; Guinotte & Ny911%rizzle et al., 1992; Keshavarz &
Nakajima, 1993; Saunders-Blades et al., 2009). Wewemost studies demonstrated a positive
effect of greater particle size on bone qualityhsas total or trabecular bone mineral density,
cortical area, total or cortical bone mineral comntebone weight or bone-breaking strength
(Guinotte & Nys, 1991; Rennie et al., 1997; Flem@@l., 1998). As for the origin of Ca source,
the effect of particle size on eggshell qualitycantroversial in the literature. Although most
studies suggest a positive effect of greater parsize of Ca in eggshell quality (Cheng & Coon,
1990; Keshavarz & Nakajima, 1993), Saunders-Bladesd. (2009) reported no difference with
regards to the particle size. This difference mightexplained by the degree of oyster shell or
particulate limestone in exchange of the grounce$itone diet. Saunders-Blades et al. (2009)
replaced only one third of the ground limestone gayticulate Ca while the other studies
replaced two thirds to 100%. Cheng & Coon (1990¢satigated the levels of daily intake of Ca
(2.0, 2.5, 3.0, 3.5, 4.0 and 4.5g) and six diffesepes (average United States Screen Number 6,
8, 12, 18, 35, and 100 corresponding to sieve demmef 3.36, 2.38, 1.68, 1.02, .50, and .1
5mm, respectively). Any of the treatment affectied ¢gg production and egg weight. However,
the parameters related to shell quality were depeby fine Ca source (Figure 27). Regarding
the bone parameters, the particle size does nettdfie bone ash content of the bones but fine
Ca sources depressed the bone-breaking force aredsthn and organic matter concentrations
(Figure 28).
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Shell Specific Shell

Variable swusal weight gravity thickness
(mg/cm?) & {mm)
Source
1 T3 5138 L.08258 2n4st
2 75.5% 5.16% 1.08242 29512
Size, average screen mumber?
6 756 5210 L0837 3015
] T4.3% 5218 108398 .
12 7400 5238 108250 20508
18 737 5165 1.0825%0 2047800
35 73.00 5055 1.0821° 2861t
100 To.9% 497° 1L.0802° 2904°
Calcium intake level, giday
2.0 69.0b 483° 1.0782° 2m6b
2.5 T3 5,068 1.0821° 21zt
30 75.80 52080 1083240 Jo L5
35 7460 52080 1.0839" 29607
40 75,48 5312 108330 29842
4.5 75.68 5208 108380 .35t
Interaction 5§ x Ca SuCa

*“Means within each colunn and varinble with no commen superscripts are significantly different (P<.05),

1SWUSA = shell weight per unit surface arca.

ZAverage screen mumber = screen munber whese 50 of limestone passed through and 50% was retained by the
screen. Screen Mumber 6, 8, 12, 18, 35, and 100 comespond to sieve dismeters 3.36, 2,38, 1.68, 1.02, .50, and .15 mm,

Figure 27. Effects of source(s), size and Ca intakel (ca) on various shell quality traits (Cheé@oon, 1990).

Bone ash Bone ofganic Bone-breaking
Varlable concentration  matter contentration Bone ash force
(% [at-free
(MEML} — dry weight) (kg)
Source
1 3538 kY vl 56.458 1207
2 351t 47* 56.058 12700
Size, average screen mumber’
6 34gP 332> 557250 1285
8 38g* 33300 56,4300 13.28%
12 3714 34980 57460 13.18%
18 3607 375 56,7980 13.05%
35 3400 23180 5500 1.5
100 34t 316° 56.01%° 10.70°
Calcium intake level, giday
2.0 316° 297 55170 9.84°
2.5 330t 3200 55240 11128
3.0 J4ghe 320 56,000 1271
3.5 352¢ 341 56340 13.05%
4.0 379" 349%0 55.95b 13.44°
45 403 375" 58708 14.15"

*Means within each column and variable with no common superscripls were significantly different (P05}

Laverage screen numiber = screen mumber where 50% of limestone passed through and S0% wes retained by the
screcn. Screen numbers 6, B, 12, 18, 35, and 100 correspond to sieve diameters 3,36, 2,38, 168, 102, .50, and .15 mm,
respectively.

Figure 28. Effects of treatments on various femanameters (Cheng & Coon, 1990).

In the experiment from Rennie et al. (1997), the aisthe diet oyster shell (50% of the limestone
replaced by crushed oyster shell) did not inducdifeerent amount of trabecular bone but
induced a higher amount of MB in the PTV and in H7@/. It also increased the level of ALP
(Figure 29).
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Prosomal tarsometatarses Free thoracic vertebra

TE ME TE ME

Treatment I logit (sed ™ ) % logit (scd) n s legit {sed) % logie {sed)
Control 14 1298 = 192G I-a3 =21 13 1215 =205z 45 = 5639
Chystershell 18 12-38 = [-087 (0-135)  19-A5% — |466 (02420 14 1140 = 2105 (0098 070 = 5078 (030
Flusoride 17 12:87 =053 [0-041) 1753 = 1617 (0246 10 1092 —2028{0-006) 054 = 5402 {0324
Ascorhic acid 15 12405  —2015(0-144) 1339 —20RI (0254 7 12001 — 19300105 040 — 5286 (0319
1,25.0HCC 131347 — -5 (0-14R) 1512 — DBGO (0264 5 1114 — 2119 (0108 (k44 — 5279 (0-334)
Low CP, high

vitamin K 17 1238 — 1040 (0-142) 1243 — 2068 (0245} 13 1319 — 1042 (0099 084 —5-224 (D-304)
Low phosphorus 16 12460 = 1830 (0-142) 1558 — 0037 (0248) 9 1000 — 2019 (0108 063 — 5204 (0-330)
JHine 8 1804* = 1555 (0162 28A% — 4254 (0E9E) 3 1643 — LB (0157 118 — 4797 (0477

*mean propottion of trabecular or medullary bone bone.

" * standard error of the dierence berween logit means for the control group and each treatment group,
=P 005, P 0-0] fignificanly different from contral on bass of dilferences on logit seals).
1,25-DHCC, 1,25-dihydrocholecaleiferal; CF, crude protein.

Figure 29. Proportions of trabecular bone and MBregsed as mean percentages and logit transforreaifcthe
percentages, in the PTM and FTV at 68 weeks ofgigen different dietary treatments (Rennie et al.
1997).

In the study from Shkvan et al. (2010), two diets were used: a diet@iomg Ca carbonate in
fine limestone particles (diet with limestone pads <0.5mm), and a diet containing Ca
carbonate in coarse limestone particles (diet @4tto of particles larger than 0.8mm and smaller
than 2.0mm). The Ca content was constant with 3Bgfkfeed. In this study, feeding the diet
containing coarse limestone particles improved|sheight by 0.2g, the shell thickness by 4um
and the shell Ca content by 2mg/g DM. 1i8&n et al. (2010) therefore determined that adarg
particle size of 0.8 to 2mm should be consideréuerahan fine ground limestone.

Saunders-Blades et al. (2009) compared four CaesyA, B, C limestone and oyster shell) and
2 particle size combinations (ground= 100% groumdnox =66% ground and 33% large
particle). They also tested vitro solubility and stated that oyster shell has tighést in vitro
solubility. In this study, feed consumption, bodgight, egg production, egg weight and egg
specific gravity did not differ among treatmentsg(i¥e 30). However, hens fed the mixed Ca
particle treatments had greater feed consumptiampeaoed to those fed 100% ground Ca source.
The mixed Ca treatments also had positive effeatsboa quality (trabecular density, trabecular
and cortical volumes, cortical mineral content, dareight and breaking strength).

In conclusion, particulate size of Ca should bevigled to the poultry diets to enhance bone
quality and probably eggshell quality.

Large particles of Ca have a lower solubility (Sdens-Blades et al., 2009) and therefore the
gizzard empties more slowly at night, resultingogtter meeting of the Ca requirement in the
dark hours and a greater utilization of Ca from @e source (Scott et al., 1971; Mongin &
Sauveur, 1979). It is confirmed by Cheng & Coond@@who measured the solubility vitro of

the Ca sources and found out that the shell quasitis and bone parameters related to solubility
provide a better fitted line than when relatedadiple size (Figure 31).
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Figure 30. The effects of Ca source and partide shn laying hen tibia quality at 74 wk of age (S#ers-Blades

et al., 2009).
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Figure 31. Cheng & Coon, 1990

Moreover, coarse particle of Ca maintain a higheodb level of Ca which reduces the necessity
of bone resorption to deposit Ca into the eggdlaalinotte & Nys, 1991). In addition, Fleming
(2008) proved that the number of active osteoclasteduced when hens are fed particulate
limestone, reducing overall bone resorption. Asoasequence, greater particle size has a
positive effect on bone-breaking strength and mareentage ash (Guinotte & Nys, 1991).

Dietary Ca levels

As stated by Taylor (1965; cited by Selle et al0@)), PP can chelate to cations such as Ca and
form mineral-phytate complexes. However, the Catgqey complexes are insoluble and
therefore resistant to hydrolysis by phytase. Téisupported also by Driver et al. (2005), who
stated that Ca and P are antagonists to each imthtbe gut of broiler chickens. When high
concentrations of Ca are provided, the two minetetsl to form non-soluble complexes resul-
ting in lower P absorption (Hurwitz & Bar, 1965; iRa Rao et al., 2006). The formation of
mineral complexes between Ca and P and their affegthytase efficiency has been extensively
reviewed by Hartel (1990).
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The role of Ca is contrasted since it has a deteterdigestive effect on P utilization by
monogastrics (Létourneau-Montminy et al., 2010) aigh levels of dietary Ca are known to
decrease the availability of PP (Damron & Harm€5tBallam et al., 1984; Soares, 1995; Lim
et al., 2003; Rama Rao et al., 2006; Selle & Raand2008; Nahm, 2008; Selle et al., 2009). To
give an example, Van der Klis et al. (1997) showed increasing dietary Ca levels from 30 to
40 g.kg' in non-supplemented P diets reduced ileal phydegradation from approximately
33% to 9% in laying hens. Six studies are revietseldw to determine the ideal dietary Ca level
for laying hens (Cheng & Coon, 1990; Clunies et 4892; Keshavarz & Nakajima, 1993;
Chandramoni et al., 1998; Lim et al., 2003; Flemi2@08). Most of the studies consider that
3.0% Ca is too low to ensure best eggshell quahty advice at least 3.5% Ca (Table 1).

Table 1. Carecommendations from six publications

Author(s) Calevels (%) Carecommendations

Cheng & Coon (1990) 2.0, 25, 3.0, 3.5,4.0, 4.5 0%8.is enough to ensure best shell weight, shell
specific gravity, shell thickness and bone breaking
strength

Clunies et al. (1992) 2.5,35,45 3.5% is recommeel for the Ilowest egg

deformation and highest shell Ca (g)

Keshavarz & Nakajima (1993) 3.5,4.0,4.5,5.0,5.5 Levels of Ca above 3.5% do not bring any
beneficial effects on eggshell quality and egg

production

Chandramoni et al. (1998) 26,29 3.2,36,3.9 he Dptimal hen performances are obtained with
3.6%

Lim et al. (2003) 3.0,4.0 3.0% Ca decreases eggifsp gravity, eggshell
strength, and eggshell thickness.

Fleming (2008) / The Ca level should be 3.5% diebenefit best

eggshell quality

In brief, even though origin of Ca (oyster shelliorestone) has no effect on production, a larger
particle size of Ca source has positive effectabse it releases Ca more slowly over night. It is
therefore expected to reduce P excretion due ¢ovarlmobilization of bone Ca despite the lack
of studies to prove it. The dietary Ca level isyéelicate to determine because it should ensure
a good eggshell quality, but it is also known thigh levels reduce P availability. If we consider
the feeding of low P-diets to laying hens, the canndietary Ca level might induce lower
degradation of PP. The addition of phytase bringgewa perspective because high dietary Ca
levels impair the efficacy of phytase. According Selle & Ravindran (2007), the Ca level
should be kept to the strict minimum in phytasepdeimented broilers diets. This statement can
be transposed in laying hens diets even thougletle of Ca needs is much higher.
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3.1.3 Magnesium

In broilers, Magnesium (Mg) supplementation hasnbglgown to reduce the body weight and
bone ash (Damron & Harms, 1965; Figure 32). Howeagsrcompared to high levels of dietary
Ca, Mg does not produce such a great effect onugtah performance. Mg reduces membrane
permeability but is not accumulated by mitochondais with Ca. According to McCuaig et al.
(1972), the depressive effects induced by highléewé Mg are due to the decrease in phytase
intestinal activity in chicks by binding to P.

Supplemental Tistal Tolal Tibia ash® {5 Body weight® (gms,)
phosphorus phosphorus'  calcium!  — = o
source %) ) +Mg =My + Mg =Mz
Soft Phosphate 0.37 .42 32 3 35 qedel 25gsb Dyl
.51 33, Tabe 35, gaele 244~ 274
0,65 33,90 <35, Grdele 253 2Ggabe
0,44 (.52 35 4ot 38 1hii 274bed 20 quial
.61 35, Relx 37,68 271kt A0dezni
0.75 34, 2ed 3, 3ete 261nb 27 Sbode
Maonosodium Phosphate 035 0.32 i 321 2B(pdt 257av
0,47 34, Qede 36, 8l 28 3eded 300ehil
.62 35 |mded 35 peef 27Gese 3240
.40 .34 34 4t 35, Tdut 2R st 20dstxh
E{SE 30,08 394 K 3358k
X

39.8i 34 @i 316i 1 hij
1 Basal diet contained 0305, phosphorus and 0,269 caleium.

§ Means with different superacripts are significantly different according to Dunean’s multiple range test
(1955,

Figure 32. Tibia ash and body weight of chicks éieks containing two levels of P from two sourcethvand
without supplemental Mg (2,000 ppm; Damron & Har®65).

According to Kim et al. (2013), Mg is a very impamt nutrient for eggshell quality and is the
second most present mineral in the eggshell (MgQ@nging from 0.44 to 1.88% of the weight
of the eggshell (Hossain & G. Bertechini, 1998)ldying hens, no effect of dietary Mg (1.7 to
7.7g/kg) was found on egg production, Mg contergggshell or bone and egg weight (Atteh &
Leeson, 1983; Hossain & Bertechini, 1998). Hoss&inBertechini (1998) only found a
significant interaction between levels of Mg and faP feed consumption and egg weight. In
aged laying hens (19 month old), bones present rlog concentration but similar Ca
concentration compared to younger hens (Rolandl.et1877; Figure 33). It is therefore
suspected that aged hens have higher Mg requirertigem those suggested by NRC (1994) of
0.4g/kg. Kim et al. (2013) proved that supplemeatabdf Mg (2.3, 2.6 or 3.0g/kg Mg) on aged
laying hens of 72 weeks has beneficial effectsggskell strength.
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Mineral (%)©

Hen Potas- Mag- Man-
age Caleium Caleivm Godium sium nesium g
Young 3.00 40,20eb 1.03b .54b 578 2.008b
1.75 41,458 T sped ToE 2.0080
1.00 4p,758b 11453 G50 593 1.89b
oid 3.00 40,144k 805 agd Egb 1.933b
1.75 40,008b 93¢ A7C 57 2.0psb
1.00 39 620 1.0zb 638 51 2118

a.b.2dya1ues followed by different letters in the same column are significantly different (P<.05}).
eEx]ercd as percentage of ash.

"Vlluc W10,

Figure 33. Relationship of hen age and inducedt@ason tibia mineral content (Roland et al., 3977

3.1.4 Isoflavones

Isoflavones are one type of phyto-oestrogens asdgss an oestrogen-like activity. They act by
binding to oestrogen receptors and are known te hmsitive effects on cancer, osteoporosis
and plasma cholesterol. However, in hens, the wsffecsupplementary soy isoflavones are not
well documented. In the study of Sahin et al. (308@y isoflavones improved egg production,
egg quality and bone mineralization. However, ttisdy was conducted on aged quails and
under a depressive environment (34°C). Among isofies, daidzei becomes increasingly
popular as a dietary supplement. A study from $lal.e(2013) proved that total P in the blood
was affected by supplementation of daidzein and ithacreased the P retention in the blood.
However, in the study of Ni et al. (2007), serumwv&s not affected by dietary daidzein unlike
serum Ca.

3.1.5 Aluminium

Nelson et al. (1968) already indicated that lewdlaluminium (Al) have a great influence on P
bioavailability. Elliot & Edwards (1991b) confirmetiis hypothesis in broilers explaining that
Al can bind with P in the intestinal tract and foinsoluble AIP. This results in the reduction of
retention of P and PP. Therefore, increased levelsl significantly reduce weight gain, feed
efficiency, and percentage bone ash.

In laying hens, egg production and feed intakesaggificantly lower when P not bound by Al
(PNB) is very low (0.03% and 0.18%). Egg productiewen ceased before the end of the
experiment in 0.03 % PNB-diet. Plasma P was ala@ied when dietary Al diet was increased.
However, all the adverse effects were reversethbseasing level of P in the diet (Rossi et al.,
1990). Addition of supplemental Al of 0.3% has adeeeffects on egg production and P
metabolism (Hussein et al., 1987; 1989)
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3.1.6 Zeolite

Zeolite has been proven to affect tibia bone patareesuch as reduction of ash rate or P content
(Leach et al., 1990; Elliot & Edwards, 1991b; Alssl., 2011) and to have a positive effect on
eggshell quality (Roland et al., 1985; Frost et092). Edwards (1987) also stated that addition
of 1% zeolite lowers the broilers performance wikedeficient diets are fed. Chung & Baker
(1990) reported a reduction of bone weight.

