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Introduction: Phosphorus (P) and calcium (Ca) are macro-minerals for normal growth and
development. Phosphorus plays a vital role in muscle function, enzyme activity, lipid metabolism,
bone mineralization, maintaining osmotic and acid-base balance, energy metabolism, amino acid
metabolism, and protein synthesis. In addition, in layers, P is required to replace tissue metabolites
such as nucleotides and phospholipids, maintain skeletal integrity, and produce the egg. Also, Ca
is essential for eggshell formation, coagulation, muscle, and nerve function. Bone is a rich source
of P and Ca, which can be converted into bone ash (BA) as an organic source to supply P and Ca.
Today, BA has been introduced as a suitable alternative for mineral sources of P and Ca in the
poultry industry. Barshan et al reported in 2019 that the use of BA compared to dicalcium
phosphate caused a significant increase in weight in broilers. The purpose of this study was to use
bone ash as a dietary P source and to investigate the P bioavailability in it compared to

monocalcium phosphate (MCP) as a standard source.

Material and Methods: 350 one-day-old broilers were used in a completely randomized design
with 7 treatments and 5 repetitions. The dietary treatments were: 1) basic diet containing 0.11% of
available P; 2, 4, 3) supplementing the basic diet with 0.05, 0.1, and 0.15% P from MCP source;
5, 6, 7) supplementing the basic diet with 0.05, 0.1, and 0.15% P from BA source. All experimental
diets contained 0.78% Ca. At the end of the experiment, the P bioavailability in the BA was
obtained based on the P consumed in relation to the daily weight gain and tibia bone ash by the
slope-ratio method. Also, the investigated parameters such as digestibility and antibody titer

against sheep red blood cells (SRBC) were analyzed in a factorial design.



Results and Discussion: The results showed that based on the weight gain in the grower (10 to 25
days) and finisher (26 to 35 days) periods, the bioavailability of P in BA was 82.37% and 93.24%,
respectively. Therefore, it can be concluded that with the increase in the consumption time of BA,
its P bioavailability has also increased and it has been able to compensate for the lack of growth
well and almost similar to monocalcium phosphate. Also, based on the percentage of ash and P of

tibia bone, the P bioavailability was 92.86% and 96.39%, respectively.

The factorial analysis of digestibility results also showed that by increasing the level of P in diet
and using MCP, the percentage of dry matter digestibility increases significantly (P<0.05). Also,
the percentage of P digestibility increased numerically with the increase in diet P and the use of
BA. Also, factorial analysis of the data related to the production of antibody titer against sheep red
blood cells, we observed that the only significant difference in the main effects was for the total
antibody titer and 1gG in the secondary response; So that the antibody titer produced in the
secondary response was significantly higher in chickens fed with monocalcium phosphate than in
chickens fed with bone ash (P<0.05).

The results of the bone quality test showed that the shear and tensile stress for the tibia was
significantly higher in chickens fed with 0.26% P (P<0.05); but there was no significant difference
between chickens fed with MCP and BA. An increase in tensile and shear stress means that more
force is required to break these bones, which indicates the greater strength of these bones. Also,
measuring the percentage of ash and P in tibia bones showed that with increasing P level in the
diet, the percentage of ash and P in tibia increases significantly (P<0.05). Also, the use of MCP in
the diet caused a significant increase in tibia P (P<0.05); but there was no significant difference in

the percentage of tibia bone ash.

Due to the limited use of P and Ca mineral resources and also the high cost of these resources, we
need to choose suitable alternatives for P and Ca mineral resources. BA is a rich source of P and
Ca, which can be used as an organic source to supply P and Ca in industrial poultry diets. In
agreement with our results, Van Haren et al. reported that BA can compensate for growth deficits

in broiler chickens, similar to DCP and MCP, compared to diets without a P source.

