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1 GENERALUNTRODUCTION

For 2018, th€ood and Agriculture Organization of the United Na(R®Z0yeported more than
25.6 hllion living poultry birds in the worldince 1961, when 4dlion poultry birds were
counted this number increasedntinuously, anid is expected tlurtherrisein the next years
Poultry play an importardlein human nutrition in all parts of the wdsidproviding meat and

eggsin developing countries as well as in indistdahations.

Poultryneed to be fed adequately to ensure aninizéiwvglsafe and nutrient-rich fopdbducts
andto protect the environmerfroviding animals withhpsphorus (P an important parbf
poultry nutrition. It is an essential element foorghnismsince it is needed for numerous
physiological procesdéd® energy metabolism, nucleic ayidthesisandbone mineradation.
The main components of poultry diets are plant seeds, wheaiystored irtheform of mye
inositoll,2,3,4,5;6exakis(dihydrogenphosphate) @hard its salts (phyta{&eckhout and De
Paepe, 1994; Rodehutscord et al., ZIHii6)form is only partially availabl@owltry Therefore

P is often supplemented to poultry diets as minerald@lfrom rock phosphatend processed
However, global rock phosphate reserves are limitgcal.(2018)predicted depletion of the
reserves within 740 years when no appriapg management procedures are implemé&vid

a suitable P management, this time frame axidreledy 50 years or more according to their
demand-basezhlculationsA suitable P management is atgoortant toreduce environmental
impact. Ahigh P excetion due to a low digestibilisults iran accumulation of P in the soil,
which is a&ausdor eutrophicationvhen stocking density is hi§@thindler, 1977; Carpenter et al.,
1998)

Phytate degrading enzymes (phgtase widely usexs feed additiveis poultry dietsPhytases

do naturally occur in plaresd animalsin broilers, arious studiesaveshown aremarkable
precaecalegradation dhsk; (56:89%)when low P diets without phytase supplementagon

fed (Leytem et al., 2008; Zeller et al., 2015a; Zeller et al., 2015b; Sommerfeld efTalis 2018)
couldbe related toosneof the microorganism species frequently occurring in thr@rgastinal

tract of broilersThey were identified to have phyt&kseactivitymostof them belonging to the
genud.actobacill(8imengen et al., 2012; Lee et al., 2013; Sumengen et al., 2013; Amritha et al
2017)A study with gnotobiotic birdhoweverhasalsoshown a remarkahllesP; degradatioof

42 % until the end of the ileum without phytase supplemeri@dimmerfeld et al., 201Bhis
points towardghe existence afndogenous mucosal phytasgvity. Commercially available
exogenouphytase productare fungi or bacterialerived.They have a specific spectrum of
activitysincetheydiffer in their optimum pHhermal stability and thetart dephosphorylating
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the phosphateitherat position 3 or 6 of thewyanositol hexaphosphate riigonietzny and
Greiner, 2002)

To increase Btilisation othe animahndto protect the environment, itnecessary to knaail
physiologicgbrocesses which involve P and to have suitable approaches for the determination of
available P in the animiBhis is necessary sindanpbased feedstgf€ontain different amounts
of phytateP andintrinsic phytas@®ther constituents of the feed dadd additivealsohave an
impact on physlogical processes in the anjprabably influencinimsPs degradatiorHencejt

is difficult to predict the availability ofd? different P source#é protocol established by the
World’s Poultry Science Associat{iPSA, 2013provides astandard procedure for the
determination of available P in broilgnswvolvesegression anailysvith precaedgdigestible P
(pcdP) aghe response traitConsequentlythe collection ofdigestafrom the ileumand their
analysarenecessaryor comparative purpostreuse ofbone data or other biological datah
asbody weight gain or blood inorgapinosphate concentratibave been used to represent the
relative bioavailability of(Bhastak and Rodehutscord, 2013).

Biologicalresponse traitare influenced bihe amount ofvailable Brovided. Bonearethe
preferred tissue beca@®®k% of the P retained in the animal is sttrectin(De Groote and
Huyghebaert, 1997)ibiotarsus (tibiaand femur bones of 4&yold Ross 308 broilers consist
of approximately 50 % ash,%@rganic matter, which is mosilyhe form ofcollagen, and 2@
water(McLean, 1958; Suchy et al., R@&chy et a(2009)analged 20 % obone dry matter
(DM) to becalcium (Ca) and 9 % Phe major bone minerals &and Cand they armainly
stored intheform of hydroxyapatittMcLean, 1958Accordingly, bonesaybe an appropriate
indicatorfor the relative bioavailability of P. However, theglsoenfluenceddy other factors
Rath et al(2000)reported the bone to ke dynamic tissue whichnst only influenced by
nutritional, but also byhysiologicdiactors. In humans, about 80of bone mineral density is
genetically determin@dguyen et al., 1998his should be considered when using bone data for

P evaluation.

At least mice the 240s bone askatahave beenused aan indicator ofelative bioavailability of

P (Bird and Caskey, 19483pwever, a standard assay has never been ag&¥ddeomost of the
studieexaminedhe tibia otherausedhe femur, one or more toes or the foot. Additionalhed

are used with or withoatherextraction ootherpretreatmersa When ash data are used, some
authors analysed the P concentration irwagdl others used thwstal amounbf ash. Other
options for using bone traits are the determination of liread&ing strengtbr densitometry
(Shastak and Rodehutscord, 20ti3)not clear to what extent the assay details and bloosen
may affect the outcome of P bioavailability studies.



2 OVERVIEW ANDOBJECTIVES OF THE INCLUDED STUDIES

The overall aim of this thesis was to investigate the suitability of bora fsihaésevaluation

of available P ipoultry with emphasis on broiler chick@hgreforedifferentstudies with broiler
chickens and Japanese @saihodel organisifa broilerswere conducted. The studiesned

the basis of four manuscripts which are presented in Chaptkibriefly charactsed in the
following.The studiediad in common that bone ash data were used for the examination of the
relativebioavailability of P. However, other aspects rdtatedvailability in poultryere also
studied These dat&gether witladditional unpublished data that accrued during the stedees, w

focused in this thesigth additional analys&specially mhbdological aspeatsereexamined.

Phytase products and mineral P are commonly used feed supplements tpopittyidgth
available h the adequate amouriach product has a specific efficieany they can only be
compared under standardised study condifitiesinfluence of two different phytase products
anddicalcium phosphatBCP) as a mineral P sourae available Rnd the ileal microbiotd
broiler chickens was investigated in thesfurdy(M ANUSCRIPT 1). Each of thehreesupplements
wasfed ingradednclusion levels in addition tdoav P basal diet without any phytasehar
mineral P supplement. This des@dlowedto compare the supplements with a regression
approachas suggested by IMPSA(2013)Severalesponse traifer Pevaluationvere used and
compared. Besides the commonly used standard trait for quantitative (nopB3edso other
traitssuch asverage daily gainttdriaandfoot ash asboth absolutamountand concentration
were examined.

When Inskis completely dephosphorylatsh of theixphosphate groups and thgenositol
(MI) ringarepotentiallyavailable for the birBecenstudies have shown that the supplementation
of phytasé¢o the feedncreased the MI concentration in digesta or excreta of broikens, thus
complete dephosphorylation seems pog&bkson et al., 2017; Sommerfeld et al., Y048
most of the effects of the phosphate groups on the animal are identified, Midstithoee
detailed investigationghe study described MANUSCRIPT 2 aimed to consider the effects of
free Ml in the dievn performance, nutrient digestibility, kisakdown and Ml concentrations
in the digestive tract and blood plasma of broiler chickens. Bone atinerales anagd with
the amount of tibia ash to detect the bioavailability of P. Ml supplementatompa®d with

a control diet adequateaith nutrients anthreetreatments witlifferentsupplementation levels
of a phytase product.

Broiler chickens have a higbtential to degrade Ins®hen low P diets are fedthout
supplementation of phyta&Zeller et al., 2015a; Zeller et al., 2015b; Sommerfeld et allj2018)
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3 GENERALDISCUSSION

3.1 Comparison of tibia and foot ash

Bones are used ftre evaluatiorof relative P bioavailabillhgcausa high amount of P in the
body is stored there. The development of bones in chicken varies betwesinbdiffenearts
(Church and Johnson, 1964; Lilburn, 199#reforeit seems unliketiiat P is evenly distributed
amongdifferent bonesThis leads to the conclusion that some boragsbemore suitable for P
evaluation measurements than othatditionallysome bones are easiepktainthan others
because of their Idistion in thebody.For examplepe bonesre easy to obtain and because of
ther small sizethey ardast to analg since they need less time to be incinetteadbigger
bones Howeverwhilesome authoreecommend usinge ash, others reported a high variation
between animatg one treatmerfor toe ash because small variations in sampling technique have
a high impact on the loashweight(Scholey and Burton, 201The animal ages alsoof
importanceor the decision which bone is prefer@choley and Burtg2017)compared toe,
foot, tibia and femur ash of broiler chickesnsespondeaits ofbone mineralisation at week6

of age Toe bones showed only ineke a differendeetweenmadequatand a low P diet, fensur

in weeks %, tibiaein week 2 and feet in weekh. Most of the P evaluation studies using broiler
chickens end after-30 d.Based on the results®tholey and Burtq@017) tibize and £ are

the most suitable bones for this animal age. Indeed, the tibia is the most often fmethisone
kind of analysis and théssomeevidenceén the literature that foot ash could be used equlyalent
(Mendez and Dale, 1998; Yan et al., 2005; Malloy et al.TROdetdretibiaor foot ash or both
were used for the studies resultinglamuscripts #-and these bones will be focusedh the

following.

Many authors used lipid extracted bones for P evalsatthadike suggesteasa standard
method for vitamin D determinationbonegAssociation of Official Analytical Chemists, 1990)
This was not done for the studies includeddiiecethere is strong evidence that lipid extraction
does not povide beneficial effeasgarding the sensitivity of dehassayyYan et al., 2005; Ga

and Dale, 2006] heusedibiaeof the included studiegere defrosted, adhering tissues removed
rinsed with distilled water, the bone dried to mass constaDd¥ é@terminatiomat 103 °Gand
thenincinerate@t600°C. Feet were cut at tlaticulatio intertargakesn also rinsed with distilled
water dried for DMdetermination, andcinerate@t 600 °CThereforethe footsample consists

of multiple bones and tissues Aada highemasghan the tibialt needs more time for drying
andincineratinghe feet compared to thibiae butit ismuchless laborious to detatiem The

tibia has the advantage over the foot in being better standardisatebiwe is a clearly defined
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materal. However,the fibula andhe cartilage tissuespecially at the tibiofemoral joare
sometimes difficult to remavEhe tibiacanbe damaged in this process, leading to missing bone
fragmentsThis is not a problem for foot samepIThetarsometatarsus can be detached from the
tibia very wellln the case of the fegthe remaining soft tissues gassiblylead tosampling
inaccuracyecausd is hardly pssible to standardise the segregafiskin. Consequentlihe

risk of inaccurgowhen sampling feet is related to DM weight bubhane mineralisatigince

the bones are still protected by the surrounding tissue.