The effect of Sodium Zeolite A (SZA), the most coomform of dietary Zeolite, on plasma P is
controversial. Watkins & Southern (1989) reportedepressive effect of dietary SZA on plasma
P whereas Frost et al. (1992) did not notice afgcefHowever, it is commonly agreed that high
dietary SZA impairs P utilization and affects P atetlism (Edwards, 1987; Chung & Baker,
1990; Leach et al., 1990; Elliot & Edwards, 199MWatkins & Southern, 1992). Zeolite,
however, increases Ca utilization (Chung & Bak&9Q; Elliot & Edwards, 1991b; Frost et al.,
1992), which could explain the improvement foun@ggshell quality.

The large effect that zeolite has on P metabolesualts from the binding of phosphate ions with
Al ions released from dietary SZA (Edwards, 198%ufy & Baker, 1990; Frost et al., 1992;
Abas et al., 2011). Frost et al. (1992) indicateat the beneficial effect of zeolite on eggshell
qguality and increased Ca absorption does not rdsuit the increased production of 1,25-
(OH).D3 as suspected.

However, surprisingly, in the study of Elgto et al. (2011), plasma P, tibia weight, tibiawole
and tibia ash P were not influenced by the presehezeolite. They concluded that there were no
synergetic or antagonist effects of zeolite with P.

3.1.7 Boron

Boron (B) is essential for bone and mineral metabobnd B deficiency influences ALP activity
(Hunt & Nielsen, 1981; cited by Dupre et al. (199H)elsen & Shuler, 1992) and plasma P
levels (Hunt, 1989; Hegsted et al., 1991; NielsenSKuler, 1992; Dupre et al., 1994). In
addition, diet supplemented with B increases therseinorganic P levels (Hunt, 1989; Eren,
2004). However, the cause of this increase is nelt nown. It could be attributed to an
improvement of the absorption or a reduction ofakeretion.

Moreover, live weight, egg production and feed congtion are depressed with a high
supplementation level of B (400mg/kg; Eren, 20@Qg specific gravity and feed conversion
are not influenced by dietary B, whereas egg shi@ltkness increases with higher B
supplementation (10 and 200mg/kg; Eren, 2004)
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3.1.8 Organic acids

In order to reduce expensive supplemental inorgahasphate, organic acids (OA), and especi-
ally citric acid (CA) can be added to the diet ngprove P utilization in chicks (Boling, et al.,
2000; Boling-Frankenbach et al., 2001; Brenes.e28D3), although it has deleterious effects on
weight gain and tibia ash (Boling-Frankenbach et 2001; Brenes et al., 2003). Boling-
Frankenbach et al. (2001) also indicated that supehted CA reduces the aP requirement by
0.1% of the broiler diet.

In laying hens, addition of CA does not improve @ggduction or egg weight (Boling, Douglas,
Snow, et al., 2000; Sari et al., 2012) and redéeed efficiency (Boling et al., 2000; Nezhad et
al., 2007). Unlike in broilers and unlike phytasgpglementation, additional CA does not
improve P utilization (Boling et al., 2000; Nezhetal., 2007; Sari et al., 2012). Nezhad et al.
(2007) suggested that the absence of effect of €& autilization might result from the much
higher dietary Ca levels (3.8%) of laying hens, pared to chicks. According to Erdman
(1979), phytate binds to Ca and CA, a strong cbelzitCa, removes Ca or decreases Ca binding
to the phytate molecule making it less stable amatensusceptible to endogenous phytase
(Boling et al., 2000; Boling, Douglas, Snow, et @D00). The hypothesis is that the high dietary
Ca level in the laying hen diet (3,8% compared%oift chicks) results in the binding of the CA
non-phytate Ca. As a result, there is still ampdea@ailable for binding to phytate, and the CA is
not available to bind to the Ca in the Ca-phytateglex (Boling, Douglas, Snow, et al., 2000).

Addition of CA is sometimes considered as a sotutio lower the pH in the gizzard and

therefore facilitate the absorption of Ca and Pahee microbial phytase is more active at low
pH (2.5 or 5.5; Brenes et al., 2003). When CA igpd&imented in association with phytase, the
response to phytase should be, in theory, enhaktmaever, in the experiment from Brenes et
al. (2003), growth response to phytase was nedgtafeected by CA. Moreover, according to

(Boling, Webel, et al., 2000), as CA is an orgaag metabolized in the body, it is not expected
to greatly affect gut pH. They also state thatfthdings concerning the effect of dietary CA on

gastrointestinal tract pH are inconsistent. They quusitive effect of CA on hen performance is
the additional increase of egg production when hare fed a phytase-supplemented diet
combined with CA (Sari et al., 2012).

3.1.9 High Available Phosphorus corn

High Available Phosphorus (HAP) mutation on cornsvaeveloped by USDA scientists. This
mutation, in turn, was bred into a hybrid by Pianesing the low phytic acid 1-1 (1pal-1) allele
of the corn LPA1 gene (Snow et al., 2003).

The HAP corn has low levels of PP (38%) comparedidonal corn (68%; Eeckhout & De
Paepe, 1994). Therefore, using HAP corn could meifsitionists to reduce the addition of
expensive inorganic P.
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Ceylan et al. (2003) measured egg production, fe@mtsumption, eggshell percentage and
mineral retention and excretion of hens fed twdedént diets (HAP corn and not HAP corn with
five levels of nPP: (0.40, 0.35, 0.30, 0.25, 0.26%hytase). Hens fed HAP corn show the same
performances than hens fed normal corn and highezld of PP. Use of HAP reduced Ca
utilization but this was overcome by phytase wifian. It is probably because HAP components
can bind to Ca and reduce its digestibility. Waigret al. (2000) showed advantages in growth
performance, tibia ash, P retention and P excrdaoidAP corn in chicks, benefiting from the
higher content of available P. Huff et al. (1998¢ntbnstrated that diCa phosphate
supplementation can be reduced by at least 24%oitebdiets when HAP corn is used without
affecting chick performance or health. Finally, &net al. (2003) fed hens with diets containing
HAP corn, normal yellow dent corn (0.1% P) and aifpee control (0.45% P). The results show
that the HAP-diet shows similar egg production agd mass than the positive control although
body weight and feed intake were impaired. Theychated that hens can be fed HAP corn-
soybean meal diets containing little P supplementatwithout adversely affecting the
production performance.

3.1.10 Corn Distiller's Dried Grain with Solubles

Distiller's dried grains with soluble is a by-praduof ethanol production where DDGS is
obtained from the dry milling process of maize, ngsifermentation with the yeast
Saccharomyces cerevisiae (Deniz, Gezen, et al3)201

CDDGS contain low levels of PP and appreciable artwoof phytase activity, 21% and 385
FTU/kg, respectively, compared to 68% and 15 FTUfieg normal corn. The fermentation
process that distiller's grains undergo seemsd@ase the P availability probably as a result of
partial phytate hydrolysis (Eeckhout & De PaepeQ4)9The bioavailability of DDGS is 54%
(NRC, 1994) but Amezcua et al. (2003) found theabailability to be ranging from 69 to 102%
in chicks. Although most of the studies demonsteateduction of P digestibility when feed is
heat treated (Jongbloed & Kemme, 1990; Schlemmeal.et2001; Blaabjerg et al., 2010),
Amezcua et al. (2003) report higher P bioavailapibf DDGS when they are autoclaved
compared to when they are not, 87 and 75%, resgécti

Deniz et al. (2013) fed hens with diets containiivg inclusion levels of CDDGS as 0 (basal
diet), 5%, 10%, 15% or 20%. Feeding until 15% of OKES does not affect performance
parameters (egg-day production, egg weight or fiettke) or egg quality parameters (thickness
and shell strength). As inclusion rate of CDDGSreéased, addition of diCa phosphate
decreased, leading to an overall reduction of det. The inclusion rate of 15% without
comprising performance was also confirmed by Rabeet al. (2005). Wamsley et al. (2013)
reported that an increasing inclusion rate of 1@%hicks did not negatively affect production
performance. It was also found that the use of CBDd&creases the total P present in the
poultry manure (Deniz, Gezen, et al.,, 2013). Howgeiteis not relevant to suggest standard
inclusion rate of CDDGS in a diet because its digésy is dependent on the way of processing
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and on the variability of protein digestibility. #huse of CDDGS is still controversial and a
precise recommendation cannot be provided.

3.1.11 Vitamin Dy

Most of the work done on effects of inclusion ofamin D; metabolites has been with broiler
chickens, where it hdseen proven to have beneficial effects on PP rieterind feed efficiency
(Roberson & Edwards, 1994), body weight and bome(lktchell & Edwards, 1996) and tibial
dyschondroplasia (Edwards et al., 1992; Robersded&ards, 1994). Mohammed et al. (1991)
also highlighted that high cholecalciferol leveBnchave an influence on the utilization and
retention of PP in broilers. See also Nahm (2008jurther explanations on broilers.

As explained in the part about P regulation, vitaii, and especially its active metabolite form
the 1,25-(OH)D3;, has a major influence on P metabolism. In bde25-(OHYD3; can make PP
more available to poultry. However, in laying hetige use of 1,25-(OHIp; does not result in
such positive effects compared to broilers. Inghuely from Koksal et al. (2012), the addition of
0.06% 1,25-(OHPD; into the diet did not result in a significant @ifénce in production
performance. Bilal et al. (2010) found no differenno serum Ca, serum inorganic P and ALP
activity between hens fed phytase supplemented dietl hens fed phytase and 1,25-(§2H)
(400U/kg) supplemented diets. Carlos & Edwards 8 3howed that the addition of 5ug/kg of
vitamin D; numerically improved the body weight, the bone asth the PP retention of hens, but
without significant difference. Also no effect oggeweight or egg production was noticed in this
study. In contrast to these findings, in theirtfegperiment, Frost & Roland (1990) showed that
inclusion of any of the vitamin Pmetabolites usedod(OH) Ds or 1,25-(OH)D3) at any of the
five dietary levels (0, 0.75, 1.50, 3.00 and 4.59kg feed) did affect eggshell quality or
production criteria.

In their second experiment, Frost & Roland (199@pveed that 1,25-(OHP; increased
percentage of shell, shell weight, egg breakingngjith, egg production, feed consumption, and
egg weight when 0 ICU D3/kg of vitamingDQvas fed, but it had no effect at higher levels of
vitamin D3. Tibia weight and tibia breaking stramgivere also increased by adding 1,25-
(OH),D3 to the diet. They concluded that laying hens nwiad enough 1,25-(OHIp3; from
dietary vitamin B to sustain shell quality but not to maintain bopelity. Finally, Bolukbasi et
al. (2005) discovered that supplementation of viteaBy (3000 U/kg) significantly increased the
level of Ca in the eggshell, proving that vitamip ibhproves Ca deposition by increasing Ca
absorption. It also increases P deposition in tgskell but only in case of low-Ca diets (0 and
1%).

Keshavarz (2003) compared the effect of two souotestamin D; (1,25-(OH}D3 and 25-OH-
D3), which were provided at a level of 2,7601U/kge tbubstitution of 1,25-(OHp3; by 25-OH-
Dsdid not produce any effect on egg shell qualitprmduction performance.

It can be concluded that among the different coreptof poultry diets discussed above, OA,
daidzein, Vitamin R and B do not have significant effects on P meiabglexcept for B on P
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retention. It is surprising that dietary supplenagion of vitamin @ does not improve production
performances or P retention, but this finding carekplained by a sufficient endogenous amount
of vitamin Ds. Mg, SZA and Al show significant depressive efteas a result of a binding to P,
which renders it less available. However, dietarg ¢l found to be low compared to the real
needs in aged hens. Finally, only HAP corn and CB[p&sent positive results on P and can be
used to reduce supplemental inorganic P withoueisdy affecting production performances.
Phytase supplementation will be discussed latdrigstudy.

3.2 Effect of age

Effects of dietary P on laying hens performanceehbeen extensively studied over the last
decades (Keshavarz & Nakajima, 1993; Gordon & Rhleéi®97; Carlos & Edwards, 1998;

Boling, Douglas, Johnson, et al., 2000; Keshava@90; Boorman & Gunaratne, 2001; Bar et
al., 2002; Sohail & Roland, 2002; Marounek et 2008; Skivan, Englmaierova, et al., 2010;

Lei et al., 2011; Ahmadi & Rodehutscord, 2012). Mosthese papers deal with hens in first
cycle production (21-70 wk of age), however, onlyfeav study the effects of age on P
metabolism and P requirements (Carlos & Edward931®8oling, Douglas, Johnson, et al.,

2000; Bar et al., 2002; Sohail & Roland, 2002; Snetwal., 2004) and only two focus on P
requirements of hens older than 70wk (Bar et 8022 Snow et al., 2004).

3.2.1 Physical aspects as affected by age

Number of eggs laid per day is significantly lovieraged hens than in young hens (Garlich et
al., 1982; Izat et al., 1984; Bar et al., 1988, A9Bar et al. (1988) indicated a greater decline
along a clutch in the aged than in the young hegsrding shell density (30/39 compared to
82/91wk old hens). It is well documented that eggght and body weight increase along the
reproduction period (Garlich et al., 1982; Bar &ri#aiiz, 1987; Bar et al., 1999; Kim et al.,
2005). However, shell quality as defined by shkitkness, percentage shell or shell density
among the studies is significantly altered by afjae(et al., 1982; Garlich et al., 1982; Izat et al.
1984; Bar & Hurwitz, 1987; Bar et al., 1988, 199Rduced shell density generally results in an
increase in broken eggs along with age (Bar & Htzw1987; Bar et al., 1988). Kim et al.
(2005) found no influence of age on bone parametech as bone volume, fresh weight, ash
concentration or bone breaking strength in neititvéa nor femur.

3.2.2 Physiological aspects as affected by age

Abe et al. (1976) suggested that the reductiorhell slensity along the production period might
be due to a defect in vitamin D metabolism. Howe®ar & Hurwitz (1987) showed that the
production of 1,25(OHpP; by the kidney and its concentration in the plasmegie similar in

young hens (30wk) and aged hens (82wk) in normatii€a(3.6% Ca). They also indicate that
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intestine and ESG calbindin, a vitamin D depengentein, are similar in both groups. These
results are confirmed by Yosefi et al. (2003) artteded to 117 wk-old hens. They concluded
that vitamin D metabolism is constant among layegardless of age when hens are fed with
normal Ca diets (3.6% Ca).

The only physiological difference regarding agenuin the study from Bar & Hurwitz (1987)
is the adaptive capacity to respond to Ca defigigfic9% and 1.4% Ca). As stated earlier,
1,25(OH}D3 regulatory mechanism is responsible for the in@easCa absorption in response
to Ca deficiency. Bar & Hurwitz (1987) observed laarge in 1,25(OHP3; production in
response to a Ca deficiency in young hens butmotder ones (Figure 34). As a consequence,
although young and old hens have similar vitamim€&abolism, old hens lose their capacity to
respond properly to Ca deficiency. As during a piatichn cycle, hens are often subjected to Ca
deficiency, such as at the end of the day, it tesnlreduced Ca deposition in shell and impaired
eggshell quality, especially in hens older than KOw

T mo 19 mo
Measure Normal diet Low Ca diet Mormal diet Low Ca diet
Plasma Ca, mg/dl 252 = 1.6 21.50 = 0.6* 8.7 = 0.8% 1.7 = 1.0¢
Plasma 1,25(0HLD,, 1M Q.77 = Q.08 1.25 + 0.03% 0.83 = 010 080 = Q.10
1-Hydroxylase, msm/min 4.0 = 0.1* 53 = 02~ 4.1 = 0.1= 43 = 01"
Tibia ash, mgrbone 2830 £ B35 2250 = I20% 2859 = 77 2484 = l40*

Mean =+ seM of seven or eight birds fed for 16 d diets containing either 3.6 or 1.9% Ca. The hens laid at least five egps during the seven
terminal days and were bled and killed during a period of late shell calcification [20-22 h postoviposition). Means designated by different
superscript letters are significantly different [P < 0.01).

Figure 34. Plasma Ca, kidney 1-hydroxylase, plasi8&(OH}D; and bone ash as influenced by age and dietary
Ca (Bar & Hurwitz, 1987).

Shell thickness decreases in old hens, in spitkedf greater bone reservoir of Ca (Garlich et al.,
1984). In addition, Bar et al. (1999) indicatedttwaen young hens face severe Ca deficiency, it
results in the production of eggs with reduced Isthehsity. Older hens respond by stopping to
lay or, for some, by correcting partially and forshort period shell thickness. This Ca

homeostatic mechanism is not vitamin D dependentiiost likely PTH dependent.