Conclusion: In general, according to the results, it can be concluded that the bioavailability of P
in BA is 92 to 96% compared to MCP. This result shows the good ability of BA to replace mineral
sources of P. Also, since the absorbability of MCP is higher than dicalcium phosphate (DCP), it



can be concluded that BA can have the same efficiency as DCP and be introduced as a substitute

in the poultry industry.

Keywords: bone ash, bioavailability, phosphorus, bone quality, digestibility.

Ol EMgw wigS (LA g 4 phd pudd Cubll g ylgduiw! CudeS o Slos 4

VL;»[A)) LYY 9Y WLB dwp‘) A L;o‘)m l)ﬁjc%\ Lp..\»p..\.o.?u

souo dwi— ol pole 05,5 «(£,5liS 2uSil> ¢y lpiuol o oI HLoliwl )

Joib i als pole 09,5 ¢ gjyslisS oISl (gl inio oISl L)) lid,lS ¥
295 ool gl S 8 b (S spals byl uliis S Y
mMo.sedghi@iut.ac.ir : Jsiws odiws g —#

oS
o Sl Ban 53 s plginl S B al) ol alasl (b g o Gl ounlS g phnd 1 LS pite sl
ol Gl 22 ol 3 390 yaud canld Canj doyd iy g yaud e (lsie 4 il S ] eslitl adlllas
Ol talofl (glolos b odlitl 850 g sles VL olas Ml )b B > LdsSar g ashd YO I glae
Qo) VO g /YN g/ DL Al ops 0,8 JoSo (Y'Y ¢ poyiwd JB jaud aoyd /WY (ol by o () 15l Mg
Oyl S ario jl jud 0o)3 N 5 o) 5 [ B L ko (135 JoSo (VED (0lind pudS 5igo mio I jand
b glgeul Sl g dlig) ()9 Gl & s (Bpae jiud bl p Glgil guSE jiud enl)d Cunj o)
3y (50593 5 plgpeiasl JLuS B Jhd ki (5 Gl bl 2 a8 o S S el Csd IS e s s,
3Slos I Jols ol yolwl p ol atsld g (isu 5 0o )d AYIVY 5 2o > AV/YY sy as SLL (g0y90 50 9
Bpae loj Gl L a5 €85 il (g5 oo ¢ SbL 0193 3 Gl JuuSBE jaud enl Bl 1oy Gl
2 Onzpan XSy 1) adgl 0d) 291eS” Cunl adly g 4l Gl 58 ol Hhed eald Cun plgil s
iS50 4y G gl S5 b bl ) bl ¢S il i 5 5l 2y ol
oolil g S5 i el ol 1 L 45 315 L st B gl s ygiSTo 30T 2395 1y AEITA 5 AY/AS i
b Ol (S ogb 4l Gl (gobline sk 4 STgd s edle i Coll no ) (lindpndS gige



Sl 4 pl il 1oy3 A8 B AY Olawd puudS gige 4 Cans ylgzcinl punSE joud oblyd Cunj cubl &5 cd )3
o] pandS g 5008 Jdre maio (lgie 4 odlatwl gy lesuiw] S G cullE