3.1.1 Relationship between tibia and foot ash

Therelationship between tibia and fash reporteth theliteratureand determined during the
own studiesire shown ifablel. Moststudies showedvaryhigh relationship between the two
bone fractionsvith a coefficienvf determination (RBetween 0.68nd0.96 indicating that they
can be used almost equivdyeiithe highest relationshiig2 = 0.96was observed [8hastak et
al.(20123)the only study wheb®mnes without adhering tissues were andtystbt ash This
may mean that the agmountof the adhering tissues has a negative effect on the relationship
betweertibiaand footashOnly in two studiesdetermination coefficiebelow0.5 was detected.
In the study of Scholey and Bur{@017; R? = 0.46)this could be related to a relatively small
animal number which was distributed to different sampling times. The othettstadpver
relationshigR2 = 0.47) is described in Manuscript 3 and used ash concerdhaéisol5-day-

old Japanese qudihe absolutamount of askialues of the same study provided a rhigtter
relationshipvith R2= 0.8. Thedifferencebetweerthe amount and concenti@n valuesof ash

will be discussed in Chae® In general, the relationship vahegsveen the twbone fractions

in the study described in Manuscrigte8lowethanin most ofthe other studies. One explanation
for the lower relationghis the animal age of odly d Until the age of 21 d, bone legs of broilers
grow faster compared with an age 428 (Han et al., 2013he bone development including
the astamountiffers between the tibia ahe tarsometatars(Ghurch and Johnson, 1964; Han
et al., 2015)he major foot bon&d.he aslamounin soft tissues alehangeduring growthGrey

et al.(1983)observedh decreasingshand Pcorcentrationin skin and different muscles with
increasing ageence the relationship betwetnia and foot aslks supposed to be not constant
especially during the period of f@stwth. Another possiblexplanation is the poultry species.
Rodehutscord and Dieckmai®005) compareddifferent poultry speciesoncerningtheir
response in P to a mineral supplementheyconcluded that quaibgld be used as model
organisms for broilers in P availability studies. However, there areesastagaring the bone
development of broilers and quail and the response of their tbosepplementalP. A

comparison between quaiid broilers in a combined trial using diffeReletvels in the diet



GENERALDISCUSSION 7

analysing bone ash amdiPwould be necessary to make sure there are no-speciés tects

on bone ash data for the purpose of P evaluation.

Table 1: Relationship betwedéhiaand foot asbbserved in the literature ahd own workwith

the coefficient of determination (R?)

Reference (;fstre]g fF()) a;rttl Animal Qgr]"en}gl) Unit? n R2

Mendez and Dal@998) n.d. broiler 18 % 30 0.85
Yan et al(2005) whole foot broiler 21 % 450 0.92
Shastakteal.(2012a) bones broiler 21 g 224 0.96
Shastak et 4R012a) bores broiler 35 g 224 0.94
Malloy et al(2017) whole foot broiler 21 % 240 >0.90
Malloy et al(2017) whole foot broiler 43 % 384 >0.90
Scholey and Burtq@017) whole foot broiler 1442 % 144 0.46
Manuscript 1 whole foot broiler  21/22 mg 264 0.87
Manuscript 1 whole foot broiler  21/22 % 264 0.63
Manuscript 3 whole foot  quail 15 mg 887 0.2
Manuscript 3 whole foot  quail 15 % 887 0.47

'n.d. = not describedvhole foot= the foot was detached at timticulatio intertarsalis used
including skin, soft tissues and claws

2gor mg= absolute amount of ash weight: #sh concentratiaelated tahe dry matter weight
of the respectivieone fraction

3.1.2 Phosphorus concentration in tibia and foot ash

The generallyery high relationship betweéna and footash gives no prediction about which
trait is more suitable ftive purpose of P evaluation. For this information, the relationship between
bone ash and P must be looked at more clbokseiglly, only the ash weight is determined for P
evaluation studid3uringthe study described ireWuscript 4, additiorahalyses wecenducted

to comparghe P and Ca ogentrationn tibiaandfoot ash. Animal$or this comparison were
fed a low P and Cdiet without coccidiostat supplementatieitherwith or without phytase
supplementation. Thértls were allocated $oxpens withtenbirds each per treatment and sorted
by their body weighiBW) afterslaughterThey were distributed tbreeBW categoriedight (3
birds) middle(4 birdg and heavy3 birds) One bird per pen anBW categorywvasrandomly
chosen for further ash analyses. The right tibia and foot were diiedremdtecs described
above. ien P and Ca in the ash were analysedthsingethod described Bhastak et al.

(2012b)Thereby the entire ash of each foot or tibia was used. Statisyisal waaldone with a
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two-way armalysis of variand®&NOVA) using the PROGAIXED procedure of SAS.4 for
Windows(SAS Institute Inc., Cary, NQyeatmentpone fractiorand the interaction between

treatment anone fractiorwere taken as fixed effg¢he pen and animal as random effects.

Table 2: P andCaconcentration itibia and foot ash and the ash weight of both bone fractions
analyseth male 24/25dayold broiler chickehs

Phy- Phy+ pooled p-values
Tibia  Foot Tibia  Foot SEM? Trt BF Trt x BF
P glkgash 167 158 177 169 0.72 <0.001 <0.001 0.085
Cag/kg ash 336 300 345 317 1.71 <0.001 <0.001 0.024
CaP 2.0 1.9t 1.9% 1.88 0.009 <0.001 <0.001 0.038
Ash mg 483 568 968 1057 31.3 <0.001 <0.001 0.831

LAll birds were part of the study describeMamuscript 4 and received a P/Ca reduced diet

without coccidiostat, either without (Phy-, n = 18) or with phytase supplemd?tigtion £18)

2SEM = standard error of the mean

3Trt = Treatment (Phyor Phy+), B = Bone fraction (tibia or foot)

*d0HDQV ZLWKLQ D OLQH QRW VKRZLQJ D FRPWRQ VXSHUVFUL:

Results of thisbservationndicated aignificantly higher P and Ca @amtrationin tibia ash
compared to foot ash, both with and withouytabe supplementatigihable 2). Phytase
supplementation increaseddbacentratioof P and Ca in both bone fracti@ngnificantly. The
proportion of the two minerals also varied significantly between bone feaddivaatments
with thetibia and the phytase supplemented treatmentsngesuthe higher Ca:Rtio. This is
basically in agreement with Han €R@lL5)Theyreported a higher P and Ca@entrationn the
tibia compared with thtarsaenetatarsus until the age of 35 d in broiler chickens. At the age of
42d, they reported tharsanetatarsus to contain more P than the fili@.whole foot asnot
analysebty these authoos any other studgpvestigating the P moentrationn ashThese results
may lead to the conclusion that the tibia is the more suitable boneftraPtievaluation studies
until the age of 35 d since it contains more P than the foot. Hoviféemaks between the P
corcentrationn tibiaand footare signiiantthoughnumerically verpw. A higher ash weight of
onebone fractiorcould have a higher impact than the P concentrititire comparison done
with broilers from Manuscript 4, the higher ash wemhdetected for the foot ash compared to
tibia &h both with and without phytase supplementafiteble 2). When calculating the P
corcentratiorof eachbone fraction, the foot contaithi90 mg P/foot without and 179 mg P/foot
with phytase supplementation. For the tibiad@®/bone without and 171 mg P/bone with
phytase supplementation were determined. Consequently, the foot contenamdignt of P.

However, not the highest amount of P is necessary to detect the bioavaiRbbity thfe one
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which represents best the P situation in the whole3twalstak et dR012bxompared the tibia

P content with the whole-body P. They assessed the tibia P to represent whalddopayddy
butfoot ash was not used in this stdhe previously described results indicate that the diéferenc
between tibia and foot P is not very big. It seems possible that the slggntly bapentration

in feet even better representsthele-bodyP.An experiment using both tibia and foot ash would

be necessaty examinghisin more depth.

3.1.3 Relationship between bone ash and quantitative traits of phosphorus

evaluation

Another possibility to compatéia and footash is to investigate their relationship with
quantitativé® evaluatiofraits. Therefore, Pearson correlation coefficigttaere calculated for
each of the own studies to compare tibia and foot ash as amount or conocaltrasiovitithe
content ofpcdP, precaecal P digestibility agtdired P (rP; Table 3). Highest correlation
coefficients for almost all studies and traits were detedies felatiaship of ash traits witl.

In contrast to pcdP and precaecal P digestibility, not only the P digestiaiitythetfeed intake
and hence the actual P intake is considered for rP. Ash dathestlacitined effect of P intake
and P digestibility during the whole experiment. Therefore, rP is naike shdan pcdP or
precaecal P digestibility to be compared with ash data. Precdegestibility showed no
significant correlation coefficients with ash data of study?21 Femdstudy 4, the correlations were
much smallethan for pcdP and rP. Precaecal P digestibility only refeesRt@dmcentration in
the feed, not the P intake, and consequently, it only reflects the situationnratiet tre time

of slaughter. The trait pcdP is more standardised since teédstoelakg DM of the feed.

For Manuscript 2, almost all calculated correlation coefficiemtsotveignificant. In this study,

the experimental diets of all treatments contained adequatis. -HeEvee, differences in ash
weight were very low since bogrowth and mineralisation was at its maximum. Significant
differences between treatments were detected for precagesliBildy in this study, but not for

pcdP or ash weight. That means that more P was absorbed, but not stored in bones, probabl
leading to a higher P excretion with urine which was not analysdtiurariéz et al., 1978;
Rodehutscord et al., 20120 excessive P intake can even have negative effects on bone
developmentVorland et al., 201By a high dietary P supply, especially in combination with low
dietary @, the bone matrix protein osteopontin and the parathyroid hormone are increased. Both
were identified to increase bone resorption. This may elplaimterically marginal decreased

tibia ash weight with increasing phytase supplementation in the studyl dgeddeahascript 2.

Both tibia and foot ash were only analysed in Manuscripts 1 and 3. In Manuscript8,glagph

were used instead of broiler chickens. At the end of tharexgethese quails were only 15 d
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old, which is relatively young for foot ash analyses. In contrast to Manuadrijhtelaaimals
from Manuscript 4 described above, tibia ash weight (45.8 mg) wasdmgfoat tash weight
(44.8mg;p < 0.001) in this study. Nonetheless, tibia and foot provided very singlatiocorr
coefficients with the different quantitative P measurements. Theeabsuduint of foot ash
provided higher correlation coefficients than the tibia for pcdP and precaestiHitjigFor

the ash concentration data, the tibia showed higher valuekmtiGorcoefficients measured in
quail were generally lower than in the broiler experimeitis,cmbld be related to the study
design that did not involve variation in P supply of birds. Digestibility vahisstnaltwere
determined by quantitative determination of P intake and P in excretae@uait eolostomised

and digesta was not analysed. Since the P supply was below the requo@msentra®ion in

the urine can be assumed to be veryRoaehutscord et al., 2012). Therefore, P digestibility can
be calculated from P intake and P excretion in faeces, n#caatcal P digestibility. The genetic
correlations between P digestibility or P retention and astattatlated in Manuscript 3 were
also minimally higher for foot than for tibia ash, indicating that foot ashasyalsd trait for
genetic analysd&3orrelation coefficients obtained for data used in Manuscript 1 are higher, but
with a similar predication. Tibia ash shows marginally lowdat@orreoefficients with
guantitative P measurement traits than foot ash. The precaeeatiBilitiigvalues were most
likely not significant for this studyecause there were four treatments with graded DCP
supplementation. The precaecal P digestibility decreaseatnedbing DCP supplementation,
while bone ash weight increased. With graded phytase supplementation, battessats. In

the study resulting in Manuscript 4, the tibia was only taken from some birdsrtdmenpad

foot regarding the mineral cemtratios in ash. The previous studies already showed the
suitability of foot ash as an aitgive for tibia ash to detect the relative bioavailability of P. The
very high correlation coefficients obtained for foot ash with pcdP and rPembttiign