3.2.3 P requirements and phytase supplementation asedféy age

Boling et al. (2000) evaluated the effects of dietd and supplemental phytase in a long term
experiment (50 wk) in young hens (starting at 20aflage) and in old hens (70 to 76 wk of
age). Young and old hens were fed various dietaf@.P, 0.15, 0.2, 0.25, 0.45% aP) during the
entire. The young hens showed signs of impaired prgduction from the '8 week when fed
unsupplemented diet (0.1% aP), whereas old hensms&mted a reduced egg production
already from the "8 week when fed unsupplemented diet (0.1% aP). Thesdts show that
older hens are more sensitive to dietary P defigighan hens early in their production cycle.
This lower adaptive capacity to P deficient dieteld hens was confirmed by Sohail and Roland
(2003). In their study, they fed 21-wk-old hens dTawk-old hens with four levels of dietary P
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(0.1, 0.2, 0.3, 0.4% nPP). The effect of a P-defitidiet (0.1% nPP) on the rate of egg
production in older hens was much faster compairéuegg production in younger hens. Sohalil
& Roland (2003) proposed two explanations to thignmmenon. First, the ability of hens to
utilize PP might decline with age. Secondly, agedshmight have more depleted P bone content
which reduces the bone capacity to respond by péasarto P deficiency.

The first hypothesis had already been tested bgi8eler and Sell (1987; cited by Carlos &

Edwards (1998)), Ravindran et al. (1995; cited bgrdtinek et al. (2008)), Carlos & Edwards

(1998) and Marounek et al. (2008). Ravindran et (#095) and Marounek et al. (2008)

concluded that older birds hydrolyse PP more effity than younger ones because more
endogenous phytase is present in the gastroinaéstact of older birds. However, Scheideler &

Sell (1987) and Carlos & Edwards (1998) indicateat blder hens have a reduced utilization of
PP. The controversy of this subject does not allamy certain conclusion and further

investigation needs to be considered.

However, the second hypothesis has been denie@ugrad studies (Gordon & Roland, 1997;
Keshavarz, 2000; Snow et al., 2004; Kim et al.,32@@ho indicated that mineral bone content is
not altered by P-deficient diets. Snow et al. (9G®hcluded that P depletion is not ocurring as a
result of aP treatments or at increasing age wsiinged Ca level.

A third hypothesis could be a less efficient Caoapion in aged than in young hens inducing an
increased binding of Ca to P and, as a resultjacexrl P availability. Unfortunately, there is not
enough available information to deny or confirnsthypothesis.

Carlos & Edwards (1998) investigated the effectsugiplemental 1,25(Okl); and phytase on
24 wk old hens and 56 wk old hens. Both young dddlaying hens are able to utilize large
amounts of PP when 600 FTU/kg phytase and, tosgidesctent, 5ug/kg 1,25(0#Ds are added.
The only difference between both groups of hens thasPP retention. In young hens, PP
retention increased from 43 to 63 or 76.6 when gdgtor a combination of phytase with
1,25(0OH}D3; was added. However, in the old hens, the magnifidecrease was higher (0.70 to
64.8). The PP retention of hens fed a diet witsayplemental phytase or 1,25(QHBj is much
higher in young hens than in older hens. The rea$dis result is still unknown but it was also
confirmed by Scheideler & Sell (1995) and by Marekiet al. (2008).

Bar et al. (2002) investigated the Ca and P remerds of aged laying hens of 57, 66, 80 and 92
weeks of age. They found out that the Ca requirésneinaged hens are slightly higher than the
NRC recommendations of 3.25g/day. They recommeni ri@n 3.6g/d after 57 weeks of age
to sustain normal hen performances. They also 8tatea better eggshell quality can be obtained
when aged hens are fed 5.5g/d during a period aol1D?2 weeks. They agree with previous
findings that 2.0 to 2.3g/kg aP (1.0g/kg of add@d<Psufficient for young hens to maintain hen
performance when dietary Ca varies between 324Dd¢¢kg. However, they advise to increase to
4.5g/kg aP (1.0g/kg added Pi) for hens older thawéeks. As they recommend dietary Ca to be
higher than the normal range applied in poultrgytltalso state that the dietary P must be
increased by 0.6g/d to compensate for it. Butitiésease can be avoided by use of supplemental
phytase.
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Snow et al. (2004) studied the effect of 7 diet@aeatments (0.10, 0.12, 0.14, 0.16, 0.18, 0.20,
and 0.45% aP) on hens aged from 21 to 108wk of lagis study, at 64wk of age, hens were
subjected to a 10d-fast and then fed two differantt-recovering diets. The nutritionally-molt
recovery diet contained 16% CP, 2% Ca, and 0.45%vhiRe the corn molt recovery diet
contained 8.5% CP, 0.02% Ca, and 0.08% aP. Afeefabding of the molt recovery diets, the
hens were returned to the same aP level that hawl feel from 21 to 63 wk of age, and they

remained on these dietary treatments until 108 fidge. The results of the study are graphically
presented in Figure 35.

Egg production, %

23 31 39 47 53 61 66 70 77 85 93 101 108
Week of age

—— 0.10% AP —8— 0.14% AP —1— 0.18% AP —A— 0.45% AP
—8— 0,12% AP —k— 0.16% AP —S— 0.20% AP

Figure 35. Hen-day egg production from hens fetkéht aP levels from 21 to 108 wk of age (Snoaiet2004).

In the first cycle, from 21 to 64wk, only hens f@d.8 or 0.20% aP had similar egg production
than 0.45% treatment from 21 to 63 wk of age. Hmve¥ excretion was significantly lower
than the 0.45% treatment. The authors thereforemetend approximately 0.18% aP or 198mg
aP/hen per day in this laying period. In the secoyale, from 77 to 108wk of age, significant
reductions in hen-day egg production, egg mass,feedl efficiency occurred when hens were
fed all aP treatments compared with 0.45% aP.rttharefore been concluded that laying hens
can be fed low aP diets (0.18% AP) during the -isatle period without compromising hen
performance and survivability during and immedaafellowing the induced molt period. In the
second cycle, although 0.18% and 0.20% AP diettddcmaintain similar egg production than
0.45% aP until the last 12 weeks, all the P treatsn&ailed to sustain egg production until the
end of the production cycle. As a conclusion, afiirement was higher in the second cycle than
in the first cycle and the second cycle requiremeas in excess of the 0.20% aP treatment.
Snow et al. (2004) therefore recommend furtherareseto determine precise P requirements of
post-molted hens. (Pelicia et al., 2009) indicatieat 0.25% aP is sufficient to sustain egg
performance and quality of post-molted hens. Vewently, Khalaji et al. (2013) investigated
the aP requirements of post-molted hens by usiegbtioken-line. The hens were kept from
85wk-old to 102wk old. In their study a 0.21% aRtdiould not support egg production during
the second cycle but hens fed 0.3% aP diet hadasimioduction performances than hens fed
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0.47% aP diet. In their study, the P requiremerstigefd hens varies according to the performance
criteria chosen. As a result, the minimum aP rexment for aged laying hens ranges from 1.7 to
2.4g/kg of diet and aP requirement for maximizigg @roduction and egg mass is 2.8g/kg of

feed.

Even though its main topic was the comparison af thfferent housing systems and not the
effect of age, the work from (Neijat et al., 20kBn be used to study the age effect. In their
study, Ca and P dynamics were analyzed from 1Btadek of age. The results concerning the
P balance over the laying period are availableiguie 36. The graph shows a lower P balance
as the age advances.
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Table 2. Review of studies comparing hens of diif¢rages

Author(s) Age hens (weeks) Main conclusions

Bar et al., 2002 57, 66, 80 and 92 For aged hemseQuirement for best shell quality are
higher than NRC recommendations (3.25g/d). Diefary
content needs to be at least 4.5g/kg to maintain he
performance. However, increased dietary Ca indhiggser
needs regarding dietary P (use of phytase to cosapen

Boling et al., 2001 18 comparedto 76 ~ Aged hensraree sensitive to P deficiency as they show
signs of impaired performances earlier than yowsmgsh(diet
with 0.1% P). However, this can be compensated digta
with 0.45% aP or by supplemental phytase.

Carlos and Edwards, 1998 24 compared to 56 In éaqteriments, phytase had a positive effect on BW
and increased plasma dialyzable P, tibia bonezashPP
retention. PP retention increased from 43% to 68766
when phytase or combination phytase with 1,25-(@3)2
was added. With the older hens, the magnitudearéase
was higher (0.70 to 65%). Phytase, and to a lesdent
1,25-(OH)2D3, can be used to increase the utibpatif PP
by laying hens.

Khalaji et al., 2013 From 85 to 102 The minimumraguirement for aged laying hens ranges
from 1.7 to 2.4g/kg of diet and aP requirement for
maximizing egg production and egg mass is 2.8gfKged.

Marounek et al., 2008 20 compared to 47  Older hgdsolyse phytate more efficiently than young
hens. The P retention was significantly higheranrnger
hens, presumably due to a higher P requiremeritdoe
mineralization in young birds.

Pelicia et al., 2009 90 to 108 weeks The lowestlavel fed (0.25%) is sufficient to maintain the
performance and the egg quality of semi-heavy corriale
layers after molting

Sohail & Roland, 2000 21 compared to 47  The efbéet P-deficient diet (0.1% nPP) on the rate of egg
production in older hens was much faster compaiitiegg
production in younger hens.

Snow et al., 2004 From 21 to 108 The authors tbezaecommend approximately 0.18% AP
or 198mg aP/hen per day in this laying period. aP
requirement was higher in the second cycle thaharfirst
cycle and the second cycle requirement was in exckthe
0.20% aP treatment.

Molting

Molting is sometimes used to extend laying hengrerince. Molting induced by fasting is the
most applied method although it has depressiveerpences on bone strength and indirectly
animal welfare. Two other molting methods have bestewed by Berry & Brake (1984) who
compared fasting with high zinc diet and low sodidmt. Fasting and high zinc treatments
produced a cessation of egg production within filys after the initiation of treatment. Egg
production was reduced but did not cease in thedodium treatment. The fasting treatment
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resulted in the greatest degree of body and orgaghivioss, while these effects were the least in
the low sodium treatment.

In general, duodenal Ca uptake, shell weight, stietkness and egg production increase
immediately after an induced molt before declinthging the subsequent period (Garlich et al.,
1982; Al-batshan et al., 1994). However, bone dtarsstics, such as bone mineral content,
need more time to come back to its previous ledlbatshan et al., 1994). In the study of
Mazzuco & Hester (2005), induced molt was detriraktu skeletal integrity with a depressing

effect on the BMD. Hen humerus never recovered #fiie molt and tibia BMD recovered late,

only when the hen showed reduced rate of egg ptmaug-igure 37).
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Figure 37. BMD measured in live hens subjected to#t between 76 and 80 wk of age as compared nati
molted control hens (Mazzuco & Hester, 2005).

These results confirmed the findings of Garliclale{1984) who also showed that feed-removal
molt decreased femur weight and density in layiegsh Bone density and relation with molt was
studied in the paper of Kim et al. (2007). Theyestigated the effects of different molting
treatments: pre-trial control (PC), fully fed (FFFed Withdrawal, 90% alfalfa:10% layer ration
(A90), 80% alfalfa:20% layer ration (A80), and 7@dtalfa:30% layer ration (A70) in 80wk-old
hens. Obviously, the hens fed the 100% layer ratigdf) had significant higher feed, energy,
protein, Ca, and P intakes compared with the ajhaups (Figure 38).
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Feed Energy Frotein Ca P

I'reatment’ (g/bird) {kcal fbird) {g/bird) (g/bird) {g/bird)
FF 997 0 2863.4° 149.6° 324" 13.48°
FW s = =2 ik =
A 136.5° 186.6" 29 2 0468
ASD 121.5° 1864 20.2¢ 2. 0.500
ATD 263.2% 4479 4320 528 1.328
Pooled SE 30.1 62 417 07 (.26

““Means within a column with different superscripts differ (P < 0.05).
'FF = fully fed (100% layer ration); FW = feed withdrawal; A% = 90% alfalfa:10% layer ration; ASD = 80%
alfalfa:20% layer ratiom; AY0 = 0% alfalfa:30% layer ration.

Figure 38. Feed, energy, total protein, Ca anddkas of hens fed different diets during a 9-d meltod (Kim et
al., 2007).

Gregory & Wilkins (1996) reported no broken boneshens younger than 25 weeks, but with
increasing age, they found a gradual rise of flasten bones and old breaks. The latter can be
explained by observations of Wilson et al. (1992h0 indicated that trabecular bone volume
decreased between 25 and 60 weeks old hens.

Aged hens and in particular post-molted hens sheprassed production performances (egg
production, egg quality and bone quality) compaegoung hens. The latter can be explained
by the fact that older hens lose their capacityespond properly to mineral deficiencies. In
conclusion, the P requirements of aged hens (>7@wndhigher than first cycle hens and range
from 0.20 to 0.25 % aP. P requirements of young gt be discussed in chapter 3.

3.3 Effect of housing

The effects of different housing systems, and @appjgoutdoor systems, have been extensively
studied on hen performance (Hughes et al., 198%chiet al., 1986; Abrahamsson & Tauson,
1995; Vits et al., 2005), on egg quality (Hugheslet1985; Mench et al., 1986; Duncan et al.,
1992; Wall et al., 2002; Van Den Brand et al., 20@h skeletal integrity (Ngrgaard-Nielsen,

1990; Duncan et al., 1992; Hughes et al., 1993aAfmsson & Tauson, 1995; Jendral et al.,
2008) and on behavioural aspects (Mench et al.6;18@&rgaard-Nielsen, 1990; Duncan et al.,
1992).

According to Vits et al. (2005), furnished cagesorder to meet the demand of the EU directive

1999/74/EG, need to provide 750 cm2 of floor sgaerehen, perches, a nest box, a dust bath and
devices to shorten the nails. However, all studesot compare conventional cages as defined
in the EU regulation. Some might deal with onlyedp of it (presence of perches, higher cage
density) or completely different systems (deedjtbutdoor free range system). The results are
therefore to be taken into consideration very caiyef
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3.3.1 Effect on production performance

Egg production

Egg production was found to be comparable in aviapusing systems (tiered wire floors and
litter) and battery cages (Abrahamsson & Tausor§51L9However, Hughes et al. (1985)
indicated that hens placed in free-range groups WiB8s per cage) presented higher egg
production than birds in conventional cages. Th®ult is confirmed by Mench et al. (1986),
who found higher egg production in hens housedoorfpens (25 birds per cage, same density
than single-bird cages) or single-bird cages (14t8%) than in low density cages (2/2788cm?)
or high density cages (2/1394cm?). Feed efficiemroggg weight did not vary among systems.

Van Den Brand et al. (2004) compared hens housediticioor free range system and battery
cages. From hatching until 11 weeks of age, afldwere housed in two-deck breeder cages. At
11 weeks of age, hens were randomly assigned toobmwo housing systems. As outdoor-
housed birds matured later than the other groupy ted delayed first oviposition (21wk
compared to 18wk). Egg weight and production whezdfore lower at the start of the laying
period in free range hens but they reached the $awveks at the end of the reproductive period.
Although free-range birds presented a faster isgrea egg production as age was advancing,
there was finally no difference between both granpgerms of egg production.

Eggshell quality

Duncan et al. (1992) reported a higher proportiberacked eggs from hens housed in cages
with perches. Hens were observed laying on tophefgerches. The “perch-effect” was also
reported by Vits et al. (2005) and Wall et al. (2DMNevertheless, in other studies, hens housed
in conventional cages presented more cracked déggsih a free-range group (Hughes et al.,
1985). It is supported by the lower eggshell stienigund in eggs from cage-group hens
compared to range-group hens (Mench et al., 198Ghels et al., 1993). The latter is in
accordance with the findings of Van Den Brand et(2004), who found that in conventional
cages, hens show a declining eggshell thicknesstbgeeproductive period whereas, in outdoor
systems, the eggshell quality remains constant.

Bone parameters

Hens in aviary systems showed stronger tibia anthenus compared to battery cages
(Abrahamsson & Tauson, 1995). According to Dundaal.g1992), perches improved the tibia-

breaking strength, whereas Hughes et al. (1993)ndidfind any difference in bone strength.

However, Hughes et al. (1993) reported a more seygteoporosis development in hens without
access to perches and found a correlation betwabadular bone volume and time spent on the
perches. Humerus and tibia strength were lower atteby cages than in deep-litter hens
(Ngrgaard-Nielsen, 1990).
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Behavioural parameters

Perches reduce feather damage (Duncan et al., .1B@2¢ased cage density has no effect on
fear-related response. Activity such as head mowerae tonic immobility is not affected by
cage density (Lee & Moss, 1995). The latter is omtfirmed by Mench et al. (1986) who
suggests that birds in pens have more locomotidrsaow more activity by using nest boxes.

3.3.2 Comparison between conventional cages (CC) and'egdlicages (EC)

Only three studies compared current furnished cémésrmer conventional cages (Wall et al.,
2002; Vits et al., 2005; Jendral et al., 2008)thia study from Wall et al. (2002), hens housed in
conventional cages presented a lower percentalgekén eggs than eggs from furnished cages.
As stated earlier, this difference comes from tksigh itself of the cages. Vits et al. (2005)
reported stronger eggshells from hens housed msted cages than in conventional cages.
These results indicate that increase in broken egfygnished cages results from the presence of
perches.

Moreover, bone strength, bone mineral density, boass, cortical bone mass and area were
significantly greater in furnished cages than imwantional cages -same diets were fed to hens
in both systems- (Vits et al., 2005; Jendral et2008). In addition, Vits et al. (2005) indicated
that the high standards of conventional cages fodyction and egg quality were met in
furnished cages.

3.3.3 P metabolism as affected by housing system

Already in 1961, Singsen et al. suggested an &ilbaraf P requirements according to the type of
housing. However, since that time, P requiremesafiected by housing have only been studied
by Sohail et al. (2001) and Neijat et al. (2011).