e CulolB ¢ lgsin] iS¢ pand o onl B Cans i Sl lgsein] pSE 1 galS OlolS

dodlo

Ll Sl 4 (615 jab slaoya )3 Gy908 Gl S S5 (B o 2 5 050 dne pale () yiud
SLid Laas (lgeinl ploxinl da o pudgplio dags 3l 5 ,Slos dadsuale <8 > a5l (oL cloan] d > paie o)
slecdplio (2l sl GBU R )3 e (cnl poge (Suttle, 2010) w5 o &8 15 (65l e § (s (o]
OME )3 39390 S s Al (Haug et al., 1983) cuwl s JSb 4 e 13 9590 yaud Juo > Vo Ly ,d5 (2016
SU ) paeandS 5 50ud ASlo (spolic lid 1) Dad o Jire polis odl Bl )0 Codgizme dbul cel laoyes
3Ses Lials g W cél el yol opl g (Cowieson et al., 2004) &S o gz, 05y (wyiawd 5l 1) byl g 15
53 5kd 3T 51 oolil (V gd 0 JUs HKaly 93 300 cpl lps 6ly 05950 (COwieson et al., 2004) 3o
&lo & d2d o i calisre Gldllas (Dl S g Olawd penlS (60 Joo puanlS 9 j0ud  Jixe mlio 0938 L (V fo e
Slygd iy 5 (Bpas Olawd jl ds)d 00 d9as 500 Byb 5l g Cuwl plasl 4y 9y 15l 5959 Lid o & Slawd  Saxe
ale J1 (S plgreil oyl jiud glio (355 (3Rl @l b > pen il oo i3 4 bgiye b 5 ol
S 4 gl o S 5 S50 5 (o A5le ol B o ol 85 sl S 5 i 51 L
G5l plgie 4 plgiil 1S 0jgsel 58 i 0y mralS g yiud (el sl T e S lsie 4 sl

el 04D (Byme yorb Cntio )3 S g Jand (Sdne @lio Sl (orlie

s ;0 OlaudpunlS 60 4 Cons leseinl Sl ealatwl 48" 05,8 515 YN Jlo jo o, Kes 5 oL,
FSB L odd 5 (sladrgn 50 (39 5 0590 US )3 izeem 9 15 3lel (s0)93 13 (g soline (I3l el 23S
Slgi oo ezl S oS amd o oL yol cpl (Barshan et al., 2019) col il58l gose &jgo 4 gzl
mad Cubld g y0ud glais (3 a8 Cul pl Cueal Plo (aiSS 0Dl andS g jond Jaxe mle (gl Ll il
205 (Kt 11,8 Jgbo 53 08 Jlosl (So3ud90 5 9 obiowd Ll 4 48 33 2929 (2299 JB 45 ¢yl yasls
FoS ezl juSB jaud pain Sl asm 10,8 o)Ll VoY Jlo o o) Ken 5 o)l o9 .(Barshan et al., 2019)
Wb ) aud g el )il Jlasl deag ol b Ll ((Van Harn et al., 2017) cusl  Sixe Clawd yausd

gl S 3 D990 yhud odlyd o) doyd 45 S g oo Jud et 4 053,8 Dl (oY AT



Oloie a4 odd oY g oy letiwl S ] edlatul ddllas pl 5l Bus cpl by sl plel 51 Sl ) 5
sl SlindopndSgise il 13 Ol )3 9290 saud anl)d Cunj ho)d o 9 oy Y giie

0997 9 23

ol loss 9 5

B 3 3lod ¥ b ook M o Sy B 3] 15 0y S igSngn aakd Y0+ 51 alef (o plol sk
18y o399 99 b 1y (ool ooy 5y 15 i o5 TNA 535 xS bS5 o g3 085y Vo g S5
bee 2 Sllind 0aS” (el jaud s3> 4 0ad o3kl (gloo > 133)S Bpas (35, YO U VF) L 5 (59, YO V)
O gt 4y (S1yes dlse Il oy (0,8 dge b yglaie 4 (Y 5 ) Ugliz) 292 ol (1855 g4z gr SIS oy
($ke Sgm e 15 ISV St 55 5 (e 35 ST Sl s 505 el o 5 250 5T S i o
yinsd 310y3 ol 98" 15 (539)VE w3 ol (1895 (segn 3l bl o (Y Jgiz) (SLL (slmop (hsal (slas])
ialojl soylog (olod )3 mulS’ )3 392 aslite (Ll 5 5y G0y )3 Hhud g paelS 10)0) Wil Sl
15392 1) 7y 4 odinloj] olajlo gy Ao > /YA lise g LSS

(o yuwd B jaud 2o pd +/V)) land zuio 38 5 0ud oS ()b b oy )