To conclude, in the current state of knowledge it is not possible to decide whethferdilaialor

better reflects relative bioavailability of P. Both bone fisgirovided very similar results in
almost all studies but have distinct characteristics during probiEspiegerence for one of the

bone fractions could be deduced. It can be recommended to use tibia or foot ash, depending on

the specific situation.
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Table 3: Pearsonarrelation coefficieabetween precaecally dig#sP, precaecal P digestibility
or retaiedP and theabsolute amouiiing) orconcentratiori of DM)of tibia or foot askveight

observed for data used in Manuscripts 1-4

Precaecally digstible Precaecal P Retained P

P (g/kg DM) digestibility (%) (g/animal/d )
Manuscript 1 Tibia mg 0.4 n.s. 0.2
Manuscript 1 Tibia % 0.8 n.s. 0.90
Manuscript 1 Foot mg 0.8 n.s. 0.94
Manuscript 1 Foot % 0.70 n.s. 0.8
Manuscript 2 Tibia mg n.s. n.s. 0.38
Manuscript 2 Tibia % n.s. n.s. n.s.
Manuscript 3 Tibia mg 0.2 0.3 0.76
Manuscript 3 Tibia % 0.35 0.36 0.3
Manuscript Foot mg 0.54 0.54 0.75
Manuscript 3 Foot % 0.27 0.8 0.29
Manuscript 4 Foot mg 0.91 0.8 0.94
Manuscript 4 Foot % 0.92 0.43 0.91

n.s. = not significanp@ 0.05)

'In Manuscript 3 the values were calculated from P intake atidexdigesta was not analysed
therefore, total tract P digestibility and digestible P are reportas $tudy

Manuscript 1:792 unsexed broiler chickallecated td1treatments 66 pengn = 66) animals
were fed either a P/Ca reduced babel, or the same diet supplemented grdded
supplementation levelsaxhineral Psourceor one of two phytase products

Manuscript 2:440 unsexed broiler chickalscated t& treatments id0 pengn = 40) animals
were fed @ontrol diet adequate in all nutrietitsgediets with graded supplementatewelsof
phytaser one diet supplemented witlyenositol

Manuscript 3: Each of the887 unsexedapanese quail received the same low(R di8B7)
Manuscript 4:630 male broiler chickesltocated tminetreatments 63 pengn = 63) animals
were fed a low P diefith or without mineral P, phytase, and coccidiostat supplementation

3.2 Comparison of body sides

When boneare chosefor P evaluationnot onlythebone itseltouldbe of importance, but also
its location in the bodyhe mosfrequently useldonedor the purposef P evaluatioarelocated
in the legBecaustheyexistin duplicateone side must be choséaonly one bonger animails
to be analyse&ome methodological investigatisasedone using botkidegso analyse different
methods orthe sameanimalFor exampleGarcia and Dal@006)used tle tibia and foot from

both legsto compare the effect of fat extraction. While the left tibiafe@nwere fat extracted,
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the right ones did not receive this treatnfemt.such investigationsoth sides musgtrovide
identical resultghen treatedniformly Even if only one sid#f each animad used, it is important

to knowif there is a difference between the two didesing et a(1999)escribed significant
differences in humeral breaking strength between left and right liayasgohéns of different
strain and age. substantial variation between mechanical bone traits such as bone breaking
strength or torsional stiffness for both sides of long bones of abitdso reported byhite

et al(1974)Nevertheless, no significant differences between the left and rigivebeietected

in this study. They concluded that a biologically normal variatignvaitstss smaller between
the left and the right side of one animal than between two animals. Acclawerglyimals are
necessary when using both limbs to contparenethodological aspects to achieve a given level
of statistical significandgifferences in bone mineralisatlmetweerthe left and the rightody

side of poultrjhave not been analysed yet.

Bone measuremerssch as bone weight or lenfyttm two limbs are usesdan animal welfare
indicatorfor broiler chickens. The assumption is that both body sides develop sgtynsetde

they must cope with the same environmental conditions. It is assumed thatriagaymme
development is either caused by genetic factors or refleelspthent instability, caused by
challenging rearing conditiofidgller and Swaddle, 1997; van Nuffel et al.,.206ie,
differences between body sidegindicate a reduced fithess and welfare of an aAmotier
explanation for morphological asymmetry is a one-sided dominance duerned jome. This
onesided dominance does not only influence muscles, but also bones andirs unoans,

rats, rabbits and frog€hhibber and Singh, 1970; Singh, 1971; Kimura et al., 1975; Fox et al.,
1995)It seems possible that it also exists in poultry.

Therefore, additional measurements were made adjtmestiody described in Manuscript 4
The DM and ash weight of the left and the right fomth 70 malebroiler chickenallocated to
severpenswere detected hebirdsbelonged to the same treatment and received a P/Ca reduced
diet with phytase and coccidiostat supplement@ediormanceéataof these animaisereon a
similar level athe performance objectivethe breeding company, indicating that the rearing
conditionsvere adequaf@viagen, 20123 onewayANOVA using théodyside aafixed effect

and theanimals aandom effecshowed significant effect of body side forfinat ashamount

(p= 0.044Tabled). Consequentlwhen all feedre used from the same sible,left Eetprovide

other resu#t than the right onesdowever, althougithe body side effect on foot aslas
significant, the difference between left and wighsmall.Whenthe ash weight is expressed as
the concentratioof the foot DM weight, no significant difference between the left and the right
foot was detecteg € 0.160.
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Table 4: Differences between the left and the right foot of male 2i42ald broiler chickens

detected for foot ash amount (mg) and concentration (%)

left foot right foot pooled SEM? p-value
Foot ash (mg) 1079 1074 14.9 0.044
Foot ash (%) 13.1 13.1 0.089 0.160

LAll birds(n = 70)were part of the study described in Manuscript 4 and recel@zdrad®iced
diet with phytase and coccidiostat supplementation
2SEM = standard error of the mean

The feet used in this study were cut aattieulatio intertarssatighe tarsometatarsus and all toe
bones were analysed together with the skin, surrounding tissues anldectshssTassumed to
consist mainly of minerals stored in the bone while the DM is more influenced byuhéisgrr

soft tissueSkin or ligaments are mali#ficult to standardise in sampling than well-defined bones.
Therefore, the DM weight and consequently also tlwmantration, are more susceptible to
sampling inaccacy Hence the non-significant side effect on ash concentration in contrast to the
significant effect on ash weight could either be interpreted as an effect oméa@isation,
compensated by the other tissues, or it was related to potential sameplingcly.

The comparison betwedime left and rightside providesio predictionabout the difference
between the two fe@tdependent from the body sialed the consequences for samphay
significant difference between left and fighdsh concentratiocould either mean the left and
right foot provide the same results or the distribution of animals with the beaaettlie left

or the right sidevasweltbalanceadh this studyThereforethe feet ofeachanimalweresorted as
lighter and heavier instead of left and.rgkatal of 40 animals (57 %) showed their heavier foot
ash weight on the left side whilwais45 animals (64 %)hen usinghe askltoncentrationOne
animal had identical weights for both sadessh weightA significant difference between the
heavier and lightsidewas analysddr both traits(p < 0.001 respectivejy\f able5). However,
the difference between tieo sidesvassmall(15mg for foot ashveightand0.21 % fofoot ash
concentratiopwhich makes the relevamgpear to be minor

In conclusion, the two feet of one animal can differ in ash weight and concentration despite
adequate rearing conditions, indicating a normal physiological proog$s dearselity or one-

sided dominance. Although there was a tendency for the left fedigavier, there was no clear
effect of one sideTherefore, using both legs of the same animal may be appropriate for
methodological investigations when the body side is considered as a random &ftdaetiethe
manuscripts of the present thesis used foot or tibia ash traits determined figim gtk rof

each animal, respectively. After analysing the data desditiieadhapter, a better procedure
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would be to randomise the sampling side of each animal. Another, more laboriousamethod w
described b$choley and Burtq2017) They analysed bones from both legs and used the mean
from both sides of each animal. Since the analysis described herein was othyatdraesty it

could be useful to do it again with more animals and different bone fractions.

Table 5: Differences between the heavier and the lighter foot of m&gd24kld broiler
chickensdetected for foot ash amount (mg) and concentration (%)

lighter foot heavier foot  pooled SEM? p-value
Foot ash (mgQ) 1067 1082 21.7 <0.001
Foot ash (%) 13.0 13.2 0.088 <0.001

! All birds(n = 70)were part of the study described in Manuscript 4 and receiveal redRiCad
diet with phytase and coccidiostat supplementation
2SEM = standard error of the mean

3.3 Comparison of ash amount and concentration

There are two common ways to preashtvalues: the absolute amount of ash containaohia a
or foot (g or mg, and the ash concentration in a bone fra(oaf DM or g/kg). Most often
theash concentratias usedn literature Theash concentratias calculated fromwo absolute
valies the aslamountisrelated to the DM weight of the respective @ation Therefore, it
does not reflect the bone weight which is highly related to the bone size. iecasbsmiount
valueshowsthe totalamount of mineralkcontained in the bon&hisamountis affectedoy the
weight and consequently the size of a bone and its minemahsadiready explainedLbgt al.
(2015)and Lindg2018)The bone size and mineralisatiary between animaésd are affected
by factors such agebreedfeed intak, andohytasesupplementatiofHuyghebaert et al., 1980;
Hall et al., 2003n contrast, very similash concentratioran be detected in bones varying
widely in weight and si@de et al., 2015).

Several authors compatbkd suitability of tibia ash amount and concentratidhne purpose of

P evaluatiomvith different approaches regression analydis all studies, ash data were either
plotted against non-phytate Ptatal P supplyShastakteal.(2012ajeported a much Higr R2
and lower standard errors the absoluteashamountcompared t@sh concentratiohey did
not only use the tibia of broiler chickens as evaluation trait, but also é&&assnsednd tp@hich
behaved very similar. In the studyioét al.(2015) the R2 was very similar for both traatsh(
amount 0.81ash concentratio®.84). The absolute amount of tibia ash was more ghdable
the ashconcentrationn regardo determimg the relative bioavailabilitfy different P sources
(Coon et al., 200@hd the detection of phytase effigacet al., 2015Huyghebaert et [L980)
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found a very similar behawiaf regressionbetweenthe absoluteamount of tibia asbr P
retentionandthe intake of nophytic P. The regression lines of both traits were nearlgl parall
when comparing two different experimentge regression lines a@bin ashconcentrationin
contrast,showed different behauio For this trait, the same ash concentration values were
detected fodifferent P intake levels. This was not the case for ash amount miidh r8teastak

et al.(2012ayompared different response critbyiaalculating the ratiosstbpedor different
mineral P sources. The slope ratios of asiwdegaveralihot very close to the one of P retention

in this study, with agtoncentratiomeing closer at an animal age of @k ash amounivVhen

birds were 35 d old, the absolute ash amount traits ranked closer to P retention than the
concentrationConsequently, the animal age matiést the suitability of ash data in biological
availability studieslowever, khauthors concluded the absolute amount of tibie #sdh more

sensitive trafor P evaluation compared to ashcentration

Similar omparison®etweerash amount and concentratare not made befofer foot ash.