Sohail et al. (2001) investigated the effect ofecalgnsity on P requirements of laying hens.
Hens were housed at three cage densities (300add®00cm?2 per hen) corresponding to four,
three and two hens per cage and fed four nPP I€0dlS, 0.25, 0.35 and 0.40%). Cage density
had a linear and quadratic effect on feed consumpReduction of hens from four to three hens
per cage resulted in an increase of 4g/hen/d af fmmsumption. Further reduction of cage
density did not affect feed consumption. The madisgantial effect in this study is the egg

production. The nPP levels and cage density hageifisiant interactions. Increase of cage

density from two to four hens per cage had a muelatgr adverse effect on egg production at
0.15 and 0.25% NPP than at 0.35 and 0.40% nPP whedns that a low dietary P might be

sufficient to sustain egg production at low density not at high bird density (Figure 39). Cage
density had no influence on egg weight and almostffect on egg specific gravity. The authors
concluded that cage density influences the P remqént (g/kg) of modern hens.
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Table 3.  nPP levels, cage density, feed intakenRig/day and hen day production of laying hens ({Behal.,

2001).
nPP level (%) Cage FlI (average) mg nPP/d Hen day
density (average) production (%)
(average)
0.15 2/cage 99 148.5 75.1
0.15 3/cage 101 151.5 73.4
0.15 4/cage 97 1455 65.5
0.25 2/cage 99 247.5 80.1
0.25 3/cage 101 252.5 78.0
0.25 4/cage 97 242.5 74.7
0.35 2/cage 99 346.5 81.7
0.35 3/cage 101 353.5 79.6
0.35 4/cage 97 339.5 78.4
0.4 2/cage 99 396 80.3
0.4 3/cage 101 404.0 78.5
0.4 4/cage 97 388.0 75.7

On average over the experiment period, the feeakéntloes not vary linearly as cage density
increases (Table 3). Even with very similar daiBPintake among the cage density treatments,
there is a strong variation of the hen day produwctiThe reduction of hen day production is

more important in hens fed 0.15% nPP than in hed$igher amounts of nPP. As a conclusion,

the hens housed in the 2/cage system have a Ifettgitization than hens housed in 4/cage

systems.
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Figure 39. Egg production in function of the petege of nPP in the diet and the cage density (Setal.,
2001).
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Neijat et al. (2011) compared the Ca and P dynamibgns housed in enriched or conventional
cages. The hens were fed Ca levels of 4.2, 4.31a1% and available P levels of 0.45, 0.43 and
0.41%, respectively for phase 1 (19-42wk), phagd3®54wk) and phase 3 (55-63wk). Egg
production and egg weight did not differ betweea tihho systems. Hens housed in conventional
cages deposit more Ca into the eggshell and imtantiinure which results in higher Ca balance.
Birds kept in conventional cages tended to exclatger amounts of Ca, mobilized more Ca
from bone resorption and therefore P as well whéaded to a decrease in P retention. The
reduction in P excretion in EC-housed hens corratesrthis finding. However, the overall mean
P balance is similar between the two groups. Thhdri Ca balance and the reduction of Ca and
P in the manure indicated improved BMD and bonensjth for hens housed in enriched cages.
The latter agrees with the findings of Vits et @005) and Jendral et al. (2008). Neijat et al.
(2011) found out that the Ca intake was higher @, @hich also agreed with Mench et al.
(1986). In fact, as expressed in % of Ca intakéh lsgstems are similar which indicates higher
efficiency of Ca utilization in EC. As a conclusjahe authors suggested a better utilization of
Ca and P in hens housed in non-cage housing systems

In brief, it is widely accepted that new housingteyns have improved hen welfare. It is
comforting that most studies show comparable onéwgher performances with animal welfare-
friendly systems (egg production, eggshell qualifgegarding P, cage density is known to
increase P requirements of hens. Finally, enricteages show a better utilization of Ca and P
through lower Ca and P excretion and higher Canlgala

34 Heat stress

In terms of climate effect on P requirements, Rermbdn by birds exposed to heat stress is
reduced coupled with increased urinary P excrefi@elay et al., 1992). Usayran et al. (2001)
demonstrated that high temperature depressed #senpl inorganic phosphate levels. During
heat stress, the hen will mobilize more Ca fronmedullary leg bone which means more P in
circulation in the blood and an adverse effectlfenghell formation (Leeson & Summers, 1991).
However, according to Persia et al. (2003), heasstdid not adversely affect performance
levels except in the case of low-P diets. Sahialef2007) also stated that heat stressed hens
showed a reduction in feed intake and resulting ieduced egg production and egg quality.
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35 Health status

3.5.1 Fatty liver syndrome

Harms et al. (1985) reported that plasma P wasifsigntly higher for old hens with FLS
compared to the normal young hens. The authorsfalsa that the old non-laying hens have
higher plasma P levels than those that were natday he results are in accordance with those
from Miles et al. (1982) who indicated that highkidés of plasma P found in their study (between
5.98 and 7.56mg/100mL) compared to the literatuee the result of the FLS of the hens.
However, the mechanisms behind this increase shpaP and the effect on the P requirements
are not explained yet.

3.5.2 Osteoporosis

Osteoporosis in laying hens is defined as a deeneathe amount of fully mineralized structural
bone, leading to increased fragility and susceliiliio fracture. It contrasts with another cause
of bone mineral loss, osteomalacia, in which défeainineralization of bone tissue occurs, with
thick seams of a poorly mineralized organic matBweth conditions will lead to poor quality

bone, but osteomalacia is primarily associated wittritional deficiencies of Ca, P, or vitamin

D, whereas osteoporosis is a more complex probW&hitéhead & Fleming, 2000).
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4 P requirements

4.1 Expression of P availability

As the papers of this review come from all over wald, there is no consensus on how to
express P availability. Even though it is not reomended to use nPP and aP levels inter-
changeably, we will consider in this review thatPnBnd aP are basically the same. In this
review, all the P levels extracted from the scfenpiublications are confronted to the feed intake
level and therefore expressed in mg aP/day/heémeiisimmarizing tables.

Available P &P) is that part of dietary total P that, at margileatel of P supply, can be utilized
to cover the P requirement of the animal. Avail@pitlescribes the potential of a diet or a raw
material. This definition of aP is different fromepious interpretations that were linked to the
binding form of P or to a certain approach of daieation. The NRC (1984, 1994) for example
considered only non-phytate P available to poulénygd used the terms available P and non-
phytate P interchangeably. The system used in Gerrakso ignores the fact that phytate P is
available to a certain extent and implies that pbytate P has an availability of 70 %,
irrespective of its origin In the French systehe term aP refers to the proportion of P retained
in the animal's body compared to a highly availabd¢erence source, assumed to have a
biological value of 100 (monoCa phosphate).Boneengilisation parameters (% tibia or toe ash)
were used as response criteria in the French sy3teensystem that is in use in The Netherlands
is based on quantitative measurements of retaifable

Total P ¢P) comprises all P contained in a feed as chemicatiglysed, irrespective of the

binding form.

Phytate PRP) is all the P contained as phytic acid (myo-imasit,2,3,4,5,6-hexakis dihydrogen

phosphatelnsPs) and its salts.

Non-phytate Pr{PP) is the difference between analysed tP and amdlyge The nPP fraction is

composed of different organic and inorganic comsuThe composition of the nPP fraction
varies between feedstuffs. This implies that thailakility of nPP for animals is not constant.
For this reason, and because a variable propoofid®P also can be utilised by birds, it is not
appropriate to use the terms aP and nPP interchhlyge

Retainable Pr@) is that proportion of dietary total P that is dspped in the body of an animal.
The determination of rP needs animal studies withn¢jtative determination of P intake and P
in excreta (faeces plus urine). Alternatively, ré doe determined by using an indigestible
marker.

Relative bioavailability of P uses responses in bone data (ash conteakifgestrength, etc.) or
other biological data (e.g. body weight gain, blondrganic P concentration). Responses to a
certain P source are compared with the responaestandard reference P source (review from
(Rodehutscord, 2012).
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4.2 P requirementsof first-cycle hens

4.2.1 P recommendations (NRC, industry)

The 1994 NRC recommendation of P intake for layivems was (250mg nPP/day) already
considerably lower than 10 years before (350mg/dNRC, 1984; NRC, 1994). In addition,
Ceylan et al. (2003) also stated that recommenuafiom breeding companies are even higher.
For instance, Hy-Line International recommends 3@@hday per hen. However, recent studies
reported that P requirements of modern hens arerldhan what is usually recommended
(Punna & Roland, 1999; Keshavarz, 2000; Snow et28l04; Skivan, Englmaierova, et al.,
2010; Lei et al., 2011; Ahmadi & Rodehutscord, 2082 nutritional requirements depend upon
animal genetics and system design, only recentestfd000s) are considered in this part.

4.2.2 P recommendations (literature)

Although the exact requirements of P are not gjearbecause of interfering parameters such as
oviposition time (Kebreab et al., 2009), leveldGat (Van der Klis et al., 1997; Rama Rao et al.,
2006), age (Bar et al., 2002; Snow et al., 2004ici@eet al., 2009) or housing (Sohail et al.,
2001; Neijat et al., 2011), many recent studiesehia@en trying to precisely determine the P
needs of laying hens.

First of all, nutritionists have to be aware thhaé tP requirement of laying hens varies for
different performance criteria. For instance, Sb&dRoland (2002) stated that 0.3% aP diet was
not sufficient to maintain eggshell specific grayvialthough it was sufficient to maintain bone

quality compared to the 0.4% aP diet. Also, feedirih% aP diet did not adversely affect egg
production or egg weight but it was not sufficidot maximize the bone quality of hens

compared to 0.3% aP diet.

In some studies, the use of low-P diets did notuded depressive effects on production
performance (0.175% aP; (Musapuor et al., 2008)5%, (Boling, Douglas, Johnson, et al.,
2000), 0.16% (Boorman & Gunaratne, 2001)). HoweVas, et al. (2011) showed that a
reduction from 0.26% aP diet to 0.14% aP diet teduh decreased feed intake, egg production,
bone quality and increased mortality although nangfe in egg shell quality was noticed. Liu et
al. (2007) showed that a reduction from 0.28 td%1aP in a hen diet significantly depressed
egg production and eggshell quality. Punna & Rolg99) reported reduced feed intake, egg
production, bone mineral density and increasedatityrin hens fed 0.1% aP diet. However, it is
commonly recognized that low-P diets have sevetahatages. First, Snow et al. (2004) and
Rama Rao et al. (2006) observed a reduced P exciayi feeding diets lower in P, respectively
from 0.45% aP to 0.16% aP and from 0.45% aP to @B%More surprisingly, Lim et al. (2003)
showed that reducing nPP levels from 0.25% to 0.¥B%ulted in an improvement of egg
specific gravity and eggshell thickness.
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Table 4. nPP or aP (%), mg aP/kg feed, feed infgkkay) and mg aP/day of 10 studies

Author(s) nPP or aP mg aP/kg feed Feed intake mg aP/day
(%) (g/day)
Sohail & Roland (2002) 0.3 3 84 252
0.4 4 82 328
Musapuor et al. (2006) 0.175 1.75 96.3 168.5
Boling et al. (2000) 0.15 15 114 171
Boorman & Gunaratne (2001) 0.16 1,6 105 168
Lei et al. (2007) 0.26 2.6 117.7 306
0.14 1.4 1112.4 157
Liu et al. (2007) 0.28 2.8 97.4 272.7
0.15 15 94.1 141.1
Punna & Roland (1999) 0.1 1.0 76.2 76.2
Snow et al. (2004) 0.45 4.5 109 490
0.16 1.6 106 170
Rama Rao et al. (2006) 0.45 4.5 63.2 284
0.3 3.0 55.8 167
Lim et al. (2003) 0.25 25 111 277
0.15 15 110 165

The most recent study specifically dedicated tocipedy determine the P requirements of
modern laying hens by dose-response was perfornge@now et al. (2004). Their results
indicate that first-cycle hens require approxima@L8% or 198mg aP/hen per day.

Finally, Ahmadi & Rodehutscord (2012) confronted layear modelling the results of 12
equivalent studies in terms of diet (90% corn + SE to 3.7% of Ca) and age (first cycle-
hens, aged from 36 to 72 weeks; Table 5). Thisystwstitutes the most updated and reliable
assessment of the P requirements in modern layeng.PAnalysis of the model revealed that
diets containing 0.22% nPP resulted in high perforce with regards to egg production, egg
mass, and feed efficiency.
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Description of data used in the metaymialAhmadi & Rodehutscord, 2012)

Table 5:
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4.2.3 Phytase supplementation

The role and efficiency of phytase on P, Ca Zn,rmamacids and energy has been largely
discussed in pigs and poultry diets (Kornegay, 200kis author explained that Ca and P have a
high capacity to bind to phytic acid and to formauailable phytate complexes. The utilization

of PP by monogastrics requires that phytate isdilyded to inositol and phosphate (Ballam et

al., 1984). This is accomplished with phytase (mgsitol hexaphosphate phosphohydrolase).
Phytase is a special type of phosphatase thatyzetalthe stepwise removal of inorganic

orthophosphate from phytate (Nelson, 1976).

Low-P diets (0.1-0.15% aP)

However, compared to broilers, phytase supplementat diets for laying hens has been the
subject of fewer publications. The use of microljpdlytase in laying hens diets has been
reviewed by Selle & Ravindran (2007). In layers ttuthors confronted 14 studies including
(Gordon & Roland, 1997; Carlos & Edwards, 1998; iBgl Douglas, Johnson, et al., 2000;
Keshavarz, 2000; Jalal & Scheideler, 2001; Ceylaal.e 2003; Francesch et al., 2005) whose
characteristics and main conclusions are presantdéble 6. As a consequence, only studies
published after 2007 are considered in this patth wome referencing to the review of Selle &
Ravindran (2007).

Nine studies not discussed in the review of Sell&&indran (2007) will be discussed below
and their Material & Methods are presented in Table

According to Wu et al. (2006), the inclusion of pise in a P-deficient diet (0.11% nPP)
restored levels of egg production and egg masgueld similar to hens fed the control diet
(0.38% NPP). It is generally agreed that P-deficgdets result in lower production performance
and that phytase supplementation can reverse th@mpance. The low-P diets presented in this
part vary from 0.1 to 0.15% nPP.

In this situation, studies agree that feed intakanproved by the use of phytase (Rama Rao et
al., 1999; Punna & Roland, 1999; Jalal & Scheide2®01; Musapuor et al., 2006; Wu et al.,
2006; Lei et al., 2011). Supplemental phytase alsceases weight gain (Van der Klis et al.,
1997; Sari et al., 2012).

Most studies also show that egg production is emed by phytase inclusion in low-P diets (Van
der Klis et al., 1997; Rama Rao et al., 1999; Pioland, 1999; Keshavarz, 2000; Lim et al.,
2003; Wu et al., 2006; Sari et al., 2012). Howevattal & Scheideler (2001) did not find any
significant influence of supplemental phytase og pgpduction of hens fed 0.25, 0.15 or 0.10%
aP-diets, confirmed by Musapuor et al. (2006) usiiegs of 0.175 or 0.25g/kg aP.

The same trend was observed in egg weight, whigenerally increased by the use of phytase
in low-P diets (Van der Klis et al., 1997; Rama Ra@l., 1999; Punna & Roland, 1999; Wu et
al., 2006). Nevertheless, Jalal & Scheideler (20@Lnd an improvement of phytase on egg
mass but no significant difference on egg weigtficamed by Musapuor et al. (2006).
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Summary of phytase supplementation osdatlaying hens (Selle & Ravindran, 2009)

Table 6.
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Table 7. Material & Methods of comparable studegarding use of phytase supplementation

Author (s) Age of hens aP levels Phytase Feed mg aP/day Calevel
(FTU/kg) (g/day)
0.33 0 116 383
Deniz et al., 2013 64 3.9
0.115 300 117 135
0.36 0/300 138 497
Tahmasbi et al., 2012 72 5.9/6.3
0.39 0/300 141 550
) 0 105.8 116
Sari et al., 2012 23 0.11 3.8
500 112.6 155
0.26 0 117.7 306
Lei et al., 2011 56 0.14 0 112.4 157 3.4/3.3
0.14 5000 117 164
0.28 0 97.4 272.7
Liu et al., 2007 23 0.15 0 94.1 141 3.3
0.15 300 98 147
0.175 96.3 168.5
Musapuor et al., 2006 30 0/5007 2.3/33
0.25 1000 97.7 244.25
0.26 0 92.8 241
0.26 300 91.5 238
Wu et al., 2006 21 3.8/4.9
0.11 0 84.2 92.6
0.11 300 91.5 100.6
0.25 111 277
Lim et al., 2003 21 0/300 3.0/4.0
0.15 110 165
0.1 0 69.1 69.1
0.1 300 83.4 83.4
0.2 0 83.7 167.4
0.2 300 83.6 167.2
Punna & Roland, 1999 19 4.0
0.3 0 85.7 257.1
0.3 300 79.8 239.4
0.4 0 82.5 330
0.4 300 83.2 332

Supplemental phytase also improves absorption etedtron of P in low-P diets (Van der Klis et
al., 1997; Lim et al., 2003; Musapuor et al., 2004) et al., 2006). Phytase inclusion improves
plasma P (Sari et al.,, 2012). As well as for P, &aorption and retention is increased by
addition of phytase in the diet (Gordon & Rolan897; Van der Klis et al., 1997; Lim et al.,

2003; Wu et al., 2006).
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The most interesting finding regarding phytase beneoncerns the reduction of fecal P in
manure. Excretion of P has been proven to be reddudth inclusion of phytase in the diets
compared to higher aP-diets (Deniz et al., 2018y &t al., 2003). For instance, Wu et al. (2006)
showed a decrease of 56% of P excretion when heshdofv-P diets is supplemented with
phytase and Boling et al. (2000) discovered thatetion is reduced by 50% without having
depressive effects on performances when changomg & 0.45% P diet to a 0.1%+phytase diet.