(0o rd JB jand 0p> V) ClindendS gige gite | jnd duoyd +[+0 + b opr Y

(oywd BB yaud Jo)d +/VY) Glawsd puoudS9ige guio jl joud Joyd +/V + Loy Y

(o yawd JoB j0ud duo pd +/VF) Slawsd uudS gig0 guio 5l youwd Aoy +NO+ Gl oy

(o ywd JB j0ud duopd +/VF) lgoim] puS B mio | jaud Jopd <[40+ Gl o> D

(o5id B i 2033 YY) 5] S5 ol e iops -1\ 4 & oy 5

(o ywd B j0ud duopd +/VE) lgoim] juSB xio 3l jamd Jopd </NO+ L o Y

So3l ol o onlh Cenr B g 13 dad Slind Blal €553 5] b ol 5 003 eolitl Sl eulSsige
ol y3 eads edlawl lastinl jiuwSE piren (penlS Moy VY g jaud do > YY) w8\ a5 (0 oniiS W)y eS8y
i Slyn g PSS Sl ] il S S35 o) 3 45 Gy g oolell 555 5] adl
b gl s 995 0 Jiite 415 4 g 0nd (5yglaen SlgFiel Sluls jslaie cpl (sl 29 o0 a5 CudgS
L oo Jitle (S SsSB4y Cagloy (ol s I gy 5 Bgd o 210308V g b (2 Sy Alspe 9
O S g g | 25 Sjge (Bgw Sldee YU glod )5 B oad Jiie 08 I3 4 s SiS Gl e



oS 203 Y5 gl lgsiin] ;S alBislojl SJUT olsl 0595 o (g At 9 Olwl coss ST Lol

Gl youd Joy3 VY g

(o3 pS9STp)3) (S50, YO U Ve | aolojl slmopr g3k lge g (Shygs dlge =Y Jgu>
Table 1- Food ingredients and nutrients of experimental diets from 10 to 25 days (g/kg)

oy S ) oles Vol Yol ¥ oles 0 jloss 5 ol Vol
Diet composition Tl T2 T3 T4 T5 T6 T7
) 625.7 623.0 620.9 617.8 625.9 625.6 624.8
(CP=7.6%) Corn
CP= ) Soybean meal [,9_‘,, 326.5 327.0 327.0 328.0 326.0 326.0 326.5
(43.0%
Lo (15, 14.2 15 15.8 16.8 14.3 14.4 145
Soy ol
Bone ash gl jzus's 0.0 0.0 0.0 0.0 3.1 6 9
(P=17%, Ca=36%)
P=22%, ) MCP liuwé audS 3390 0.0 2.4 4.7 6.9 0.0 0.0 0.0
(Ca=17%
ol Sl S 17.4 16.4 154 14.3 145 11.8 9.0
Limestone
O e 2.2 2.2 2.2 2.2 2.2 2.2 2.2
NaHCOs3
el S5 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Common salt
oossie—DL 2.8 2.8 2.8 2.8 2.8 2.8 2.8
DL-Methionine
WIS g0 sl 2.0 2.0 2.0 2.0 2.0 2.0 2.0
L-Lysine-HCI
oesy-L 1.0 1.0 1.0 1.0 1.0 1.0 1.0
L-Threonine
LIS odsS 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Choline Chloride
\ simeling JoSo 25 25 25 2.5 25 2.5 25
Vitamins premix *
Y e JoSe 2.5 2.5 25 2.5 2.5 2.5 25

Mineral Premix 2
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Nutrient analysis

(Kcal/kg) pugslio ] 55, 2950 2950 2950 2950 2950 2950 2950
ME (Kcal/Kg)
(%) Pl 5o 20.08 20.08 20.08 20.08 20.08 20.08 20.08
Crude protein (%)
(%) wean B o 1.07 1.07 1.07 1.07 1.07 1.07 1.07
Digestible lysine (%)
(/) e bB pguio 0.47 0.47 0.47 0.47 0.47 0.47 0.47
Digestible Methionine (%)
() it b cppisamart Cygaio 0.81 0.81 0.81 0.81 0.81 0.81 0.81
Digestible Met+Cys (%)
(/) woar b Cpiof 5 0.72 0.72 0.72 0.72 0.72 0.72 0.72
Digestible threonine (%)
() S’ 0.78 0.78 0.78 0.78 0.78 0.78 0.78
Calcium (%)
(%) o5 U1 JS yauid 0.25 0.30 0.35 0.40 0.31 0.36 0.41
Total phosphorus analyzed (%)
(£) ooy B yiud 0.11 0.16 0.21 0.26 0.16 0.21 0.26