In contrast to the tibia, ttempetefoot containsofttissuesurrounding thbones and therefore
moresoft tissuedall et al(2003)acountthe organidoone components left after water and lipid
removabeing responsibfer ash concentratidio be less sensitivéll authors who investigated

the suitability of foot ash Bsevaluation traitsedash concentratioralue. Theyobtained ailgh
relationshigpetween foot antibiaashconcentratiovalues{ablel). These results suggest that
theash contained in the adhering soft tissagsianegative effects on the suitability ofable
concentrationGarcia and DalR006)lsoshowed a high relationship between dietary available P
and foot asleoncentratioiiR? = 0.90)indicating that theoncentratioof foot ash is a suitalife
evaluation trai

Correlation coefficients presented Tiable 3 can be used to compare ash amount and
concentratiowalues obtained in the own studies. As already descfltegiar3.1.3 rP is the
most suitable trait to investigate the relationship of ash data with atigedniitaasurement
trait. The high P supply in all treatments of the study insenuscript 2 prevented high
correlation coefficients this respedbecauséhe variationn the response traigmsapparently

too small. It is notable, however, that a significant correlatfboienebetween the absolute tibia
ash amount and rP was calculd®ed (.38) while the one betweenahlk concentraticand rP

was not significant. The other studies conducted witérlmoitkens, described in Manuscript 1
and 4, included treatments with more tramian P supply. Both resulted in very similar correlation
coefficients foash amount and concentratwith rP, withmostly onlymarginally higher values
for the absolute ash amount. For the study resulting in Manuscript 4, only foot a&sbutsd. w
For this study, the difference between the correlationcmoeff of ah amoun{R = 0.94) and
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concentrationrR = 0.91)with rPwasvery smalindicating that thieigher amount of ash contained

in the adhering soft tissues included in the foatoastentratioseemeaotto be of importance
here For the data used in Manuscript 1, the difference betaleemountR = 0.92) and
concentrationR = 0.90) was verynsilar for the relationship between tibia ash and rP. For foot
ash, this difference was higlesh(amounR = 0.94,ash concentratioR = 0.83).The reason

for this remains uncle&robably it is related to the used treatmé&htse different supplentsn

two phytase products and DCP, were compared in the study described in Manusmaisel. Be
they were fed in graded supplementation levels, regressidrizeccalculatduzetweerphytase
supplementation or g P from DGRthe xaxis andlifferent P evaluation tradis the yaxis.The
slopegatios between two supplements were used for efficacyioakildten comparing the
slope ratios of different traits, it depends on the used supplements whether asloramount

concentration showed slope ratios closer to rP.

When examining the quail data used for Manuscrgitfe3ences betweeash amount and
concentrationweremuchbigger The correlation coefficients between absolutarashntdata
and rPwerehigher for bothibia @sh amounR = 0.76,ash concentratioR = 0.37) and foot
(ash amounR = 0.75,ash concentratioR = 0.29)than between both bone fractions and ash
concentrationt seems unlikely, that the poultry species accounts for the higleaicditiereen

ash amount and concentration than detected in the broiler. thdisgbjective perceptiwhen
preparing feet for dryingas that theoft tissuesf quail veresmaller thathoseof broilers. A
possible explanation is the P supply of the animals and the tremtaraitedn the respective
studies. All quail received the same P reduced diet whalsibritie studies used for Manuscripts
1 and 4 were distributed in various treatsngithverydifferent P supply. Probably the P supply
of quail was evescarcetthan for broilerded with P reduced diets. Therefore, the variation
between animals was smdbeiquail tharfor broiler in the conducted experimemtkich was
better reftcted bythe absolute asamount.This may confirm the assumption that absolute ash

amountis the more sensitive P evaluation trait compared to ash caocentrat

To summarise@bservations indicate that the absolute amount of ash is at least aasasgtable
concentratiorfor P evaluatianPresumablyt is theeven more accuratieait Additionally, e
absolute ash amount is the easier to obtain trait because it catlyoendasared without any

calculationand the determination of DM content in the respective bone fiaatisimecessary.
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3.4 Selection of birds

Theanalysisf tibiaor foot ashis easieto performthanother analyses suchdigesta analyses,

but also laboriouand timeconsuming. &oacity in the laboratory is mokthyted Therefore, it

often comes to the questiohhow manybirdsshould be used for ash analgsid howbirds
should be chosdrom a grougo obtain rpresentativeesultsOne ginciple in statistics is that a
random samplshouldrepresent the whole population. Consequently, a random animal should
represent thentire pen. Howevethis principle is only valid for large sam{@esen, 1998nd

the sample size animal experiments is often sriafferent approached thesamplingnethod

of animals for bone ash data can be found in the literature: while some authbasursels &br
analyse@Broz et al., 1994; Banks et al., 2@@Hh¢rsselectedpecified amals.Waldroup etla
(2000usedwo birds representing the mdz\W out offivein the penShaw et a(2011selected

three random animaist of eightandViveros et a[2002Ywo random animals out of eigalk

et al.(2014)decided to analy$aur birds representing the mdaW out of twenty andAdeola

and Walk2013)examinedhe four heaviest out of eight birds of each pen. Smith and Kabaija
(1985)used thregout often) andYan ¢ al.(2001)wo (out of six)not closer defined birds per
pen. However, theffect ofthe selection method on ttediabilityof ash data as P evaluation trait
has not been studieBased orthe experimentsontained in this thesiwassimulated how
different selection procedures may influence r@hdtbypothesis was that thed number and

selection method affect the results of bone ash data.

3.4.1 Selection of individual birds

The most feasible procedure to select single afmonala groups to weighall the birdsafter
slaughter and sort them their BW. One or more animals can either be chosen brarlte
position of theiBW or by a random number. The broiler chickens used for the study described in
Manuscript 1 were sorted by tHgW, whereby 1 was the lightest and 12 the heawiestl in

one penBirdsnumber 25, 8, andl1were chosen for analyses of foot and tibidrashsdhat

not all animals of one pen survived the experimental period, @riappschema was chosen.
This selection method should ensure to use animals of dB¥feategories to represent the
whole spectrum of animal$ie heaviest and lightbsd were noused a theyare assumed be
possible outliers with an extréyrt@gh or low BW, which is supposedrtthluencebone ash
weight The fouranimals per pen resulted in a tot@2iB&birdsfor boneash analyses. To simulate
what could happen if only one defined anpealpenwas selected, thHeur animals were
distributed tdour BW categoriesA (bird number 2, B pird number % C pird number § and

D (bird numberll). Three different supplements, DCP and two different phytase products
(Natuphos® E 5000 @\NE) andNatuphos® 5000 @\)), were used in graded supplementation
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levels in addition to a low P basal diet in this sfAsty.data were used to calculatear

regressions with thehytase supplementation or g P fid8P on the »xaxis and&sh amounbr

concentration othe y-axis(Figurel).
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Figure 1. Effect of supplementation dfcalcium phosphate (at the top)ha phytase products
Natuphos® E 5000 @ndNatuphos® 5000 Gat the bottompn tibia astamount using birds
from allbodyweightcategories
All birds were part of the study described in Manuscript 1 anddebanP dietwithout (basal
diet) or with graded supplementation levedscafcium phosphate (DCP; 0.7, 1.4, 2.1, and 2.9 g
P/kg from DCP) or one of the phytase products Natuphos® E 500252%0, 500and750
FTU/kg) andNatuphos® 5000 &50, 500and1000 FTU/kg). Each symbol denotes for one
animalif = 24 birds per treatmen§E = standard error
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Regressions for the three supplements were calculated simultaneaih&MIXE® procedure
of SAS with the basal diet as common intercept for DCP, NE, anceafitlimvas tested using
diet:VSHFLILF PHDQV DV ODFN RIl ILWwvagschosen: 7KH IROORZLQ

Yik= I+ NECNE; T ROy T DerCper Wk ECNE; T Wi Gy W k >coeptbj*eii

whered S represents the common intercept okthBW categorylt 5, U, and U, ., kepresent

the three slopes for supplement NE, N, and DCP, respectyvgl.; % vand 2,v,g are the

concentrations of each supplement in the pen wit heatment and th& Yocalisation within
the barn. The localisation effect within the bgfhlock) was taken as random effect Angds
the error of Uy from the G YBW category within thE‘?lf’pen. In case of nasignificant
LQWHUDFWLRQV E HSY @d the) slvpddaf one sedpleviidi Riue\
interaction was removed and a common slope for albR\gories estimatddhese calculations

were done for all fousirds selected for ash analyses together and for the four BW categories

individually. Significant differences between slopesietected usingdsts.

For all traits and both slope ratios (DCP/NE and DCP/N), BW category Rigdothe lowest

slope ratio and B the highest. The slope ratios indicate the amount of theergdpeate
product that is needed to cause the same increase in ash data as 1 g P fromeQ@htigons
when using dybirdsfrom BW category D, less phytase would be necessary to repldoani g

DCP than when usirgrdsfrom BW category B. The slope of phytase N was lower than for NE.
This means a higher amount of N is needed to replace 1 g P fromaD@Brh NE While the
slopes for DCP varied between BW categories, slopes for NEveareé Mhe same for all BW
categories. Therefore, the maximum difference betweeWteat@yories is higher for the slope
ratios of DCP/N (slope ratio B slope ratio D = 171 (foaash amount) to 369 (foot ash
concentration)) than for the one of DCP/NE (slope ratisBpe ratio D = 95 (foot ash amount)

to 200 (foot ash concentration)). Hence, the relevance of the choice of set#fttmntsand
depending on the supplementemidvestigation. The ranking of BW categories was the same for
the slopes of all analysed traits (D < C < all < A < B). However, botmtbiach ash amount

had smaller differences between the highest and the lowssgeBuvy than the ash concermati

of tibia and foot. Therefore, the selection method has a greater influence enefilogeg
estimate when using ash concentration as evaluation trait compareddorasAssuming that

all fourbirdstogether provided the most reliable results since the highest number ohvasimals
used, the highest and lowest deviation from this category varied betwdsut maitbetween

the two ratios of one trait. For tibia ash amount and foot ash concentration, sldpameBds
category A had the lostaleviation from all animals and B the highest. For tibia ash concentration
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and foot ash amount, slope ratios of animals from BW category C diffieiest tham all animals
and D most. In summary, these results confirm that the way alf seleuntion affects the results
of product efficacy estimated with ash data when only one defined animal isooch@sgrotrp.

However, it is not possible to recommend a selection method.