Egg quality is very controversial and mostly depend the amount of Ca included in the basal
diet. According to several studies, eggshell gyasitnot influenced by supplementary phytase
(Boling, Douglas, Johnson, et al., 2000; Lim et 2003; Francesch et al., 2005; Musapuor et al.,
2006; Lei et al., 2011; Deniz et al., 2013), wher&ordon and Roland (1998) reported that
phytase supplementation in diets with low nPP (Q.i®proved egg specific gravity which is
confirmed by Liu et al. (2007) with hens fed 0.13%diet. Lim et al. (2003) also reported
superior eggshell quality through a reduced nunalbdroken eggs due to phytase inclusion. In
addition, according to Liu et al (2007) phytase iayed eggshell thickness but not eggshell
hardness which is supported by Um & Paik (1999ghHeggshell thickness is not always
resulting in eggshell hardness.

It is commonly admitted that there is an improvetriarbone quality when phytase is added to
diets containing between 0.10 and 0.15% nPP (Cé&rledwards, 1998; Punna & Roland, 1999;
Boling, Douglas, Johnson, et al., 2000). Musapu@.g2006) also showed an increase in bone
P content because of phytase supplementation. iAddibf phytase improves tibial
mineralization in hens in late lay given availaBla and P diets (Deniz et al., 2013) and phytase
restores the impaired bone quality of hens fedfitidat diet (Lei et al., 2011).

Phytate increases endogenous releases of amir® awidphytase improves energy digestibility
in laying hens (Cowieson et al., 2004; Francesa.eP005; Liu et al., 2007). Van der Klis and
Versteegh (1991) indicated that phytase supplertientamproved the ileal absorption of
nitrogen. Agbede et al. (2009) denied the latteahse they did not find any significant effect of
phytase on AA digestibility. Snow et al. (2003) sieal that phytase depressed the digestibility
of 17 amino acids by 2.3%. However, when the dietuded meat-and-bone meal or wheat
middlings, phytase increased average amino acektglity by , 3.1% and 3.7%, respectively.

High P-diets (>0.20% aP)

As stated by Selle & Ravindran (2007), the effettpbytase supplementation is directly
influenced by the dietary levels of non-PP. Foitanse, Hughes et al. (2008) found that the
addition of phytase to a diet with 0.15% nPP sigaiitly increased total egg production but had
no effect when a diet with 0.25% nPP was fed. Thalso supported by Punna & Roland (1999)
who observed that phytase restored all deficiernyggpsoms in hens consuming 0.1% aP but
showed no influence on hens fed aP levels >0.2%wSet al. (2003) reported that phytase
supplementation of diets with 0.25% nPP did noeafhen performance. Lastly, in the study
from Tahmasbi et al. (2012) who used phytase sopgiation on diets containing more than
0.36% aP, no effect was observed on egg productiogl] thickness or broken eggs, eggshell
specific gravity, tibia bone weight or tibia P cent.
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When using phytase, supplementary inorganic P earetfuced without adversely affecting the
hen performances. In addition, providing phytase #®-deficient diet can reduce P excretion in
manure and therefore the environmental impact aftpoproduction. It is thus recommended by
most studies to feed hens with low P-diets ran@iom 0.1 to 0.15% available P supplemented
by 300 or 500FTU/kg (Gordon & Roland, 1997; Carb€dwards, 1998; Punna & Roland,
1999; Boling, Douglas, Johnson, et al., 2000; Linale 2003; Wu et al., 2006; Liu et al., 2007;
Lei et al., 2011; Deniz, Gezen, et al., 2013). Adm& Rodehutscord (2012) delivered a more
precise recommendation of laying hens P requiresn@hen supplemental phytase is added to
the diet. They recommend a diet containing 0.22%8%, 0.15% or 0.14% nPP when the
phytase level is, respectively, 0, 150, 300 or BUQ/kg feed.

The low P-diets (0.10-0.15% aP) have depressiveceffon hen performance such as egg
production or egg quality. However, the effects ereersed by use of supplemental phytase
(300-500FTU/kg). Phytase has been proven to haveffeat when hens are fed high P-diets
(>0.20%). Finally, literature recommends level9df6 to 0.20% aP to sustain egg production or
egg quality and levels of 0.10 to 0.15% aP whentadey is added to the diets. The last
remarkable finding is that supplemental phytase regluce the P excretion of hens fed low P-
diets (0.15% aP) compared to high P-diets (>0.4BYanathout phytase.

Schothorst Feed Research B.V. 69



5 Conclusion

Age and housing are two crucial parameters of flsem which have significant effects on
laying hens P utilization and requirement. For haged from 20 to 70 weeks, the P require-
ments are well documented and poultry scientisteiggdly agree on 0.16 to 0.20% aP in the diet.

When hens get older, studies show depressed penfees, especially egg production and
eggshell quality. Unfortunately, in the literatunly physiological changes regarding Ca are
explained but not regarding P. As hens get oldery tlose their capacity to respond to Ca
deficiency. As a consequence, when Ca is lackinthatend of the day, the old hens have
reduced stimulation of Ca absorption and mobilaatirom the bone. The Ca utilization seems
to be the limiting factor compared to P of goodhtacal results in old hens. However, even
though the P utilization as affected by age has be®n studied so far, researchers have
highlighted that current dietary P levels are ifisignt when hens get older and advice to feed
hens with diets containing between 0.2 and 0.25% aP

The effects of new housing systems are controuersithe literature. The enriched cages and
non-cage systems present improved bone quality, mggluction and eggshell strength.
However, the presence of perches results in areaser of broken eggs. In general, the
alternative housing systems induce a better P andtization with reduced P excretion, which
might lower the P-requirements.

P utilization can be optimized by feeding poultigser to their requirement. For example, the
use of particulate forms of Ca and the reductiodiefary P in the afternoon are ways to reduce
the excess of P in the diet. P utilization can &#lsamproved by feeding hens with enzymes or
feed additives. Phytase is the most efficient fadditive to improve availability of P. Finally,
HAP corn and CDDGS are examples of ingredients vban be added to the diet to reduce the
use of inorganic P because they contain less PPpa@u to other plant ingredients.
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6 Summary

Phosphorus is an important nutrient for laying heag. for bone development and egg
formation, but also plays an important role in eonmental contamination. Research on the
phosphorus requirement of laying hens is datedotBonst Feed Research and Wageningen
Livestock Research, therefore, started a reseamlegb to determine the phosphorus require-
ments of modern laying hens. The research wasdigbdiby the Dutch Ministry of Economic
Affairs and the Dutch Product Board for Poultry dfglgs. The outcome of the literature study
will be described below. The results of a relateinal experiment will follow later.

The modern laying hen with a high egg number agohdapersistency probably has a different

phosphorus requirement than birds from 20 to 3@syago. Besides, laying hens housed in non-
cage housing systems have a better bone develophenght be that P supply by feed can be

lowered without negative effects on bone qualitg @anoduction performance. Determination of

the P-requirement, -utilisation, and -excretioningortant to support the lump phosphorus

excretion and to reduce the phosphorus supply ®yettd.

I mportance of phosphorusfor thelaying hen

Laying hens will use the phosphorus (supplied leyféed) e.g. for bone development and egg
formation. The use of phosphorus is closely relat@ti the calcium metabolism of the birds.

Calcium binds to phosphorus and will be in thisvialeposited in bone. As soon as calcium is
mobilised from the bone for egg shell formationpgihorus will be come available eithednly

a small amount of phosphorus will be depositedrduegg shell formation. The other part is
excreted by the laying hens almost immediately.

Factor s affecting the phosphor us requirement

A majority of the P present in cereal grains anebtlsds bound to phytate. Poultry does not have
enzymes in the gastro-intestinal tract to hydrolylze phytate. Therefore, the phytate bound
phosphorus has a low availability. To improve aafaility, the enzyme phytase is often added to
the feed. Furthermore, inorganic phosphorus fromenails can be added to the feed to satisfy
the requirement of the birds.

The phosphorus requirement differs for differentroffuction) criteria. The phosphorus
requirement for optimal laying rate and egg weighbwer compared to high bone quality, and
this is lower than for high egg shell quality. Hoxee age of the birds affects phosphorus
requirement and production performance. Aged layiegs have a lower egg production and
often a poorer egg shell quality. Poor egg shedlliquis often ascribed to a reduced calcium
absorption from the intestine and bones. Utilisatb calcium seems to be the limiting factor for

! Formation of the egg shell will be around 18 howfswhich 8 hours will be during the dark perioddaaying
hens will not eat during this period. Therefordcitan from the feed is not available during theatatark period. As
a result, calcium mobilisation from the bone walké during the last part of the dark period.
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egg shell quality and not the utilisation of phospis. However, effect of age on phosphorus
utilisation is not studied well yet. Several resbars argue that the current recommendations for
phosphorus level in feed are too low for aged lgyians.

Since 2012, laying hens have to be housed in sgsigare they can express more natural
behaviours like walking and foraging. Studies oe #ifect of housing system on production
performance and bone strength are difficult to carap because use of different systems
(enriched cages, floor housing, aviary, with anthaiit outdoor) and because of differences in
floor space per hen. However, the general tendéndpat laying hens housed in non-cage
systems lay more high quality eggs. Besides, btreagth of these birds is improved. The role
of phosphorus in the improved production and egd sfuality is not clear yet. Only two studies
were performed to test the phosphorus requirenmefeririched) cages with different floor space
per hen. Laying hens housed at a lower densityahlaigher feed intake and as a consequence a
higher phosphorus intake, suggesting that phosghlexel in feed can be reduced when birds
are housed at a lower density. Laying hens in badccages with a comparable density as in
battery cages did not have a better productioropadnce, but did have a better bone strength
and a lower excretion of calcium and phosphorusmianure. Utilisation of calcium and
phosphorus seems to be improved in laying hensdaousenriched cages.

Effects of diseases on phosphorus requirement keaym. A bird that is ill will reduce feed
intake resulting in a lower phosphorus intake. Bgoduction will drop or even stop, reducing
the phosphorus requirement. It is only known thadswith fatty liver syndrome, with a normal
feed intake, have an increased phosphorus bloa, Ibeing higher in aged birds than young
birds with fatty liver syndrome.

Conclusion

Age and housing system probably are twee impoftabrs in the phosphorus requirement and

utilisation of laying hens. On the one hand, agaihlg hens have a less active bone metabolism
to utilise calcium and phosphorus well. On the otiend, egg production will decrease in aged

birds, thereby reducing the requirement for phogphd_aying hens housed in non-cage systems
seem to have an improved phosphorus utilisationpambdaps a lower phosphorus requirement.

The performed animal experiment has to prove tliecefof age and breed on phosphorus

requirement and utilisation of the modern laying heused in an aviary system.
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The experiment

The current knowledge on phosphorus requiremenudhsiation is based on dated results fr
circa 20 to 30 years ago and were determined imdalgens housed in battery cages until

bm
60

weeks of age. To determine the requirement andsatitn of the modern laying hen in a non-
cage system an experiment was performed with LSis<i¢ and Dekalb White birds. Birds are
housed in the layer facility of Schothorst Feed daesh containing 36 aviary pens, with 330

birds per pen. The experiment consists of six djetieeatments differing in phosphorus level.

Production performance are followed from 36 to %&ls of age. Furthermore, phosphorus level

in manure, eggs and carcasses is determined atakauements to clarify the phosphorus

deposition and excretion. Results are expecteldarcourse of 2014.
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7 Samenvatting

Fosfor is een belangrijke voedingsstof voor legleenronder andere voor botontwikkeling en
eivorming, maar speelt ook een grote rol bij mitielasting. Onderzoek naar de fosforbehoefte
van leghennen is gedateerd. Schothorst Feed Rhaseard/ageningen Livestock Research zijn
daarom om een onderzoek gestart naar de fosfortten@ de huidige leghennen. Het onder-
zoek in mogelijk gemaakt met subsidie van het rtenis van EL&| en Productschap Pluimvee en
Eieren. De uitkomst van de literatuurstudie zakdmeer worden toegelicht. De resultaten van
het bijbehorende dierexperiment zullen later volgen

De moderne leghen met een hoge productie en geggerkistentie heeft waarschijnlijk een
andere fosforbehoefte dan de hennen van 20 a B@g¢deden. Daarnaast hebben leghennen in
alternatieve huisvestingssystemen een betere akiating, waardoor ze mogelijk toe kunnen
met een lagere fosforvoorziening via het voer. $taflen van de fosforbehoefte, -benutting en -
uitscheiding is noodzakelijk ter onderbouwing van fdrfaitaire fosfaatuitscheiding en om de
fosforvoorziening verantwoord te kunnen verlagen.

Belang van fosfor voor de hen

Leghennen nemen fosfor op via het voer en gebrudiewervolgens voor onder meer bot-
ontwikkeling en eivorming. Het gebruik van fosfernauw verbonden met het calciummetabo-
lisme van leghennen. Calcium bindt aan fosfor endivim deze vorm opgeslagen in de botten.
Zodra het calcium uit de botten nodig is voor vargwan de eischaal wordt dit vrijgemaakt en
hiermee komt ook fosfor weer vfijSlechts een klein deel van de fosfor wordt getraik
vastgelegd bij de eischaalvorming. De rest varodéof scheiden de leghennen vrijwel direct uit.

Factoren van invloed op de fosfor behoefte

Het grootste deel van fosfor in granen en zadegeionden aan fytaat. Pluimvee heeft geen
enzymen in het maag-darmkanaal om dit fytaat abreken. Hierdoor komt het aan fytaat

gebonden fosfor niet beschikbaar. Om de fosfor hkkaar te maken wordt veelal het enzym
fytase toegevoegd aan het voer. Daarnaast worétniagplantaardige fosfor uit mineralen aan

het voer toegevoegd om aan de behoefte van derleghde voldoen.

De fosforbehoefte is verschillend voor verschiller{groductie)criteria. De fosforbehoefte voor
een goed legpercentage en eigewicht is lager daneen goede botkwaliteit, en deze is weer
lager dan voor een goede schaalkwaliteit. Echterledftijd van de leghennen beinvioedt de
fosforbehoefte en de productieprestaties. Oudeelaggn hebben een lagere eiproductie en vaak
een slechtere eischaalkwaliteit. De slechtere diclvaliteit wordt veelal toegeschreven aan de
verminderde calciumopname vanuit de darm en deetvoide benutting van calcium lijkt dan

2Vorming van de eischaal duurt ongeveer 18 uuryveaa8 uur tijdens de donkerperiode waarin de lagha geen
voer opnemen. Hierdoor hebben de hennen niet ddegdbnkerperiode beschikking over calcium uitvuer.
Calciumopname vindt gedurende de donkerperiodedimeels plaats vanuit de botten.
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ook eerder de beperkende factor voor schaalkwatitan de benutting van fosfor. Echter, het
effect van leeftijd op de fosforbenutting is nogtrin kaart gebracht. Verschillende onderzoekers
stellen dat de huidige adviezen voor het fosforjehen het voer te laag zijn voor oude
leghennen.

Sinds 2012 moeten leghennen in huisvestingssystegebouden worden, waarin ze meer
bewegingsvrijheid hebben en actiever zijn. Studegr het effect van huisvesting op productie-
prestaties en botsterkte zijn echter lastig te elgkgn, omdat er verschillende systemen zijn
(verrijkte kooien, scharrel, voliere, met of zondeitloop) met veelal een verschillende
bezettingsdichtheid. Toch is de algemene trendegiennen gehouden in alternatieve systemen
meer eieren leggen van betere kwaliteit. Ook dstbdite van deze hennen is beter. In hoeverre
fosfor een rol speelt bij de betere productie ectealkwaliteit is niet duidelijk. Slechts in twee
studies is gekeken naar de fosforbehoefte in {i&z)i kooien met verschillende bezettings-
dichtheid. Leghennen gehouden bij een lagere legstlichtheid hadden een hogere voer-
opname en hierdoor ook een hogere fosforopnameda@ahennen bij een lagere bezettings-
graad toe zouden kunnen met een lager fosforgeinaftet voer. Leghennen in verrijkte kooien
met een vergelijkbare bezettingsdichtheid als ittebgkooien hadden geen betere productie-
prestaties, maar wel een betere botsterkte enagend uitscheiding van calcium en fosfor in de
mest. De benutting van calcium en fosfor lijkt daok beter bij leghennen gehouden in verrijkte
kooien.

Het effect van bepaalde ziekten op fosforbehosftaat duidelijk. Een zieke hen zal minder eten
en hierdoor zal ook de fosforopname om laag gagrodéiictie zal ook omlaag gaan of zelfs

stoppen, waardoor de fosforbehoefte afneemt. ANeenleghennen met leververvetting, waarbij
de voeropname niet is aangepast, is bekend darzbager fosforgehalte in het bloed hebben.
Dit is tevens hoger bij oude leghennen met leveretéing dan bij jonge hennen.

Conclusie

Leeftijd en huisvesting zijn waarschijnlijk twee Ifegrijke factoren in de fosforbehoefte en
-benutting van leghennen. Oudere hennen hebbeuijelseeen minder actief botmetabolisme
om calcium en fosfor goed te benutten. Anderzigldij een dalende productie minder fosfor
voor vorming van eieren nodig. Leghennen gehoudeaiternatieve systemen lijken echter een
betere fosforbenutting te hebben en hebben hierdeticht een lagere fosforbehoefte. Het in
dit kader uitgevoerde experiment moet uitwijzen \uat effect van leeftijd en ras is op de
fosforbehoefte en —benutting van de moderne leghean volieresysteem.
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Het experiment

De basisgegevens over de fosforbehoefte en —begutin gebaseerd op gegevens van circa 20
a 30 jaar geleden en zijn vastgesteld bij leghergeuisvest in batterijkooien tot 60 weken
leeftijd. Om de behoefte en benutting van de maglégghen in een alternatieve huisvesting vast

te stellen is een experiment opgezet met LSL QlamsiDekalb White leghennen. De hen

nen

zijn gehuisvest in de leghennenfaciliteit van Shbait Feed Research bestaande uif 36

volierehokken. In elk hok zijn 330 hennen opgezetet experiment bestaat uit z

voerbehandelingen die verschillen in fosforgehale. productieprestaties van de leghen
worden van 36 tot 90 weken leeftijd vastgelegd.rDaast wordt op verschillende momenten

es
nen
het

fosforgehalte bepaald in mest, eieren en karkasienmee de vastlegging en uitscheiding van

fosfor in kaart te brengen. Resultaten worden ifodp van 2014 verwacht.

Schothorst Feed Research B.V. 76



8 References

Abas, I., Bilal, T., Ercag, E. & Keser, O. (2011heTl Effect of Organic Acid and Zeolite Addition Alerand in
Combination on the Bone Mineral Value in BroilerdFgifferent Dietary Phosphorus Level8sian Journal of
Animal and Veterinary Advancéq7): 678—687

Abe, E., Horikawa, H., Masumura, T. & Sugahara, (082) Disorders of Cholecalciferol Metabolism ind0O
Journal of Nutrition112: 436—446

Abrahamsson, P. & Tauson, R. (1995) Aviary Systemd Conventional Cages for Laying Hens: Effects on
Production, Egg Quality, Health and Bird Location Three Hybrids DownloadedActa Agriculturae
Scandinavica, Section A — Animal ScieAbg3): 191-203

Abudabos, A.M. (2012) Optimal Dietary Phosphorus Booiler Performance, Bone Integrity and Reductafn
Phosphorus Excretiosian Journal of Animal and Veterinary Advan@e@): 288—289

AEB (2013) Nutrient Composition, Available from: #t//www.aeb.org/food-manufacturers/egg-nutritemd-
trends/nutrient-composition>

Agbede, J.0O., Kluth, H. & Rodehutscord, M. (200®)dies on the Effects of Microbial Phytase on Amiacid
Digestibility and Energy Metabolisability in Caetemised Laying Hens and the Interaction with thet&xy
Phosphorus LeveBritish poultry scienc®0 (5): 583-591

Ahmadi, H. & Rodehutscord, M. (2012) A Meta-anatysif Responses to Dietary Nonphytate Phosphorus and
Phytase in Laying HenS2oultry sciencé®1 (8): 2072-8

Al-batshan, H.A., Scheideler, S.E., Black, B.L.rl&h, J.D. & Anderson, K.E. (1994) Duodenal CatloiWptake,
Femur Ash, and Eggshell Quality Decline with Ageddncrease Following MoltPoultry sciencer3: 1590—
1596

Amezcua, C.M., Parsons, C.M. & Noll, S.L. (2004)n@mt and Relative Bioavailability of Phosphorudistillers
Dried Grains with Solubles in ChickBpultry scienceé80: 971-976

Atteh, J.O. & Leeson, S. (1983) Influence of Insiag Dietary Calcium and Magnesium Levels on Pemforce,
Mineral Metabolism, and Egg Mineral Content of LiayiHens. Poultry scienceé?2 (7): 1261-8

Baimbridge, K.. & Taylor, T.. (1980) The in Continfy Role of Calcitonin Hypercalcaemia in the Dotieg1971)

Ballam, G.C., Nelson, T.S. & Kirby, L.K. (1984) [Efft of Fiber and Phytate Source and of CalciumRimsphorus
Level on Phytate Hydrolysis in the ChicRoultry science3 (2): 333—-8

Balnave, D., Usayran, N. & Zhang, D. (1992) Calcianmd Carbonate Supply in the Shell Gland of Hengrica
Eggs with Strong and Weak Shells and During andrAdtRest from LayRoultry science’1: 2035-2040

Bar, A. (2008) Calcium Homeostasis and Vitamin Dtab®lism and Expression in Strongly Calcifying Layi
Birds., Comparative biochemistry and physiology. Part AJédalar & integrative physiolog¢51 (4): 477-90

Bar, A. (2009) Calcium Transport in Strongly Cajailg Laying Birds: Mechanisms and RegulatidBomparative
biochemistry and physiology. Part A, Molecular &sgrative physiolog¢52 (4): 447—69

Bar, A. & Hurwitz, S. (1984) Egg Shell Quality, Mdthry Bone Ash, Intestinal Calcium and Phosphorus
Absorption, and Calcium-binding Protein in Phospisedeficient HensRoultry sciencé3 (10): 1975-9

Bar, A. & Hurwitz, S. (1987) Vitamin D Metabolisrmd Calbindin (Calcium-Binding Protein) in Aged Lagi
Hens,The Journal of nutrition1775-1779

Schothorst Feed Research B.V. 77



Bar, A., Razaphkovsky, V. & Vax, E. (2002) Re-ewlan of Calcium and Phosphorus Requirements indAge
Laying HensPBritish poultry sciencé3 (2): 261-269

Bar, A., Rosenberg, J. & Hurwitz, S. (1984) The kaxf Relationships Between Vitamin D3 Metabolitexda
Calcium-binding Protein in the Eggshell Gland ofyirey Birds.,Comparative biochemistry and physiology. B,
Comparative biochemistry8 (1): 75-9

Bar, A., Striem, S., Rosenberg, J. & Hurwitz, 88) Egg Shell Quality and Cholecalciferol Metabwoiiin Aged
Laying Hens.;The Journal of nutritiorL18 (8): 1018-23

Bar, A., Vax, E. & Striem, S. (1999) Relationshifssiong Age , Eggshell Thickness and Vitamin D Metam
and Its Expression in the Laying He@omparative Biochemistry and Physiology Part A: &tollar &
Integrative Physiology23: 147-154

Barkley, G.R., Miller, H.M. & Forbes, J.M. (2004)h& Ability of Laying Hens to Regulate Phosphorutake
When Offered Two Feeds Containing Different LevelS?hosphorus.The British journal of nutritior®2 (2):
233-40

Belay, T., Wiernusz, C.J. & Teeter, R.G. (1992) &tad Balance and Urinary and Fecal Mineral Excrefiwofile
of Broilers Housed in Thermoneutral and Heat-Digesl Environment&oultry scienceé/1: 1043-1047

Berry, W.D. & Brake, J. (1983) Comparison of Partare Associated with Molt Induced by Fasting , Zjnand
Low Dietary Sodium in Caged LayeiRoultry scienceé4: 2027-2036

Bilal, T., Eseceli, H., Altiner, A. & Keser, O. (20) Effect of Vitamin D3 And/or Zeolite Supplemetida to
Laying Hen Rations Added Microbial Phytase on Sdtmod Indices. 1. Calcium and Inorganic Phosphorus
Levels and Alkaline Phosphatase Activilgurnal of Animal and Veterinary Advanc®$10): 1458-1462

Blaabjerg, K., Jgrgensen, H., Tauson, a-H. & PaylstD. (2010) Heat-treatment, Phytase and Ferrdelntguid
Feeding Affect the Presence of Inositol Phosphitdieal Digesta and Phosphorus Digestibility im$iFed a
Wheat and Barley DietAnimall: an international journal of animal biosciende(6): 876—85

Boling, S.D., Douglas, M.W., Johnson, M.L., Wang, Rarsons, C.M., Koelkebeck, K.V¢t,al. (2000) The Effects
of Dietary Available Phosphorus Levels and Phytas®erformance of Young and Older Laying HeRsulltry
sciencer9 (2): 224-30

Boling, S.D., Douglas, M.W., Snow, J.L., Parsond\C& Baker, D.H. (2000) Citric Acid Does Not Impre
Phosphorus Utilization in Laying Hens Fed a Corpks@n Meal Diet.Poultry science’9 (9): 1335-7

Boling, S.D., Webel, D.M., Mavromichalis, I., Pansg C.M. & Baker, D.H. (2000) The Effects of Citécid on
Phytate-phosphorus Utilization in Young Chicks &igs.Journal of Animal Science8: 682—-689

Boling-Frankenbach, S.D., Snow, J.L., Parsons, G&vBaker, D.H. (2001) The Effect of Citric Acid otihe
Calcium and Phosphorus Requirements of Chicks Feed-8bybean Meal DietPoultry science30 (6): 783-8

Bolukbasi, S., Celebi, S. & Utlu, N. (2005) The é#ffs of Calcium and Vitamin D3 in Diet on Plasmdcien and
Phosphorus, Eggshell Calcium and Phosphorus Leselsaying Hens in Late Laying Production Period,
International Journal of Poultry Scienee(8): 600-603

Boorman, K.N. & Gunaratne, S.P. (2001) Dietary pihasus Supply, Egg-shell Deposition and Plasmagiuaic
Phosphorus in Laying Hen®ritish poultry sciencd?2 (1): 81-91

Van Den Brand, H., Parmentier, H.K. & Kemp, B. (2D&ffects of Housing System (outdoor Vs Cages) Agd
of Laying Hens on Egg Characteristidritish poultry sciencé5 (6): 745-52

Schothorst Feed Research B.V. 78



Brenes, A., Viveros, A., Arija, |., Centeno, C.z®&iro, M. & Bravo, C. (2003) The Effect of Citriccdl and
Microbial Phytase on Mineral Utilization in BroiléChicks, Animal Feed Science and Technolddhy0 (1-4):
201-219

Brook & Marshall (2001Essential EndocrinologyWillliston: Blackwell

Buss, E.G. & Guyer, R.B. (1984) Bone ParameterBhidk and Thin Lines of Chicken§omparative Biochemistry
and Physiology’8 (3): 449-452

Candlish, J.K. (1971) The Formation of Mineral adjanic Matrix of Fowl Cortical and Medullary Bomiring
Shell CalcificationBritish poultry sciencd 2 (1): 119-127

Carlos, a B. & Edwards, H.M. (1998) The Effects1925-dihydroxycholecalciferol and Phytase on theukd
Phytate Phosphorus Utilization by Laying Heultry scienc&7 (6): 850-8

Castaldo, D.J. & Maurice, D. V (1990) Shell Glandehosine Triphosphatase in Hens Producing Strodg\seak
Egg Shells.British poultry scienc&1 (1): 225-9

Ceylan, N., Scheideler, S.E. & Stilborn, H.L. (2Dp®3gh Available Phosphorus Corn and Phytase ineLdiets.,
Poultry science32 (5): 789-95

Chandramoni, Jadhao, S.B. & Sinha, R.P. (1998)cEff¢ Dietary Calcium and Phosphorus Concentratioms
Retention of These Nutrients by Caged Laydsstish poultry scienc&9 (4): 544-8

Cheng, T.K. & Coon, C.N. (1990) Effect of Calciunousce, Particle Size, Limestone Solubility In Vitrand
Calcium Intake Level on Layer Bone Status and Pevdmce Poultry scienceé9: 2214-2219

Chung, T.K. & Baker, D.H. (1990) Phosphorus Utitiea in Chicks Fed Hydrated Sodium Calcium
Aluminosilicate, Journal of Animal Sciencg8: 1992-1998

Clunies, M., Parks, D. & Leeson, S. (1992) Calciaind Phosphorus Metabolism and Eggshell Formatidenis
Fed Different Amounts of CalciunRoultry scienc&’l (71): 482—-489

Corradino, R.A., Wasserman, R.H., Pubols, M.H. &@id S. (1968) Vitamin DS Induction of a Calciurméing
Protein in the Uterus of the Laying Heirchives of Biochemistry and Biophysik5: 378-380

Cowieson, a. J., Acamovic, T. & Bedford, M.R. (2D0he Effects of Phytase and Phytic Acid on thed. o$
Endogenous Amino Acids and Minerals from Broilerigkens,British Poultry Sciencd5 (1): 101-108

Cusack, M., Fraser, a C. & Stachel, T. (2003) Magme and Phosphorus Distribution in the Avian Egdish
Comparative biochemistry and physiology. Part BydBemistry & molecular biolog¥34 (1): 63—9

Dacke, C.G., Arkle, S., Cook, D.J., Wormstone, |.Bbnes, S., Zaidi, Met al. (1993) Medullary Bone and Avian
Calcium Regulationjournal of Experimental Biology8: 63—88

Damron, B.L. & Harms, R.H. (1965) a Comparison hb&phorus Assay Techniques With Chiclultry science
44: 1086-9

Deluca, F. (1988) The Vitamin Basic D Story: a @btirative Effort of Science.
Deluca, H.F. (2008) Evolution of Our Understandafd/itamin D., Nutrition reviews66 (10 Suppl 2): S73-87

Deniz, G., Gencoglu, H., Gezen, S.S., Turkmen, Orman, a. & Kara, C. (2013) Effects of FeedingrrCo
Distiller's Dried Grains with Solubles with and Waut Enzyme Cocktail Supplementation to Laying Hens
Performance, Egg Quality, Selected Manure Parasjetad Feed Codtjvestock Scienc&52 (2-3): 174-181

Schothorst Feed Research B.V. 79



Deniz, G., Gezen, S.S., Kara, C., Gencoglu, H.,dl&f. & Baser, E. (2013) Evaluation of Nutrientuieplency of
Microbial Phytase in Hens in Late Lay Given Maizgdsean or Distiller's Dried Grains with SolublesBS)
Diets.,British poultry sciencé&4 (4): 494-502

Doyle, J.. (1979) Toxic and Essential Elementsam@&- a Reviewdournal of Animal Sciencé9:; 482—497

Driver, J.P., Pesti, G.M., Bakalli, R.Il. & Edwardd,M. (2005) Effects of Calcium and Nonphytate Ritasus
Concentrations on Phytase Efficacy in Broiler CBicRoultry science84 (9): 1406-17

Duncan, E.T., Appleby, M.C. & Hughes, B.O. (1992fEt of Perches in Laying Cages on Welfare andi&ction
of Hens British poultry scienc&3 (1): 25-35

Dupre, J.N., Keenan, M.J., Hegsted, M. & Brudevéldyl. (1994) Effects of Dietary Boron in Rats Fe&/#amin
D-Deficient Diet,Environmental Health Perspectivéd2: 55-58

Edwards, H.M. (1987) Effect of Dietary Calcium, Bpborus, Chloride, and Zeolite on the DevelopmérTiloial
DyschondroplasigRoultry scienceé7: 1436-1448

Edwards, H.M., Elliot, M.A. & Sooncharernytng, 3902) Effect of Dietary Calcium on Tibial Dyschoogfasia.
Interaction with Light, Cholecalciferol, 1,25-Dihgakycholecalciferol, Protein, and Synthetic Zeglioultry
sciencer1: 2041-2055

Edwards, N.A. (1973) Phosphate Excretion in theingyowl, Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiolog$6 (2): 131-137

Eeckhout, W. & De Paepe, M. (1994) Total PhosphoRisytate-phosphorus and Phytase Activity in Plant
FeedstuffsAnimal Feed Science and Technoldgy(1-2): 19-29

Eleraglu, H., Yalcin, H. & Yildinm, A. (2011) Dietary Edcts of Ca-zeolite Supplementation on Some Bloud a
Tibial Bone Characteristics of BroilerSputh African Journal of Animal Scierdg (4): 319-330

Elliot, M. a & Edwards, H.M. (1991a) Some Effectdetary Aluminum and Silicon on Broiler ChickenBoultry
sciencer0 (6): 1390-402

Elliot, M. a & Edwards, H.M. (1991b) Comparisontbe Effects of Synthetic and Natural Zeolite on ibgyHen
and Broiler Chicken Performanc@qultry scienc&’0 (10): 2115-30

Erdman, J.W. (1979) Oilseed Phytates\utritional ImplicationsJournal of American Oil Chemistry Association
56: 736-741

Eren, M. (2004) The Influence of Dietary Boron Slgppentation on Egg Quality and Serum Calcium , daoic
Phosphorus , Magnesium Levels and Alkaline Phosgglkafctivity in Laying HensResearch in veterinary
sciencer6: 203-210

Etches, R.J. (1987) Calcium Logistics in the Layiten., The Journal of nutritiort17 (3): 619-28

Fleming, R.H. (2008) Nutritional Factors Affectifpultry Bone Health.The Proceedings of the Nutrition Society
67 (2): 177-83

Fleming, R.H., McCormack, H. a, McTeir, L. & Whitedd, C.C. (1998) Medullary Bone and Humeral Bregkin
Strength in Laying HensResearch in veterinary scien6é (1): 63-7