Table 6: Analysis of varian¢@NOVA) of the effects used for the regressions between tibia or
foot ash amount (mg@yr concentration (%) and the level of three supplehramfysed for
different body weight categotiasd the slopes estimated for these regressions

Tibia ash Foot ash
Slopes mg SE % SE mg SE % SE
N4 0.22 0. 0.0055 0.00® 0.24 0.014 0.0019 0.0002
NE* 0.42 0.02 0.011 0.00@ 0.43 0.019 0.0035 0.0003
DCP A 135%¢ 9.85 4.33 0.35 142° 8.61 1.44° 0.13
DCP B 157 9.85 4.40 0.35 15F 8.61 1.63 0.13
DCP C 119° 9.85 3.07° 0.35 126° 8.61 0.96 0.13
DCP D 115 9.85 2.7F 0.35 110 8.61 0.93 0.13
DCP all 132 9.85 3.63 0.35 132 8.61 1.24 0.13
ANOVA
BW <0.001 <0.001 <0.001 <0.001
NE <0.001 <0.001 <0.001 <0.001
N <0.001 <0.001 <0.001 <0.001
DCP <0.001 <0.001 <0.001 <0.001
BW x N 0.290 0.062 0.572 0.409
BW x NE 0.153 0.773 0.412 0.634
BW x DCP 0.027 <0.001 0.024 <0.001

LAll birds (n= 24 animals per treatment) were part of the study described icriatusnd
received dow-P diet without (basal diet) or with graded supplementation levels of dicalcium
phosphate (DCP; 0.7, 1.4, 2.1, and 2.9 g P/kg from DCP) or one of the phytase product
Natuphos® E 5000 QONE; 250, 500, and 750 FTU/kg) aNdtuphos® 5000 @&N; 250, 500,

and 1000 FTU/kg)

2The 12birdsof each pen were sorted by increasing body {BWhand defined birdselected

to represent differe®W categories: A bird 2, B = bird 5, C = bird 8, D = bird Jdll=A + B

+C+D

3SE = standard error

*The ron-significant interactions between BW and N or NE were removed from thamdaalel
common slope of all BW categoviescalculated for these supplements

**OHDQV ZLWKLQ D FROXPQ QRW VKRZLQQWXOKk FRERPIRHQY NFBHY VF!
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Table 7: Slope ratiosf regressions between tibia or foot ash an{mgjtor concentration (%)
and phytase supplementation (Natuphos® E 50@QRIE} or Natuphos® 5000 GN)) or
supplementation of dicalcium phosphate (DCP) for different body weight catéduwodsr
chickens

Body weight category
: All

Slope ratios A B C D (A+B+C+D)
Tibia ash mg

DCP/N 614 714 541 523 600
DCP/NE 321 374 283 274 314
Tibia ash %

DCP/N 787 800 558 493 660
DCP/NE 394 400 279 246 330
Foot ash mg

DCP/N 592 629 525 458 550
DCP/NE 330 351 293 256 307
Foot ash %

DCP/N 758 858 505 489 653
DCP/NE 411 466 274 266 354

LAll birds (n= 24 animals per treatment) were part of the study described icrigatusnd
received dow-P diet without (basal diet) or with graded supplementation levels of dicalcium
phosphate (DCP; 0.7, 1.4, 2.1, and 2.9 g P/kg from DCP) or one of the phytass product
Natuphos® E 5000 @50, 500, and 750 FTU/kg) addtuphos® 5000 @50, 500, and 1000
FTU/kg). Slopes used for the calculations are shovwabie 6

2The 12birdsof each pen were sorted by increasing body weight and Hitieedlected to
represent differe®W categories: A = bird 2, B = bird 5, C = bird 8, D = bird 11

In the study described in Manuscript 2, tibiae of all birds were used falyasls.adowever, the
variation of P supply was very low and resulted in nficaigindifferences in ash data between
treatments. Therefore, further investigations regardisgléation obirdsare not possible for
this study.

3.4.2 Comparison of defined and randomly selected birds

Foot ash data of each of teeanimals per penareusedor the study described in Manuscript
4 to analyse relative bioavailability dhesedatawere alsoised for further analyses to simulate
the use of defined anim#&ts the evaluation of ash dathe 560 birds were allocateceight
experimental treatmerkssigned as &2 x 2-factorial arrangemenhd@ywere fedlietswithout
(P/Ca) or with (P/Cat) monocalcium phosphatejthout (Phy) or with (Phy+) phytase
supplementation, and withg@oc) or with (Coc+)coccidiostasupplementation. The additional
treatmentescribed in Manuscript 4 providiogcidiostasupplementatioin the starter, butat

in the grower diet was not used for the following an8idis wereveighedafter slaughter and
sorted by increasing BWthreeway ANOVA with the P/Ca, phytase and cocciditestatsas



22 GENERALDISCUSSION

fixed effects and the block and pen as random effecper@snedfor different numbers of
animals chosen in specific ways:

- All tenbirds of each pen

- Birds of each pen were dividetb i& BW categories (light: bird8,imiddle: birds-4,
heavy: birds-80) andnebird per BW category randomly selected

- 2 birds per pen with a mean BW (birds 5+6)

- 4 randomly selected birds/pen

- 3 randomly selected birds/pen

- 2 randomly selected birds/pen

- 1 randomly selected bird/pen

For the random selectiotine respectivguantity of random numberbetween 1 and Mas
created by the PRCRLAN procedure of SAS. Random numbers are used for animal selection to
avoid the unconscious preference of specific animals when picking randisndiaaahaafter
slaughterWhen onlyoneanimal was selected, the pen was not usecrdom effect in the
statistical analysisleterogeneity of error variances between treatments wdsfdaestach
selection method, and the model with the smakeaste information criteriomas usedkesults

of the ANOVA for foot ash amoun@&ble8) and concentratio(lrable9) showed distinctly
increasegooledstandard errgrof the mearwhen fewelnimals were usddr the analysis
Consequentlyhe estimates are more inaccurate and the likelihood tsigatesznt differences

is lower.

The threeway interaction between P/Ca level, phytase and coccidipgkatentation was only
significant for all animals and the 2 mean animals when examiningrtfteiastata, pointing
towards the most sensitive anasthin these selection methods. For the ash concentration, all
birds 3 BW categories, 4 randbimdsand 1 randonbird resulted in a significant thieay
interaction. However, different selection methods provided differentcaigndifferences
between treatments. The ranking of foot ash amount or concentration bebtieentselso
varied mostly with different s¢ies methods. Only treatments P/Ca+Ryc-(third highest

ash amount and concentration), PRPg-Coc+ (second lowest ash amount and concentration),
and P/CaPhyCoc- (lowest ash amount and concentration) had the same ranking for all selection
methods. Tis means different results would be obtained with different selection n@tiyds

the variant of using 2 melaindshad the same ranking of treatments a&#@difor ash amount.
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When observing the ash concentration, both 4 and 2 randomly balestdtbwed the same
ranking of treatments as all animals.

Table 8: Effect of number and selection methofdbirds onthe evaluation of foot ash amount
of 25day-old broiler chickens fed different experimentd diets

2 birds 4 3 2 1
mean random random random random
BW birds birds birds bird

All (10 3 BW
birds) categories

Estimated treatment means

P/Ca-Phy-Coc- 568 556 579 565 554 581 592
P/Ca-Phy-Coc+ 638 651 663 636 607 633 660
P/Ca-Phy+Coe 1079 1103 112%° 1098 1093 1108 1162
P/CaPhy+Coc+ 1074 1076 105t 1075 1079 1125 1051
P/Ca+PhyCoc 1143 1119 1167 1141 1194 1159 1178
P/Ca+PhyCoc+ 1077 1084 109%° 1099 1091 1091 1030
P/Ca+Phy+Coc- 1277 1282 1263 1306 1304 1265 1401
P/Ca+Phy+Coc+ 128% 1264 1276 1275 1282 1334 1268
pooled SEM 22.6 32.7 34.5 29.7 34.5 47.2 57.3
ANOVA

P/Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Phytase <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Coccidiostat 0.968 0.856 0.589 0.747 0.361 0.58¢ 0.048
P/CaxPhy <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003
P/CaxCoc 0.019 0.161 0.439 0.131 0.086 0.60C 0.140
PhyxCoc 0.942 0.217 0.413 0.288 0.881 0.43t 0.305

P/CaxPhyxCoc 0.008 0.106 0.010 0.186 0.123 0.184 0.228
! Databasis for the thre@ay ANOVA were either all (10) birds of one pen (n = 560) or some

specified selecte8:body weight (BW) categories = animals were divide®l BwV categories
(light, mean, heavy) and one random bird of each BW category atext 2ebnimals mean
BW = birds were sorted by increasing BW and birds number 5 and 6 were used faishe analy
2All birds were part of the study described in Manuscript 4 and received a digPWithdatr

with (P/Ca+) monocalcium phosphate, without (Phy-) or with (Phy+) phytase and @adhgut (

or with (Coc+)coccidiostat supplementation

$SEM = standard error tifie mean

“c0HDQV ZLWKLQ D FROXPQ QRW VKRZLQIWOF FERPIRIQ W B/H |

These results indicate that the number of animals which should be used for asltegealyses
on the expected differences between treatmemtsh&tiest practice is to use all animals of one
pen. The variant of using 2 mean animals provided the closest resultsrfouaishegarding
significances and ranking of treatments. The absolute ash atteurgfiects the bone size and
therefore also the animal weight than ash concentration. Aglgoraimmals with mean BW
reflect better ash amount than ash concentration. The ug8\bt&tegories was simulated to
make a compromise between representing the whole spectliffiererit BW in the peand
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using a random sample. When using three completely random samples, itsbkdsbaidbe

three lightest animals are chosen. For foot ash amount, results of theleetivmo methods were

very similar, implying that the use of defined anisnatd superior to random animals for the
here obtained data. For ash concentration, thevthge@teraction was significant for 3 BW
categories, but not for 3 randomly selected animals. Consequently, notxpagtdtedifference
between treatmenissof importance for the decision on a selection method, but also the trait which
should be analysed.

Table 9: Effect of number and selection methad birds on the evaluation of foot ash
concentration of 25-dayd broiler chickens fed different experimentaFdiets

2 birds 4 3 2 1
mean random random random random
BW birds birds birds bird

All(10 3BW
birds) categories

Estimated treatmentmeans

P/CaPhyCoc- 9.46 9.25 9.75 9.54 9.26 9.45 9.49

P/CaPhyCoc+ 9.84 10.0 9.98 9.83 9.66 9.69 10.2

P/Ca-Phy+Coe 13.3 13.3¢ 13.1 13.4 13.1 13.2 13.8

P/CaPhy+Coc+ 13.F 13.7 13.3 12.9 13.1 13.0 13.3

P/Ca+PhyCoc 14.4 14.4 14.4 14.24 14.6 14.5 14.8

P/Ca+PhyCoc+ 13.8 13.7 14.0 13.7 13.9 13.8 14.%°
P/Cat+Phy+Coc- 14.9 14.6 15.1 14.8 15.2 14.8 14.7

P/Ca+Phy+Coc+ 14.8 14.7 14.7 14.8° 15.0 14.5 14.8

pooled SEM 0.11 0.20 0.24 0.17 0.21 0.25 0.30

ANOVA

P/Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Phytase <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Coccidiostat 0.117 0.931 0.516 0.070 0.329 0.217 0.636
P/CaxPhy <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
P/CaxCoc 0.009 0.051 0.084 0.299 0.033 0.177 0.346
PhyxCoc 0.495 0.821 0.823 0.670 0.993 0.929 0.685

P/CaxPhyxCoc 0.0a 0.001 0.958 0.005 0.101 0.256 0.030
!Data basis for thtareeway ANOVA were either all (10) birds of one pen (n = 560) or some

specified selected: 3 body weight (BW) categories = amarealdivided to 3 BW categories
(light, mean, heavy) and one random bird of each BW category atexf 2ebnimals mean
BW = birds were sorted by increasing BW and birds number 5 and 6 were used faithe analy
2All birds were part of the study described in Manuscript 4 and received a digPA@houatr

with (P/Ca+) monocalcium phosphate, without (Phy-) or with (Phy+) phytase and @ahgut (

or with (Coc+) coccidiostat supplementation

3SEM = standard error of the mean
“TOHDQV ZLWKLQ D FROXPQ QRW VKRZLQIWOFKk FGRPIRHQU N@B/H Y VFI
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To conclude, the number and selection method of animals for bone ash data can inflisence resul
More experiments with bigger data sets are needed to elutidatse of multiple animals with

mean BW is most suitable for ash amount when it is not possible to use dibaashalsalyses.

In any case, it is necessary to describe the setestianl of animals in publications to interpret

the results adequately.

3.5 Bone ash data for phosphorus efficiency breeding

Besides the supplementation of phytase products, breeding for P efficiposgildeatoolo
reduce the supplementatiomoheralP to poultry dietd'he breeding program can be related to
the feedngredients bycreasing the amount of plant-derived ph{itidme et al., 2012; Scholey
et al., 2017r by reducing the phytate in the c(Baboy, 2020n both options relating to the
feed ingredients, tipeogram’s success can be monitored with the help of an animal experiment
where bone ash is analysed. Another posdnilRyefficiency breeding is a program related to
the animalDiarra et al., 2010)herebone ash can be usedaaproxy traitThe heritability
estimated for bone ash data estimated in Manuscript 30(@230&shigher tharthatfor PU
(0.133. Also,strong geneti®.4620.549) and phenotyg&2680.527correlatios were detected
betweerfoot and tibia ash data and.Rdnsistentvith other methodologicatonsiderations of
this thesis, foot ash amount showed higher phenotypic and genetic corrarafdsihan tibia

ash amount or thashconcentration values of bdibnes Additionally, the highest heritability
amongthesebone ashraitswas detected for foot ash amount. Consequfrdtyash amount

seems to be the most suitable ptaadyfor the purpose of breeding for PU.

Beck et a[2016aperformed profound genetic analysexernind?U including the detection of
quantitative trait loci (QTLBeck et al., 2016njth the sane quails used for the experiment
described in Manuscript 3. They consideted ‘vershardto-measure trait’ and investigated the
complex biological relationship between PU, feed conversi@\Wayain These relationships
areessentidb considewhenthe aim is to prediall the effectthata selectiofor highPU would
haveon the animaldt would be of interest tapplythese structural equation models again to
investigate the relationship between PUandash data bettdBoneashshowed higér genetic
and phenotypic correlations with PU than the performance d&aasidto analys¢éhan PU
especiallynder practical conditiarnghus, ash data might serve as proxy traits to improve PU in
a breeding prograr@enetic analyses differentbonetraitshave been reported several times
literaturesince bne health is amportantissue in the poultry industmth a strongnfluence on
animal welfare and econpwf productionA high ash amount in the bone accounts for good
minerakation and therefore strong borfélseletal disordease of high importance in the poultry

industry andhavemultifactoriakeasonsHousing conditions, genetics and nutritespeciallg
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lack of mineralgre the modtequentcauses for non-infectious leg disor(ieegez and Hauck,

2005) GonzéaleZzzeron et ali2015)oncluded bone quality traits like tibia ash concentration to
havean additive genetic background which can therefore be improved through selection. Mignon-
Grasteau et gR016)dentified numerous tibia relat@dL in theirstudy using broiler chickens.
However, to manage limited global rock phosphate reserves and teuteclpicieation, it igtal

to select not only on high bone ash amount but also armBtéfore, the selection of animals for
breedingvith bone ash asproxy traitshould bemace withbirdsfed a P reduced diet let the

animals express their full genetic potential oAFR¥educed diet wpsovidedin the experiment

describedn Manuscript 3.

The underlying mechanism leading to the heritability estimaintioned beforeeed to be
elucidatedin more depth, including the role of microbes. The gastrointestinal miciobiota
involved in PU and might be influenced by bredHinftgldt et al., 2010; Schokker et al., 2015)
BordaMolina et al(2020)analysed the microbiota composition of the quail used forddpnus

3. They found differences in the abundance of some microorganisms betwkewitnima

and highPU. Still, theycould not differentiate if these differences were causdtelgndes in

PU or vice vers@therauthors reported a relationship between microbiota composition and bone
metabolism, inter alia by affecting the nutrient abso(pigsnandez et al., 2016; Pacifici, 2018)
Significant correlations between microorganisms and bodataskere also observedha
experiments describedNitanuscript 1 and #ence, microbial activity in the digestive tract may
be one linkage between the genome of the animal and itabnteiiciencyPonsuksili et al.
(2020)lso used sanms from the quail described in Manuscript 3. They selected birds with high
or low PU and did microRNA profiling of ileum tissue. They found functional pathwasgslinvolv

in phosphate or bone metaboligrat were differentially expressed in high and loguBiils

The relationship between all these processes needs to beceraore detailed for a targeted P
efficiency breeding. Results obtained with Japanese qutil mee@rified with target species

such as broiler chickens and laying. hens
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3.6 Conclusions and perspectives for future research

Investigations performed in this thesis showed the importaaca@fuselection of methods
when using bone ash data for the evaluation of réldiieavailabilitylt would be helpful to
have a standardisassay to obtain meaningful and more comparable estimates.

For the decision betwedibia and foot ashno clear preference of one bone fracti@s
determinedUsing he tibia has the advantage of being a diiediriyed bone, but includeghe
risk ofmissing bone fragmerdaringthe laborious preparation procdd$w foot, in contrastis
very easy tbhandlebecause the soft tissues surrounding the bones do edb Ha/removed
However, standardisation of egregationf soft tissues and skin is hardly possibstrong
relationship between tibia and foot ash was observed in literature and the condest€algtudi
marginal differencegere detected betwethie P conentration in the ash of both bone fractions
Therelationship with quantitative P measureniigetsetained® was also very similar between
tibia and footash An interestingspetof further researctvould bethe comparison of whole-
body Pconcentratiomwith theP corcentrationn both tibia and foot agb obtain whichbone

fractionreflects the whole body best.

The evaluation of ash data from both body sida®iler chickenshowed significant differences
betweenboth ash amount and concentration of the heavier and lighter foot. This should be
considered when plannitmgsampldéor bone ash data. A possibility is to randomideotiheside

of sampling foeach animaSincenvestigations for this methodological aspect were only done
with foot ash, further studies using both foot and tibia ash from a higher numipeslet @unid

be helpful.

Several authors recommend using ash amount data instead of ash concentratition®©bserva
described in this thesis confirm that the absolute amount of foot or tibia éesdstsagtsuitable

as ash concentration for the evaluation of reRbigavailability. The ash amount could be even
more precise because the bone weigidusledAn additional advantage is a direct measurement
without any calculations and the determinatidnyahatteicontent, which are necessary for the

investigation of ash concentration values.

A simulation of differerepproaches show#tht the number adnimals selected from a group
for bone ash analyses and the way of selection #féecistcome of P evaluation stadik
possible, all animals involved in the experiment should be used for a=h Hoalkyger, ifa
selection igevitablejt shouldbe madédasedn the expected differences between treatments,

the intended response trait (ash amount or concentratidn)he analysed supplements. To
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furtherexplorethe influencing factors and to recommend a selection nstthiees with bigger
datasets are needed.

Japanese quail were used as model afomhatsiler chickens in this thediowever, direct
comparisons were not included. An experiment using both poultry species sinyltan&bus
help to elucidate speegmedic effects. Different P levels in the diet should be asédboth
bone ash data andepaecally digestiblesiould beanalysed.

Bone ash dataightplay an important role in P efficiency breedingpngthe bone ash traits,
foot ash amount showed the highest heritability and closest phenotggicedicdcorrelations
with Putilisation indicatingt mightbe most suitable for this purpose. Further investigatiens
neededo understand the complex relationship of all biological processes involviddsatién

and to establish a successful breeding program.
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ABSTRACT The objective of this study was to com-
pare the effects of graded inclusions of 2 phytase products
and a mineral P source in broiler chickens using different
response traits, including ileum microbiota composition.
Eleven experimental diets were used. These were a low-P
bagal diet and diets supplemented with increasing levels
of dicalcium phosphate (DCP), Natuphos E 5000 G
(NE), or Natuphos 5000 G (N). The performance traits,
prececal P digestibility, and tibia and foot ash results
were subjected to regression analysis and slope ratios
were used to compare the supplements based on the mea-
sured evaluation traits. In the microbiota analysis, total
nucleic acids were extracted and the 165 rRNA gene was
targeted for use in the amplicon sequencing process. Phy-
logenetic analysis was performed using Mothur, followed
by a multivariate statistical analysis. The wvarious

Key words: evaluation, method,

INTRODUCTION

Different phytase products are used by the broiler
industry. These phytases degrade myo-inositol
1,2,3.4,5,6-hexakis (dihydrogen phosphate) (InsPg) and
its salts (phytate), which are the major forms of P in
plant feedstuffs. Phytate is only partially degraded by
endogenous enzymes in the animal. Thercfore, phytase
supplements arc currently being used to increase P utili-
zation by the animal. Different phytase products have
specific activity characteristics, such as an optimum pH
or resistance to proteolysis, and thus may have different
InsPy; degradation efficiencies in the gastrointestinal
tract. Depending on the genetic background, phytases

© 2021 The Authors. Published by Elsevier Ine. on behalf of Poultry
Science Association Inc, This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses, by-ne-nd
4.0/).
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Accepted March 4, 2021.

'Corresponding author: inst450@uni-hohenheim.de

response traits caused different estimates of relative effi-
cacy. The mean results of all the response traits showed
that a 1.75-fold increase in the activity of N was needed
to achieve the same response as NE and the variability
among the detected traits ranged from 1.59 (prececally
digestible P intake) to 1.91 (amount of tibia ash). The
mean slope ratio between DCP and NE was 311 and var-
ied between 208 (ADG) and 349 (foot ash concentration).
The mean slope ratio for phytase N with DCP was 552
and varied from 357 (ADG) to 640 (tibia ash concentra-
tion). The ileum microbiota composition was not ditferent
among the diets. A similar composition was driven in the
abundance of Lactobacillus crispatus, Lactobacillus sali-
varius, and Lactobacillus gallinarum. The results suggest
that different response traits cause markedly different
estimates of relative phytase efficacy.

digestibility, bone, microbiota

2021 Poultry Science 100:101133
https:/ /doi.org/10.1016/7.psj.2021.101133

start dephosphorylation of InsPg at a specific position
on the inositol ring and follow a certain degradation cas-
cade (Konietzny and Greiner, 2002). Two major groups
are 6- and 3-phytases. The nuwmber indicates that
dephosphorylation is initiated at the sixth and third
phosphate group on the inositol ring, respectively.

There are various approaches currently used to deter-
mine available P in broilers. Prececally digestible P
(pedP) is the most established trait for quantitative
purposes (WPSA, 2013), while bone-related data, BW
gain, and blood inorganic P concentration are used to
detect the relative P bioavailability (Shastak and Rode-
hutscord, 2013). The most often used bone for this kind
of analysis is the tibia. However, other bones, such as
the femur, toes, or the complete foot, are also described
as response traits (Yan et al., 2005; Malloy et al., 2017).
Shastak et al. (2012a) compared different bone measure-
ments, pedl, P retention, and blood inorganic phos-
phate in response to different mineral P supplements,
They concluded that bone criteria and P retention or
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pedP led to different rankings for the values of the 2
mineral P sources tested. Hence, there may be differen-
ces in the relative values for different phytase products
depending on the response trait that is measured.