Fleming, R.H., McCormack, H. a & Whitehead, C.C99&a) Bone Structure and Strength at Different Aiges
Laying Hens and Effects of Dietary Particulate Létome, Vitamin K and Ascorbic AcidBritish poultry
sciencel39 (3): 43440

Schothorst Feed Research B.V. 80



Fleming, R.H., McCormack, H. a & Whitehead, C.C949&b) Bone Structure and Strength at Different Agpes
Laying Hens and Effects of Dietary Particulate Létome, Vitamin K and Ascorbic AcidBritish poultry
science39 (3): 434-40

Francesch, M., Broz, J. & Brufau, J. (2005) Effezt®n Experimental Phytase on Performance, Egdit@uaibia
Ash Content and Phosphorus Bioavailability in LayiHens Fed on Maize- or Barley-based DieBsitish
poultry sciencel6 (3): 340-8

Frost, T.J., Roland, D. a & Marple, D.N. (1991) THféects of Various Dietary Phosphorus Levels an@ircadian
Patterns of Plasma 1,25-dihydroxycholecalciferaltal Calcium, lonized Calcium, and Phosphorus igihg
Hens.,Poultry science&r0 (7): 1564-70

Frost, T.J. & Roland, D.A. (1990) Influence of \itean D3 , la-Hydroxyvitamin D3 , and 1 , 25-Dmydraxitarnin
D3 on Eggshell Quality , Tibia Strength , and VaddProduction Parameters in Commercial Laying Hens.
Poultry Scienc&9 (12): 2008-2016

Frost, T.J., Roland, D.A., Barnes, D.G. & Lauréhtyl. (1992) The Effect of Sodium Zeolite A and Gadlciferol
on Plasma Levels of 1 , 25-DihydroxycholecalcifeydCalcium , and Phosphorus in Commercial Leghorns,
Poultry scienc&’1: 886—893

Galitzer, H., Lavi-Moshayoff, V., Nechama, M., Mgir., Silver, J. & Naveh-Many, T. (2009) The Caloisensing
Receptor Regulates Parathyroid Hormone Gene ExpressTransfected HEK293 Cell8MC biology7: 17

Garlich, J., Brake, J., Parkhurst, C.R., ThaxtoR, & Morgan, G.W. (1984) Physiological Profile @aged Layers
During One Production Year, Molt and PostmBlbultry sciencé3: 339-343

Garlich, J.I.M., Morris, C., Brake, J. & Carolind, (1982) External Bone Volume, Ash, and Fat-Freg Weight
of Femurs of Laying Hens Fed Diets Deficient or 4date in PhosphoruBpultry sciencé1: 1003—1006

Gordon, R.W. & Roland, D. a (1997) Performance ofrtnercial Laying Hens Fed Various Phosphorus Levels
with and Without Supplemental Phytadeoultry scienc&6 (8): 1172—7

Gregory, N.G. & Wilkins, L.J. (1996) Effect of Agen Bone Strength and the Prevalence of Broken Bames
Perchery Laying HensNew Zealand veterinary journd# (1): 31-2

Grizzle, J., lheanacho, M., Saxton, a & Broader{1992) Nutritional and Environmental Factors Imea in Egg
Shell Quality of Laying HensBritish poultry scienc&3 (4): 781-94

Gross, M. (2010) Fears over Phosphorus Suppliesent Biology20 (9): 386—-387

Guinotte, F. & Nys, Y. (1991) Effects of Particle&and Origin of Calcium Sources on Eggshell Qualind Bone
Mineralization in Egg Laying Hen®,oultry Scienc&0: 583-592

Harms, R.H., Junqueira, O.M. & Miles, R.D. (198%3d$a Calcium, Phosphorus, 25-dihydroxyvitamin &%) 1-
25-dihydroxyvitamin D3 of Hens with Fatty Liver Symome.,Poultry sciences4 (4): 768—70

Hartel, H. (1990) Evaluation of the Dietary Inteian of Calcium and Phosphorus in the High Prodydiaying
Hen.,British poultry scienc8&1 (3): 473-94

Hegsted, M., Keenan, M.J., Siver, F. & Wozniak, (P991) Effect of Boron on Vitamin D Deficient Rats.
Biological trace element resear@8 (3): 243-55

Holcombe, D.J., Roland, D. a & Harms, R.H. (1976 TAbility of Hens to Regulate Phosphorus Intakeewh
Offered Diets Containing Different Levels of Phospls.,Poultry sciencé5 (1): 308-17

Hossain, S.M. & G. Bertechini, A. (1998) Effects\#drying Levels of Magnesium and Available Phospisoon
Performance of Layergnimal Feed Science and Technolddy(3-4): 363—368

Schothorst Feed Research B.V. 81



Huff, W.E., Moore, P. a, Waldroup, P.W., Waldroapl.., Balog, J.M., Huff, G.Ret al. (1998) Effect of Dietary
Phytase and High Available Phosphorus Corn on 8rdihicken Performance?oultry sciencer7 (12): 1899—
904

Hughes, A.L., Dahiya, J.P., Wyatt, C.L. & ClassHr,. (2008) The Efficacy of Quantum Phytase in at{oveek
Production Trial Using White Leghorn Laying HensdFRéorn-soybean Meal-based DiefBqultry science87
(6): 1156-61

Hughes, B.O., Dun, P. & McCorquodale, C.C. (198bustd in Cages or on Range in Outside Ferigsh poultry
science26: 129-136

Hughes, B.O., Wilson, S., Appleby, M.C. & SmithfFS(1993) Comparison of Bone Volume and Strength as
Measures of Skeletal Integrity in Caged Laying He#th Access to Perchefgesearch in veterinary scienbé
(2): 202-6

Hunt, C.D. (1989) Dietary Boron Modified the Effeatf Magnesium and Molybdenum on Mineral Metaboliam
the Cholecalciferol-deficient ChickBiological trace element resear@? (2): 201-20

Hurwitz, S. (1996) Homeostatic Control of Plasmdcten Concentration.Critical reviews in biochemistry and
molecular biology31 (1): 41-100

Hurwitz, S. & Bar, A. (1965) Absorption of Calciuamd Phosphorus Along the Gastrointestinal TrathefLaying
Fowl As Influenced By Dietary Calcium and Egg Sh&drmation.,The Journal of nutritior86 (840): 433-8

Hussein, a S., Cantor, a H. & Johnson, T.H. (1988&ct of Dietary Aluminum on Calcium and Phosplseru
Metabolism and Performance of Laying Heultry scienceé8 (5): 706—-14

Hussein, A.S., Cantor, A.H. & Johnson, T.H. (198Ke of High Levels of Dietary Aluminum and Zinc for
Inducing Pauses in Egg Production of Japanese @ailtry sciencé7: 1157-1165

Izat, A.L., Gardner, F.A. & Mellor, D.B. (1984) Eftts of Age of Bird and Season of the Year on Egglify 1 .
Shell Quality,Poultry sciences4: 1900-1906

Jalal, M. a & Scheideler, S.E. (2001) Effect of Blementation of Two Different Sources of Phytase Egy
Production Parameters in Laying Hens and Nutriggestiblity., Poultry science80 (10): 1463-71

Jendral, M.J., Korver, D.R., Church, J.S. & Fedde3,R. (2008) Bone Mineral Density and Breaking&ith of
White Leghorns Housed in Conventional, Modifiedda@ommercially Available Colony Battery Cages.,
Poultry science37 (5): 828-37

Jones, G., Strugnell, S.A. & Deluca, H.F. (1998)r€nt Understanding of the Molecular Actions ofafitin D, 78
(4): 1193-1231

Jongbloed, a. W. & Kemme, P. a. (1990) Effect oiefieag Mixed Feeds on Phytase Activity and the Apmnt
Absorbability of Phosphorus and Calcium in Pijsimal Feed Science and Technol@8y(3-4): 233-242

Kebreab, E., France, J., Kwakkel, R.P., LeesorK&hj, H.D. & Dijkstra, J. (2009) Development andatiation of
a Dynamic Model of Calcium and Phosphorus Flowisayers.,Poultry science38 (3): 680-9

Keshavarz, K. (1994) Laying Hens Respond Differetdl High Dietary Levels of Phosphorus in Monobaesnl
Dibasic Calcium Phosphatepultry science&’3: 687—703

Keshavarz, K. (1998) Investigation on the Posgibiif Reducing Protein, Phosphorus, and CalciumuRements
of Laying Hens by Manipulation of Time of AccessToese NutrientsRoultry Scienc&7 (9): 1320-1332

Keshavarz, K. (2000) Nonphytate Phosphorus Reqein¢rof Laying Hens with and Without Phytase on adeh
Feeding ProgramBoultry scienc&9 (5): 748-63

Schothorst Feed Research B.V. 82



Keshavarz, K. (2003) A Comparison Between Choléeatd and 25-OH-cholecalciferol on Performance and
Eggshell Quality of Hens Fed Different Levels ofiédam and Phosphorud?oultry science32 (9): 1415-22

Keshavarz, K. & Nakajima, S. (1993) Re-EvaluatiérCalcium and Phosphorus Requirements of LayingsHen
Optimum Performance and Eggshell Quality 1 K. KESIH¥RZ 2 and S. NAKAJIMA 3 Department of Animal
Science, Cornell University, Ithaca, New York 14861384)

Khalaji, S., H. Naderi, A., N. Mousavi, S., Zaghavl. & Malakzadegan, A. (2013) Determination of Bpborus
Requirement for Post Molted Laying Hens Using Noadir and Multivariate Nonlinear Mixed Effects Maglel
The Journal of Poultry Science

Kiarie, E. & Nyachoti, C.. (2010) Bioavailabilityf €alcium and Phosphorus in Feedstuffs for Farmniais, In:
Vitti, D. & Kebreab, E. edsPhosphorus and calcium utilization and requirementéarm animals. Wiltshire:
CABI Publishing, pp.76-93

Kim, C.H., Paik, I.LK. & Kil, D.Y. (2013) Effects ofincreasing Supplementation of Magnesium in Diats o
Productive Performance and Eggshell Quality of Abaging Hens.Biological trace element researd®bl (1):
38-42

Kim, W.K., Donalson, L.M., Bloomfield, S. a, Hogahl. a, Kubena, L.F., Nisbet, D.Jet al. (2007) Molt
Performance and Bone Density of Cortical, Medullaapd Cancellous Bone in Laying Hens During Feed
Restriction or Alfalfa-based Feed MolRoultry science36 (9): 1821-30

Kim, W.K., Donalson, L.M., Herrera, P., Kubena, 1,.Risbet, D.J. & Ricke, S.C. (2005) Comparisond/afting
Diets on Skeletal Quality and Eggshell Parameteitdans at the End of the Second Egg-Laying Cyetyltry
science84: 522-527

Van der Klis, J.D., Versteegh, H. a, Simons, P.CKi&s, a K. (1997) The Efficacy of Phytase in Canybean
Meal-based Diets for Laying Hen®oultry science&’6 (11): 1535-42

Knott, L. & Bailey, A.J. (1999) Collagen Biochemigtof Avian Bonel: Comparison of Bone Type and Skeletal
Site Collagen Biochemistry of Avian Bone Comparison of Bone Typd®&ritish poultry sciencelO (3): 371—
379

Knott, L., Whitehead, C.C., Fleming, R.H. & Bailey,J. (1995) Biochemical Changes in the Collagemdaisix of
Osteoporotic Avian BoneT,he Biochemical journa310, 3: 1045-51

Koksal, B., Sacakli, P. & A, E. (2012) Effects diyease and Vitamin D3 Addition Ot Diets ContainiDgstillers
Dried Grains with Solubles (DDGS) on Performancel &ome Egg Traits in Laying Henbjternational
Journal of Poultry Scienctl (4): 259-263

Kornegay, E.T. (2001) Digestion of Phosphorus attte©ONutrients: The Role of Phytases and Factdisdncing
Their Activity, In: Enzymes in Farm Animal NutritiphViltshire: CABI Publishing, pp.237-272

Leach, R.M., Heinrichs, B.S. & Burdette, J. (1980piler Chicks Fed Low Calcium Diets. 1. InfluenokZeolite
on Growth Rate and Parameters of Bone MetabolBoultry science9 (9): 1539-43

Lee, K. & Moss, C.W. (1995) Effects of Cage DensityFear-Related Behavioral Response and Actiityagers,
Poultry scienc&/4: 1426-1430

Leeson, S. & Summers, J.. (19¥19mmercial Poultry NutritionGuelph: University Books

Leeson, S & Summers, J.D. (1978). Voluntary FoodtiRgion by Laying Hens Mediated through DietarglfS
Selection British poultry sciencd 9 (4): 417-424

Schothorst Feed Research B.V. 83



Lei, Q.B., Shi, L.X., Zhang, K.Y., Ding, X.M., Ba§.P. & Liu, Y.G. (2011) Effect of Reduced Energyotein and
Entire Substitution of Inorganic Phosphorus by Bbgton Performance and Bone Mineralisation of Lgyin
Hens. British poultry scienc®2 (2): 202-13

Létourneau-Montminy, M.P., Narcy, a, Lescoat, Perriter, J.F., Magnin, M., Pomar, Gt al. (2010) Meta-
analysis of Phosphorus Utilisation by Broilers Reicggy Corn-soyabean Meal Diets: Influence of Digtar
Calcium and Microbial Phytaséinimal: an international journal of animal biosciem4 (11): 1844-53

Lim, H.S., Namkung, H. & Paik, I.K. (2003) Effeat$ Phytase Supplementation on the Performance,@&gity,
and Phosphorous Excretion of Laying Hens Fed DOdfierLevels of Dietary Calcium and Nonphytate
PhosphorousPRoultry science32 (1): 92—-9

Liu, N., Liu, G.H., Li, F.D., Sands, J.S., Zhang, Zheng, a Jet al. (2007) Efficacy of Phytases on Egg Production
and Nutrient Digestibility in Layers Fed Reducedffhorus DietsRoultry science36 (11): 2337—-42

Mackie, E.J., Tatarczuch, L. & Mirams, M. (2011)eTBkeleton: a Multi-functional Complex Organ: Theo@th
Plate Chondrocyte and Endochondral Ossificatibne Journal of endocrinolog®11 (2): 109-21

Marounek, M., Skvan, M., Dlouhda, G. & Betiova, N. (2008) Availability of Phytate Phosphorumsl &ndogenous
Phytase Activity in the Digestive Tract of Layingeis 20 and 47 Weeks Olédnimal Feed Science and
Technologyl46 (3-4): 353—-359

Maynard, L., Loosli, J., Hintz, H., Warner, R. &@&a C.R. (1979Animal Nutrition New York: McGraw-Hill

Mazzuco, H. & Hester, P.Y. (2005) The Effect ofladuced Molt and a Second Cycle of Lay on Skeletggrity
of White LeghornsPoultry science771-781

McCuaig, L.W., Davies, M.I. & Motzok, I. (1972) kestinal Alkaline Phosphatase and Phytase of Chiefect of
Dietary Magnesium, Calcium, Phosphorus and Thyreacasein.Poultry sciencé1 (2): 526-530

Mench, J. a, van Tienhoven, a, Marsh, J. a, McGekn€.C., Cunningham, D.L. & Baker, R.C. (1986)detfs of
Cage and Floor Pen Management on Behavior, Praghyand Physiological Stress Responses of Layintgskie
Poultry sciences5 (6): 1058—69

Miles, R.D., Christmas, R.B. & Harms, R.H. (1982)efary and Plasma Phosphorus in Hens with Fatterliv
Syndrome.Poultry sciencél (12): 25126

Miller, P.C. & Sunde, M.L. (1975) The Effect of Vlans Particle Sizes of Oyster Shell and Limestome o
Performance of Laying Leghorn PulleByultry sciencé4: 1422-1433

Mitchell, R.D. & Edwards, H.M. (1996) Additive Eftés of 1,25-dihydroxycholecalciferol and PhytaseRiytate
Phosphorus Utilization and Related Parameters ailé8rChickens.Poultry scienc&’5 (1): 111-9

Mohammed, a, Gibney, M.J. & Taylor, T.G. (1991) Hféects of Dietary Levels of Inorganic Phosphor@ajcium
and Cholecalciferol on the Digestibility of phyteReby the Chick.The British journal of nutritior66 (2): 251-9

Mongin, P. & Sauveur, B. (1974) Voluntary Food aalcium Intake by the Laying HerBritish poultry science
15 (4): 349-59

Mongin, P. & Sauveur, B. (1979) Plasma Inorganiogpinorus Concentration During Egg-Shell Formatiifect
of the Physical Form of the Dietary CalciuBrjtish poultry scienc®0 (4): 401-412

Musapuor, A., Afsharmanesh, M. & Shahrbabak Mor#&dli,(2006) Use of Microbial Phytase for Decrease of
Pollutant Due to Environmental Poultry Excreta Ritmsus,International Journal of Agriculture & Biolog®
(1): 35-37

Schothorst Feed Research B.V. 84



Nahm, K.H. (2008) Efficient Phosphorus Utilizatiam Poultry Feeding to Lessen the Environmental lohpet
Excreta,World’s Poultry Science Journéi3, 4

Neijat, M., House, J.D., Guenter, W. & Kebreab,(F011) Calcium and Phosphorus Dynamics in Commiercia
Laying Hens Housed in Conventional or Enriched Caggtems.Poultry science0 (10): 2383-96

Nelson, T.S. (1976) The Hydrolysis of Phytate Phosps by Chicks and Laying Hen®oultry sciences5 (6):
2262-4