To some extent, phytase is endogenously provided by
the epithelial tissue of broilers and by some of the micro-
organisms in the gastrointestinal tract. Lactobacillus
species, such as L. salivarius, L. plantarum, and L. pen-
tosus, are able to produce enzymes with phytase-like
activity (Lee et al. 2013; Swmengen et al, 2013;
Amritha et al., 2017). Microorganisms in the gastroin-
testinal tract may contribute to the degradation of phy-
tate and other fractions in the feed. The abundance of
microbial groups can be influenced by feedstuffs and
supplements, such as phytase or mineral P
(Witzig et al., 2015; Borda-Molina et al.. 2016). How-
ever, as far as can be ascertained, the effects of different
phytase products on intestinal microbiota composition
have not yet been compared.

The objective of this study was to compare 2 phytase
products and dicalcium phosphate (DCP) using several
response traits, including ileal microbiota composition.
Each of the 3 supplements was fed at different inclusion lev-
cls, which meant that the results could be analyzed using
regression analysis and slope ratios. The hypotheses were
that the relative efficacy values of phytase products and
DCP depend on the chosen response trait and that ileal
microbiota composition responses differ among products.

MATERIALS AND METHODS
Birds and Housing

The trial was conducted at the Agricultural Research
Station of the University of Hohenheim, Germany. All
procedures were performed in accordance with the Ger-
man Animal Welfare Legislation requirements and

approved by the Regierungsprasidium Tiibingen, Ger-
many (project no. HOH 37/15 TE). A total of 792
unscxed Ross 308 broiler hatchlings were supplied by a
commercial hatchery (Briiterei Siid GmbH & Co. KG,
Regenstauf, Germany) and allocated to 66 pens
(115 x 230 cm ground area, 260 cin height), which were
stocked with 12 hatchlings each. On d 7, 6 pens were
assigned to each of the 11 treatments according to a ran-
domized complete block design. The birds were kept on
wood shavings bedding until d 14, and on perforated
floors from d 14 to d 22. Feed and tap water were pro-
vided for ad libitum consumption during the trial. The
lighting program was 24 L:) D until d 3, 22 L:2 D until d
7,16 L:8 D until d 10, and 12 L:12 D until the end of the
experiment. The temperature was set at 34°C on the day
of placement and continuously decreased to 24°C on d
22. The well-being of the birds was checked at least twice
daily.

Diets and Treatments

The birds received a commercial pelleted starter feed
in the pre-experimental phase until d 7 (4150020 Club
Kiikenmaststarter, Deutsche Tiernahrung Cremer
GmbH & Co. KG, Disseldorf, Germany). During the
experimental phase (d 7 to 22}, the birds were fed corn
and solvent-extracted soybean meal-based pelleted diets
(Table 1). The basal diet (BD) contained 4.5 g P/kg
DM and 7.9 g Ca/kg DM but no mineral P or exogenous
phytase. The other diets had a similar ingredient compo-
sition but contained increasing amounts of 1 of 3 supple-
ments: DCP (0.7, 1.4, 2.1, and 2.9 g P/kg from DCP),
NATUPHOS E 5000 G (NE; 250, 500, and 750 FTU/
kg), or NATUPHOS 5000 G (IN; 250, 500, and 1000
FTU/kg). The enzymes were supplied by BASF SE
(Lampertheim, Germany). When DCP was added, the
inclusion of calcium carbonate was adjusted to maintain

Table 1. Ingredient composition and analyzed concentrations of the experimental diets.

Ingredient, g/kg BD DCPOT DCP14  DCP21 DCP29 NE250 NE500 NE750 N250 N300  N1000
Corn 575 575 575 575 a7h 575 575 575 575 575 575
Soybean meal 335 335 335 335 335 335 335 335 335 335 335
Rapeseed meal 30 30 30 30 30 30 30 30 30 30 30
Soyhean oil 15 15 15 15 15 15 13 15 15 15 15
Calcin carbonate 14 14.5 15 15.5 16 14 14 14 14 14 14
Diamol” 15 11.3 7.5 3.8 - 15 13 15 15 15 15
Dicalcinm phosphate - 32 6.5 9.7 13 S - - = - .
Vitamin/mineral mix’ 5 5 3 ] 5 5 5 5 5 5 5
Ti0, 5 5 5 5 5 5 5 5 5 5 5
Sodium bicarbonate 3 3 3 3 3 3 3 3 3 3 3
DL-methionine 2 2 2 2 2 2 2 2 2 2 2
Sodium chloride 1 1 1 1 1 1 1 1 1 1 1
Phytase (FTU /kg) 0 0 0 0 0 250 500 750 250 500 1000
Analyzed concentrations

Ja (g /kg DM) 7.9 0.0 10.3 11.4 12.7 78 8.1 7.9 8.0 8.0 w9
P (z/kg DM) 4.5 5.2 5.9 6.6 74 4.5 4.5 4.5 4.5 4.5 4.5
TnsPy-P (g/kg DM) 2.9 2.9 2.9 2.8 2.9 2.9 2.9 2.9 2.9 2.9 3.0
Phytase (FTU kg) < 60 < 60 <60 <60 <60 240 530 730 330 GO0 1130

'BD: basal diet, DCP: dicalcium phosphate, NE: Natuphos E 5000 G, N: Natuphes 5000 G.

“Purified diatomaceous earth mainly consisting of SiO..

*Provided per kilogram of complete feed: vitamin A (retinyl acetate): 12,000 IU; vitamin Dy (cholecalciferol): 2,500 IU; vitamin E (dl-
a-tocopherol): 50 mg; vitamin K; (menadione): 1.5 mg; vitamin B, (thiamine): 2.0 mg; vitamin B, (ribollavine): 7.5 mg; vitamin By (pyri-
doxine): 3.5 mg: vitamin Bs (cyanocobalamin): 20 pg; niacine: 35 mg; pantothenic acid: 12 mg; choline chloride: 460 mg; folic acid: 1.0
mg; biotin: 0.2 mg; iron: 80 mg, copper: 12 mg, manganese: 85 mg; zinc: 60 mg; iodine: 0.8 mg; selenium: 0.15 mg; anti-oxidant: 125 mg.
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Table S2.Pairwise comparisonsf the treatmentsased on the ileal microbial composition.
PERMANOVA analysis resulted in an overBivalue of 0.023.

BH
correction
BDvs DCP 0.7 | 0.177 0.449
BDvsDCP 14 | 0.243 0.449
BDvsDCP 2.1 | 0.338 0.581
BDvs DCP 29 | 0.012 0.183
BD vs NE 250 0.193 0.449
BD vs NE 500 0.471 0.755
BD vs NE 750 0.067 0.283
BD vs N250 0.239 0.449
BD vs N500 0.889 0.940
BD vs N1000 0.007 0.183
DCP 0.7vsDCP 1| 0.771 0.903
DCP 0.7vs DCP 2| 0.544 0.787
DCP 0.7 vs DCP 2| 0.637 0.875
DCP 0.7 vs NE 25| 0.740 0.903
DCP 0.7 vs NE 50| 0.804 0.903
DCP 0.7 vs NE 75| 0.515 0.787
DCP 0.7 vs N250| 0.057 0.279
DCP 0.7 vs N500| 0.241 0.449
DCP 0.7 vs N100¢ 0.236 0.449
DCP 1.4vs DCP 2| 0.224 0.449
DCP 1.4vs DCP 2| 0.932 0.967
DCP 1.4 vs NE 25| 0.873 0.940
DCP 1.4 vs NE 50{ 0.747 0.903
DCP 1.4vs NE 75| 0.970 0.988
DCP 1.4 vs N250| 0.044 0.253
DCP 1.4 vs N500| 0.167 0.449
DCP 1.4 vs N100¢ 0.240 0.449
DCP 2.1 vs DCP 2| 0.061 0.279
DCP 2.1 vs NE 25| 0.222 0.449
DCP 2.1 v§E 500 | 0.800 0.903
DCP 2.1 vs NE 75( 0.107 0.392
DCP 2.1 vs N250| 0.245 0.449
DCP 2.1 vs N500| 0.725 0.903
DCP 2.1 vs N100¢ 0.046 0.253
DCP 2.9 vs NE 25| 0.705 0.903
DCP 2.9 vs NE 50| 0.480 0.755
DCP 2.9 vs NE 75| 0.998 0.998
DCP 2.9 vs N250| 0.013 0.183
DCP 2.9 vs N500| 0.045 0.253
DCP 2.9 vs N100( 0.834 0.917

Pwvalue
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NE 250 vs NE 500 0.786 0.903
NE 250 vs NE 750 0.542 0.787
NE 250 vs N250 | 0.036 0.253
NE 250 vs N500 | 0.209 0.449
NE 250 vs N1000| 0.132 0.449
NE 500 vs NE 750 0.410 0.684
NE 500/s N250 0.189 0.449
NE 500 vs N500 | 0.573 0.808
NE 500 vs N1000| 0.189 0.449
NE 750 vs N250 | 0.027 0.246
NE 750 vs N500 | 0.105 0.392
NE 750 vs N1000| 0.262 0.466

N250 vs N500 0.670 0.898
N250 vs N1000 | 0.008 0.183
N500 vs N1000 | 0.025 0.246

1BD: Basal diet, DCP: Dicalcium phosphate, NN&tuphos E 5000 G, N: Natuphos 5000 G.
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Table S3. Replicates average similarity within each experimental treatment

. Average
Experimental treatment similarity (%)

BD 38
DCP 0.7 52
DCP 1.4 47
DCP 2.1 47
DCP 2.9 50
NE 250 49
NE 500 35
NE750 58
N 250 50
N 500 45
N 1000 69
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Figure S1.Box- S O R Wdil&sity indexes in the ileum microbiota for the experimental
diets. (A) Shannon diversity, (B) Simpson Index, (C) Pielou’s evenB&s$Basal diet, DCP:
Dicalcium phosphate, NE: Natuphos E 5000 G, N: Natuphos 5000 G.
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Figure S2.Relationship between relative abundance of OTU42 (assigrieattobacillus
crispatug with final BW, ADG, tibiaand foot ash, prececally digestible P (pcdP) and pcdP
intake in ileum digesta. BD: Basal diet, DCP: Dicalcium phosphateNstphos E 5000 G,
N: Natuphos 5000 G.
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4.3 Manuscript 3

GENETIC PARAMETERS FOR BONE ASH AND PHOSPHORUS UTILIZATI@N IR CROSS OF

JAPANESE QUAIL

Susanne Kiinzel, J6rn Bennewitz and Markus Rodehutscord
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Published in:
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4.4 Manuscript 4

IMPACT OF COCCIDIOSTAT AND PHYTASE SUPPLEMENTATION GNT MICROBIOTA COMPOSITION

AND PHYTATE DEGRADATION IN BROILER CHICKENS

Susanne KunZeDaniel Borda-MolinaRebecca KrdftVera Sommerféldmke Kuhi, Amélia
Camarinh&ilva and Markus Rodehutscbrd

Institute of Animal Science, University of Hohenheim, 70599 $tuttgart, German
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Published in:
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Table S3 Effect of the experimental diets and the sampling sectioneomittrobial composition
(PERMANOVA analysis)