Nelson, T.S., Shieh, T.R., Wodzinski, R.J. & Wal¢]. (1968) The Availability of Phytate Phosphomusoybean
Meal before and after Treatment with a Mold Phytd2eultry sciencet7 (6): 1842—8

Neset, T.-S.S. & Cordell, D. (2012) Global PhospisoBcarcity: Identifying Synergies for a Sustaieabluture.,
Journal of the science of food and agricult@ (1): 2—6

Newman, S. & Leeson, S. (1997) Skeletal Integrityayers at the Completion of Egg Productidforld’s Poultry
Science Journa3: 265-277

Nezhad, Y.E., Shivazad, M., Taherkhani, R. & Nadkr&. (2007) Effect of Citric Acid Supplementatioon
Phytate Phosphorus Utilization and Efficiency ofchbial Phytase in Laying Hendpurnal of Biological
Scienced (4): 638—642

Ni, Y., Zhu, Q., Zhou, Z., Grossmann, R., Cher& Zhao, R. (2007) Effect of Dietary Daidzein on El§gpduction
, Shell Quality , and Gene Expression of ER- r -BHand IGF-IR in Shell Glands of Laying Hedsurnal of
Agriculture and Food Chemisti§5s: 6997—7001

Nielsen, F.H. & Shuler, T.R. (1992) Studies of thieraction Between Boron and Calcium , and Its Nloation by
Magnesium and Potassium , in R&&logical trace element resear@b

Ngrgaard-Nielsen, G. (1990) Bone Strength of Layiems Kept in an Alternative System, Compared Wiéms in
Cages and on Deep-litteBritish poultry scienc&1 (1): 81-9

NRC (1984)Nutrient Requirement of PoultrWashington, D.C: National Academy Press
NRC (1994)Nutrient Requirements of Poultr'Washington, D.C: National Academy Press

Nys, Y. & de Laage, X. (1984) Effects of Suppressad Eggshell Calcification and of 1,25(0H)2D3 org?4,
Ca2+ and Mg2+HCO-3 ATPase, Alkaline Phosphatasebd@éc Anhydrase and CaBP levels--I. The Laying
Hen Uterus.Comparative biochemistry and physiology. A, Comfpeggphysiology’8 (4): 833-8

Pelicia, K., Garcia, E., Faitarone, A., Silva, Rerto, D., Molino, A.,et al. (2009) Calcium and Available
Phosphorus Levels for Laying Hens in Second Praaludycle,Brazilian Journal of Poultry Scienckl (1):
39-49

Persia, M.E., Utterback, P.L., Biggs, P.E., Koebadh K.W. & Parsons, C.M. (2003) Interrelationsiptween
Environmental Temperature and Dietary Nonphytatesphorus in Laying Hen$oultry science82: 1763—
1768

ProProfs (2012) Skeletal System, Available fromitg¥www.proprofs.com/flashcards/story.php?titlkeletal-
system_72>

Punna, S. & Roland, D. a (1999) Influence of Supetal Microbial Phytase on First Cycle Laying He¥ex
Phosphorus-deficient Diets from Day One of Agaultry scienc&/8 (10): 1407-11

Rama Rao, S.., Ravindra Reddy, V. & Ramasubba ReWdy(1999) Enhancement of Phytate Phosphorus
Availability in the Diets of Commercial Broilers drayers,Animal Feed Science and Technola@y(3): 211-
222

Schothorst Feed Research B.V. 85



Rama Rao, S.V., Raju, M.V.L.N., Reddy, M.R. & Pay&h (2006) Interaction Between Dietary Calciund &on-
phytate Phosphorus Levels on Growth, Bone Mineatibn and Mineral Excretion in Commercial Broilers,
Animal Feed Science and Technold@®l (1-2): 135-150

Rao, K., Roland, D.A. & Orban, J.I. (1991) Influenof Dietary Cholecalciferol , Calcium , and Phaspis on
Urinary Calcium in Commercial Leghorn Hens 1 Comeerto Cholecalciferol , Commonly Known as Vitamin
D3 ( Norman , 1987 ). Under Lighting In Laying HenBietary Ca and P Interact to CdMpultry sciencer0:
1921-1927

Rennie, J.S., Fleming, R.H., McCormack, H. a, Mcfbadale, C.C. & Whitehead, C.C. (1997) Studies tiads
of Nutritional Factors on Bone Structure and Ostgogis in Laying HensBritish poultry scienc&8 (4): 417—
24

Roberson, K.D. & Edwards, H.M. (1994) Effects ofcAsbic Acid and 1,25-dihydroxycholecalciferol onkaline
Phosphatase and Tibial Dyschondroplasia in Br@lgickens. British poultry scienca5 (5): 763—73

Roberson, K.D., Kalbfleisch, J.., Charbeneau, RP&, W. (2005) Effect of Corn Distiller's Dried &mns with
Solubles at Various Levels on Performance of Layiens and Egg Yolk Colodnternational Journal of
Poultry Sciencé (2): 44-51

Rodehutscord, M. (2012) Determination of Phosphéwalability in Poultry, World’s Poultry Sciencel-19

Roland, D. a, Laurent, S.M. & Orloff, H.D. (1985he8| Quality as Influenced by Zeolite with High lexchange
Capability.,Poultry sciences4 (6): 1177-87

Roland, D.A. (1986) Eggshell Quality IV: Oysterdheékrsus Limestone and the Importance of Partidiee Sr
Solubility of Calcium Source)Norld's Poultry Science JourndR: 166-171

Roland, D.A., Potman, C.E. & Hilburn, R.L. (1977h& Relationship of Age on Ability of Hens to MaimtaEgg
Shell Calcification When Stressed with Inadequatddy Calcium,

Rose, S.P. (199 Principles of Poultry Scien¢&Vallingford: CAB International

Rossi, A.F., Miles, R.D. & Harms, R.H. (1990) ResbtaNote: Influence of Aluminum on Phosphorus Aahility
in Laying Hen Diets 1Poultry science9: 2237-2240

Sabbagh, Y., Giral, H., Caldas, Y., Levi, M. & SatWi S.C. (2011) Intestinal Phosphate Transpadyanced
Chronic Kidney Diseas#8 (2): 85-90

Sahin, N., Onderci, M., Balci, T. a, Cikim, G., $alK. & Kucuk, O. (2007) The Effect of Soy Isoflanes on Egg
Quality and Bone Mineralisation During the Late lreyPeriod of Quail.British poultry sciencd8 (3): 363-9

Sands, J.S., Ragland, D., Wilcox, J.R. & Adeola(ZD03) Relative Bioavailability of Phosphorus inv-phytate
Soybean Meal for Broiler Chick€anadian Journal of Animal Scien88 (1): 95-100

Sari, M., Onol, A.G., Daskiran, M. & Cengiz, O. (&) Egg Production and Calcium-phosphorus Utilaatof
Laying Hens Fed Diets Suppemented with Phytase éAtlamin Combination with Organic Acidinternational
Journal of Poultry Scienc#l (3): 181-189

Saunders-Blades, J.L., Maclsaac, J.L., Korver, B.RAnderson, D.M. (2009) The Effect of Calcium Soerand
Particle Size on the Production Performance anccEBamality of Laying HensRoultry scienceé8 (2): 338-53

Schlemmer, U., Jany, K. D., Berk, a., Schulz, ER&hkemmer, G. (2001) Degradation of Phytate inGheé of
Pigs: Pathway of Gastrointestinal Inositol Phosphadydrolysis and Enzymes Involvedirchiv fir
Tierernaehrungb5 (4): 255-280

Schothorst Feed Research B.V. 86



Schraer, H. & Schraer, R. (1961) Bone Mass Changésens Observed in Vivo During the Egg Laying @ycl
Experimential 7: 255-256

Scott, M.L., Hull, S.J. & Mullenhoff, P.A. (1971)hEé Calcium Requirements of Laying Hens and EffetBietary
QOyster Shell Upon Egg Shell Qualioultry sciencé0: 1055-1063

Selle, P.H., Cowieson, A.J. & Ravindran, V. (20@@nsequences of Calcium Interactions with PhytateRhytase
for Poultry and Pigd,ivestock Sciencg24 (1-3): 126-141

Selle, P.H. & Ravindran, V. (2007) Microbial Phytais Poultry Nutrition,Animal Feed Science and Technology
135 (1-2): 141

Selle, P.H. & Ravindran, V. (2008) Phytate-degrgdiinzymes in Pig Nutritior,ivestock Scienc#13 (2-3): 99—
122

Shafey, T.M. (1993) Calcium Tolerance of Growingicgens: Effect of Ratio of Dietary Calcium to Awatile
PhosphorusWorld’s Poultry Science JourndR: 5-18

Sharpley, A. (1999) Agricultural Phosphorus, Watguality, and Poultry Production: Are They Compaifl
Poultry scienc&’8: 660—673

Shastak, Y., Witzig, M., Hartung, K. & Rodehutscomdl. (2012) Comparison of Retention and Prececal
Digestibility Measurements in Evaluating Minerald8phorus Sources in Broiler®pultry science91 (9):
2201-9

Shi, S.R., Gu, H., Chang, L.L., Wang, Z.Y., TongBH& Zou, J.M. (2013) Safety Evaluation of Daidzén
Laying Hens: Part I. Effects on Laying Performan€énical Blood Parameters, and Organs Development.
Food and chemical toxicology an international journal published for the Britisindustrial Biological
Research Associatiosb: 684—8

Singsen, E.P., Spandorf, A.H., Matterson, L.D.a8er J.A., Agricultural, S., Station, Eef al. (1961) Phosphorus
in the Nutrition of the Adult HerRoultry sciencetl: 1401-1414

Skiivan, M., Englmaierova, M. & Skvanova, V. (2010) Effect of Different Phosphorusvils on the Performance
and Egg Quality of Laying Hens Fed Wheat- and Méiased DietsCzech Journal of Animal Scienb&: 420—
427

Skiivan, M., Marounek, M., Bubancova, |. & Podsedhi, M. (2010) Influence of Limestone Particle Size
Performance and Egg Quality in Laying Hens Aged3®Weeks and 56-68 Weelsyimal Feed Science and
Technologyl58 (1-2): 110-114

Snow, J.L., Douglas, M.W., Batal, a B., Persia, M.Biggs, P.E. & Parsons, C.M. (2003) Efficacy oigh
Available Phosphorus Corn in Laying Hen DieBoultry science32 (6): 1037-41

Snow, J.L., Douglas, M.W., Koelkebeck, K.W., BatalB., Persia, M.E., Biggs, P.Eet al. (2004) Minimum
Phosphorus Requirement of One-cycle and Two-cyntdtéd) Hens.Poultry science83 (6): 917-24

Soares, J.H. (1984) Calcium Metabolism and Its &b Review.Poultry sciences3 (10): 2075-83
Soares, J.S. (1995) Phosphorus Bioavailability,

Sohail, S.S., Bryant, M.M., Rao, S.K. & Roland, ®.(2001) Influence of Cage Density and Prior Dietar
Phosphorus Level on Phosphorus Requirement of Coacmtheeghorns.Poultry scienceé0 (6): 769-75

Sohail, S.S. & Roland, D. a (2002) Influence oftArg Phosphorus on Performance of Hy-line W36 Hdrsultry
scienceB1 (1): 75-83

Schothorst Feed Research B.V. 87



Spencer, J.D., Allee, G.L. & Sauber, T.E. (2000p$thorus Bioavailability and Digestibility of Norinand
Genetically Modified Low-phytate Corn for Pigdqurnal of Animal Science8: 675-681

Tahmasbi, a M., Mirakzehi, M.T., Hosseini, S.J.aAgM.J. & Fard, M.K. (2012) The Effects of Phytasel Root
Hydroalcoholic Extract of Withania Somnifera on @uotive Performance and Bone Mineralisation of bgyi
Hens in the Late Phase of Productidritish poultry scienc&3 (2): 204-14

Taylor, T. (1970) The Role of the Skeleton in EgglsFormationAnn. Biol. Anim. Biochim. Bio- phy®: 83-91

Taylor, T.G. & Moore, J.H. (1954) Skeletal Depl@tim Hens Laying on a Low-calcium DieThe British journal
of nutrition 8 (2): 11224

Taylor, T.G. & Moore, J.H. (1956) The Effect of Caim Depletion on the Chemical Composition of Bone
Minerals in Laying HensThe British journal of nutritiorl0 (3): 250-63

Taylor, T.G. & Moore, J.H. (1958) The Effect of Higind Low Levels of Dietary Inorganic PhosphatetanPre-
laying Storage of Calcium and Phosphorus and onChmposition of the Medullary and Cortical Bone in
Pullets.,The British journal of nutritiorl2 (1): 35-42

Tolboom, J.G. & Kwakkel, R.P. (1998) Dynamic Modal of Ca and P Flows in Layers: Prospects to Reduc
Dietary Digestible P-level®ritish Poultry Scienc&9 (sup001): 43-44

Um, J.S. & Paik, 1.K. (1999) Effects of Microbiahftase Supplementation on Egg Production, Egg€hedility,
and Mineral Retention of Laying Hens Fed Differeatels of PhosphorusPoultry science&8 (1): 75-9

Usayran, N., Farran, M.T., Awadallah, H.H., Al-HawiR., Asmar, R.J. & Ashkarian, V.M. (2001) Effecof
Added Dietary Fat and Phosphorus on the PerformandeEgg Quality of Laying Hens Subjected to a @amts
High Environmental Temperatur@pultry science30 (12): 1695—-701

Van de Velde, J.P., Vermeiden, J.P. & Bloot, a 285) Medullary Bone Matrix Formation, Mineralizati and
Remodeling Related to the Daily Egg-laying CycleJapanese Quail: a Histological and Radiologicati$t
Bone6 (5): 321-7

Van de Velde, J.P., Vermeiden, J.P., Touw, J.J. éldkuijzen, J.P. (1984) Changes in Activity of (Kan
Medullary Bone Cell Populations in Relation to tEgg-laying Cycle.,Metabolic bone disease & related
research5 (4): 191-3

Veum, T.. (2010) Phosphorus and Calcium Nutritiod Metabolism|n: Vitti, D. & Kebreab, E. edsPhosphorus
and calcium utilization and requirements in farmiraals, Wiltshire: CABI Publishing, pp.94-111

Vits, a, Weitzenbirger, D., Hamann, H. & Distl, @005) Production, Egg Quality, Bone Strength, Claamgth,
and Keel Bone Deformities of Laying Hens Housed-imnished Cages with Different Group Sizd2oultry
science84 (10): 1511-9

De Vries, S., Kwakkel, R.P. & Dijkstra, J. (2010ymamics of Calcium and Phosphorus Metabolism inihgy
Hens,In: Vitti, D.M.S.S. & Kebreab, E. ed®2hosphorus and calcium utilization and requiremeintfarm
animals, CABI Publishing, pp.133-151

Waldroup, P.W., Kersey, J.H., Saleh, E. a, Friltsa, Yan, F., Stilborn, H.Let al. (2000) Nonphytate Phosphorus
Requirement and Phosphorus Excretion of BroilerckhiFed Diets Composed of Normal or High Available
Phosphate Corn with and Without Microbial PhytaBeultry scienc&9 (10): 1451-9

Wall, H., Tauson, R. & Elwinger, K. (2002) Effect dlest Design, Passages, and Hybrid on Use of Bledt
Production Performance of Layers in Furnished Cageslltry science81 (3): 333-9

Schothorst Feed Research B.V. 88



Wamsley, K.G.S., li, R.E.L., Karges, K. & Moritz,S] (2013) The Use of Practical Diets and RegresAimalyses
to Determine the Utilization of Lysine and Phospl®in Corn Distillers Dried Grains and SolublesndgsCobb
500 Male BroilersJournal of Applied Poultry Resear@: 279-297

Wasserman, R.H. & Taylor, a N. (1973) Intestinakéiption of Phosphate in the Chick: Effect of Vitar® and
Other ParametersThe Journal of nutritiorl03 (4): 586—99

Watkins, K.L. & Southern, L.L.E.E. (1992) Effect Bietary Sodium Zeolite A and Graded Levels of @aitand
Phosphorus on Growth , Plasma , and Tibia Chaiatiter of Chicks 1 Department of Animal Science ,
Louisiana State University Agricultural Center t&aRouge , Louisiana 70803 ABSTRARQuItry sciencer/1:
1048-1058

Whitehead, C.C. (2004) Overview of Bone Biologytie Egg-laying HenRoultry science83 (2): 193-9
Whitehead, C.C. & Fleming, R.H. (2000) Osteoporasi€age LayersRoultry scienc&9 (7): 1033-41

Wilson, S. & Duff, S.R. (1991) Effects of Vitamim Mineral Deficiency on the Morphology of MedullaBone in
Laying Hens.Research in veterinary scienb8 (2): 216-21

Wilson, S., Duff, S.R. & Whitehead, C.C. (1992) éffs of Age, Sex and Housing on the Trabecular Bufne
Laying Strain Domestic Fowl.,Research in veterinary scienc&3 (1): 52-8 Available from:
<http://www.ncbi.nim.nih.gov/pubmed/1410819> [Acsed:

Wu, G., Liu, Z., Bryant, M.M. & Roland, D. a (2006pomparison of Natuphos and Phyzyme as Phytase&otor
Commercial Layers Fed Corn-soy Di€qultry science85 (1): 64-9

Schothorst Feed Research B.V. 89