A. Treatmentsof the 2 x 2 x 2 factorial arrangement of treatments

Crop and Crop lleum
lleum
P-values
Treatment 0.001 <0.001 <0.001
Section 0.001
Treatment x Section 0.969
P/Ca 0.055 0.195 0.201
Phytase 0.021 0.032 0.321
Coccidostat <0.001 <0.001 <0.001
P/CaxPhy 0.147 0.068 0.812
P/CaxCoc 0.001 0.008 0.007
PhyxCoc 0.009 0.105 0.070
P/CaxPhyxCoc 0.025 0.378 0.044

B. Pairwise comparisons between treatmem&CaPhyCoc, P/CaPhyCoc+, and P/CBhy
Coc

Crop lleum
P/CaPhyCoc vs P/Ca&PhyCoc+ 0.001 <0.001
P/CaPhyCoec vs P/CaPhy-Coc+ 0.246 0.213

P/CaPhyCoc+ vs P/CBhyCoc- 0.003 0.001
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Figure S1 Distribution of the Operational Taxonomic Units (O™és)n diagram showing the
intersection between the crop and ileum (A). Matrix layout to show the nunolb&@TUs for the core

microbiota at Operational Taxonomic Units level found in the crop (B) and (€Y
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Figure SZluster analysis for crop (A) and ileum (B) digesta samples
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Figure S3Norrmetric multidimensional scaling plot illustrating the global bacterial community
structure. Dietary treatments are shown based on their replicates obthior the digesta sampeof
crop (A) and ileum (B). The symbols represent one pooled sample frompeackcomprising all

Operational Taxonomic Units
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5 SUMMARY

Phosphorus (P) is an essential elethantscrucial for various metabolic processes ibhdtg

of animals and humans. To keep the animals healtioyodtainfood products rich in nutrients,

an adequatP supplyis indispensable. Plafgtedstuf§, the main components of poultry diets,
contain P in a form that is only partially available to poultry. For this reasgndietsiare often
supplemented with mineral P. However, global rock phosseatesewhere mineral P is mined
from, are limited. Additionally, excessive P supply should also be avcadesé bé the
environmental impact & accumulationn the soil. Consequently, P supply not excetding
requirements of poultryessentiaio ensure animal wellbeing and to protect the enviroiment.
order b feed diets with adequate concentrations ibiPnecessary to have suitapleroaches

for the determination of available P in the animal. The availaBiltgrees widely between feed
components and is also influenced bgedsupplements and other factors. Bone ash analysis is
an oftenused tool to evaluate the relatizatailability of P since a high amount of P is stored in
the bones. A standard assay for bone ash analyses has neagrebdemn. Therefore, many
different approaches are described in the literaturanuittknown impact on the results of P
bioavailality studies.

The main objective of the present thesis was to examine the suitaloility adhbdata for the
evaluation of available P in poultry with emphasis on methodological aspefise, Idiéferent
studies with broiler chickens and Japanedewsra conducted. The experiments comprised
variousaspects related P availability in poultry. The effect of feed supplemetits form of
phytase productsyyanositol and a coccidiostat were evaluated. Furthermore atjuargénetic
analysewee performed. All experiments had in common that tibiotarsus (tibia) or foataash d
or both were used for the examination of the relative bioavailability of P. Bhsedaten that
accrued during the studies described in the four manuscripts okeslsscémprehensive
methodological analyses were performed.

The tibia and foot were comparedardindheir appropriateness agait for the evaluation of
the relative bioavailability obf? usindbone ash dat@herelationship between the two traits was
investigateds well as the relationship between foot or tibia ash and quantitetasaiRments
Additionally, P aacentrationn theash of bottbone fractiong/as analysed and compared. Results
indicated only mor differences betwegéhia and fooash dataNo clear preference for one of
them could be deduced from the data.

The left and right feet of broiler chickens were compared in terms of both astatmmcand

total ash amount. Significant differersta/een the two feet tife samanimal were detected
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for both traits. Consequently, not only the choice of the bone fiaatialso of the body side
should be considered when sampling for bone ash data.

Ash data are mostly expresaschconcentratiorof the dry matter content of the bodso
possible is the use of the absolute ash amount. The relationshipaafylsotrexpressiowith
traits of quantitative lRieasurementgas analysdyy usingorrelation coefficients and regression
analyses. Results showed that the absolute ash amount was sul&gse as ash concentration

but haghe advantagéat it iseasieto deternme.

Possible selection procedures for animals for bone ash averlysésiulated with data fromo

of theexperiments. Often it is not possible to use all animals involved in an exfmrimeast

ash analyses. Therefore, the influence of sampling fiegueselection method on the outcome

of P availability studiassevaluated. Results indicated that the number and selection method of
animals for bone ash dataht influencéheresults. However, it was not possible to recommend

a specific selectionethod based on the obtained results.

Estimates of heritabyliand genetic correlations showed the suitability of bone ash data as a proxy
trait for P efficiency breeding of poultry. The absolute amount of bone ash datd &ppeare
most promising for this purpose.

Bone ash data are a very useful and easy to determine trait to lestielateé bioavailability of
P. However, investigations performed in this thesis showed the impurtecarefulselection

of methods. A standardised assay woultlpdul to obtain meaningful and more comparable
estimates of relative P bioavailability.
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6 ZUSAMMENFASSUNG

Phosphor (P) ist fur Tiere und Menschen essenziellekElement, das fur zahlreiche
Stoffwechselvorgdnge im Korper bendtigt wird. Eine ausreichende Versorgihgsimit
unabdingbaym Tiere gesund zu erhalten und um nahrstoffreiche Lebensmittel zu erzeugen. Der
Hauptbestandteil von Gefligelrationen giftaizliche FuttermittelDiese enthalten P in einer
Form, die nur teilweise fur Gefligel nutzbar ist. Deshalb werden Gutitigglr meist mit
mineralischem P ergdnzt. Dieser mineralische P wird auss@lestpha&n gewonnendeen

global vorhandene Ressmur begrenzt sind. Zusatzlich ist auch eine tbermaliige ey star

Tiere mit P zu vermeiden, da groRe Mengerfars$theidungen negative Auswirkungen auf die
Umwelt durch die Anreicherung im Boden haben. Daher ist eine Versorgung aeth&ian

ihrem Bedarf notwendig, um ihre Gesundheit und die Umwelt zu schitzen. Fir eurgyflgte

Tiere nahe an ihremBedarf ist es notwendig, geeignete Verfahren fir die Bestimmung des im
Tier verfugbaren P anwenden zu kénnen. Der Anteil an verfligbarenrtPstzakiewischen
verschiedenen Futterbestandteilen und wird von Futterzusatzen und anderen Fakflusst.be

Eine weit verbreitete Moglichkeit hierfur ist die Ermgtlder relativen Bioverfugbarkeit von P
anhand von Knochenasdbaten. Ermoglicht wdl dieses Verfahren durch die groRe Menge an

P, die in den Knochegingelageist. Fur die Verwendung von Knochenasche gibt es allerdings
kein standardisiertes Vorgehen, was dazu fuhrt, dass \chledemns Methoden in der Literatur
beschrieben sind. eb Einfluss von verschiedenen Vorgehensweisen auf dieigsgeter

Arbeiten, die die relative Bioverfligbarkeit von P untersuchen, ist unbekannt.

Das Hauptziel der vorliegenden Arbeit war es, die Eignung von Knochenasche-[daen flur
Ermittlung desverfligbarenP bei Gefligel zu tberpriufen. Der Schwerpunkt lag dabei auf
methodischen Gesichtspunkten. Fir diesen Zweck wurden verschiedene VirBuoihermm

und &panischen Wachteldurchgefuhrt. Diese beinhalteten verschiedene Aspekte der
Verfugbarkeit vo P bei Gefligel. Analysiert wurden die Auswirkungen vechiegienen
Futterzusatzen wie Phytaseydnositol und einem Kokzidiostatikum. Aul3erdem wurde eine
guantitative genetische Auswertung durchgefuhrt. Dieitamkeit aller Versuche bestand
darin dass TibiotarsuéTibia) oder Fuldahe oder die Asche beiderokhenfraktionefiir die
Bestimmung der relativen Bioverflugbarkeit von P verwendet wurden. AnhaailediBn

den vier Manuskripten dieser Dissertation beschriebemywuudgen umfassende methodische
Auswertungen durchgefuhrt.

Die beiden Knochaschd-raktionen ibiaund Fulwurden im Hinblick auf ihre Eignung als
Merkmal fir die Beurteilung der relativeBidverfugbarkeit verglichen. Dabei wurde die
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Beziehung der beiden Knocasched-raktionerzueinander ebenso betrachtet wie ihre Beziehung
zu Merkmalen der qu#ativen PBewertung. Auch der ®ehalt in der Asche des jeweiligen
Knochenfaktionwurde analysiert und verglichen. Dabei zeigte sicfijldassnd Ful&ich in

allen untersuchten Aspekten sehr ahnlicielterihEine Entscheidung zwischen der Verwegdu

von Tibia und FuBsche kann nach aktuellem Kenntnisstand anhand der bevorzugten

Probenahme getroffen werden.

Der reché und linke Fufd von Broilern wurden sowohl im Hinblick auf inre Aschekonzentration
als auclaufdie absolute Aschemenge verglichebeiDannten fur beide Merkmale signifikante
Unterschiede zwischen den beiden FdBsselbetiieres festgestellt werden. Somit sollte nicht

nur die Wahl des Korperteils, sondern auch die der Kérperseite bei der Gewinnung von
Probenmaterial fur Aschedatemizksichtigt werden.

In der Literatur werden Aschedaten meist als Konzentrationug 84 die Trockenmasse der
Tibia oder des Ful3es angegeben. Es ist jedoch auch die Verwendung der alisetémyésc
moglich. Das Verhaltnis der beiden Variantervimikmalen der quantitativerBBwertung
wurde mit Hilfe von Korrelationskoeffizienten und Regressionsanalykelneverfabei zeigte
sich, dass die absolute Aschemenge mindestens ebenso igndt gee wie die

Aschekonzentration, jedoch den Vorteil der einfacheren Bestimmung hat.

Anhand der Daten amweider beschrieben&fersuche wurden mogliche Auswahlverfahren von
Tieren fur Knochenascharalysen simuliert. Haufig ist es nicht mdglich, alle Tiere, die an einem
Versuch beteiligt sind, fur die Analyse von Knochenasche zu verwenden. @aterEwifluss

von Anzahl und Auswahlverfahren der Tiere auf das Ergebnis von Versuchen, deztdiegBew
von verfigbarem P als Ziel haben, ausgewertet werden. Die &gadigten, dass die Anzahl
und Auswahlmethode der Tiere die Ergebnisse dieser Versuche beeinflussen kdémanen. Es
anhand der Daten jedoch nicht mdglich, ein spezifisches Auswahlverfahpéahterem

Die Berechnung von Heritabilititen und genetischen Korrelationen zeigte diezlighadsat
Eignung von KnochenascBaten als Hilfsmerkmal fur die Zichtung von Gefligel mit einer
hoheren Feffizienz. Als besonders vielversprechend erwies sichdeabésolute Menge an
Fulasche.

KnochenaschBaten sind ein sehr nitzliches und einfach zu ermitteindes Merkmal fir die
Ermittlung der relativen Bioverfigbarkeit von P. Die Untersuchungen, Rahmen dieser
Dissertation durchgefuhrt wurde zeigen jedoch die Bedeutung einer gewissenhaften
Methodenauswahl. Ein standardisiertes Verfahren wére hilineiahssagekraftige und besser

vergleichbare Schatzungen der relativen Bioverfigbarkeizwanhalten.
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