Available phosphorus (%)

3.2mg Bl wbsy 3.2 mg Kipwlug 80 U E pely 5000 U D3 ppelisg 12000 1U - A polig 390 0y p,55LS 1 )3 5 polie 00l pueli uolig JoSo 7
0.017 mg B12 by 2.2 Mg SJsbsnl 0.22 MG o0 4.3 Mg B6 yolis 20 Mg B5 by 65 MG s 8.6 Mg B2 yeliyg
110 mg (5, 0.3 Mg psuiks 120 Mg ;50 20 MG ol 1.25 Mg 0 16 ME Lo 239 00> p,55LS 12 )3 1) pdlie 0aiiS uali Sime JoSo ™

1B2, 65 mg niacin, 20 mg B1, 8.6 mg Vit K, 3.2 mg Vit E, 3.2mg Vit D3, 80 IU Vit A, 5000 I1U Vit Supplied per kg of diet: 12000 1U Vit
B6, 0.22 mg biotin, 2.2 mg folic acid and 0.017 mg VitB12. pantothenic acid, 4.3 mg Vit
2 Supplied per kg of diet: 16 mg copper, 1.25 mg iodine, 20 mg iron, 120 mg manganese, 0.3 mg selenium and 110 mg zinc.
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Table 2- Food ingredients and nutrients of experimental diets from 26 to 35 days (g/kg)

oy S Ve Voles Vol ¥ oles O oy 7 les Voles
Diet composition T1 T2 T3 T4 T5 T6 T7
&3 657.0 654.3 652.0 649.8 656.6 656.3 656.0

(CP=7.6%) Corn

CP= ) Soybean meal bgw 288.2 288.6 288.8 289.1 288.4 288.4 288.5
(43.0%
bgw s, 21.3 22.2 23 23.7 21.4 215 21.6

Soy oil



Bone ash gl zuSls 0.0 0.0 0.0 0.0 3.4 6.3 9.3
(P=17%, Ca=36%)
P=22%, ) MCP &lind ppulS sigo 0.0 2.6 4.9 7.2 0.0 0.0 0.0
(Ca=17%
S by ,S 17.8 16.6 15.6 14.5 14.5 11.8 9.0
Limestone
Oy be 2.2 2.2 2.2 2.2 2.2 2.2 2.2
NaHCOs3
plabs Ko 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Common salt
Owssie—DL 2.5 2.5 2.5 2.5 2.5 2.5 2.5
DL-Methionine
FUNCPTWREN 1.9 1.9 1.9 1.9 1.9 1.9 1.9
L-Lysine-HCI
o -L 0.9 0.9 0.9 0.9 0.9 0.9 0.9
L-Threonine
LIS S 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Choline Chloride
\ elig JoSa 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Vitamins premix *
T Sdee JeSeo 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Mineral Premix 2
Sao dlge U]
Nutrient analysis
(Kcal/kg) pudglio LB 55,0 3025 3025 3025 3025 3025 3025 3025
ME (Kcal/Kg)
(%) P 5o 18.56 18.55 18.54 18.56 18.56 18.56 18.56
Crude protein (%)
(%) o 8 o5 0.98 0.98 0.98 0.98 0.98 0.98 0.98
Digestible lysine (%)
(7) e b8 pguie 0.43 0.43 0.43 0.43 0.43 0.43 0.43
Digestible Methionine (%)
() pad b5 cppisamart Cygaio 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Digestible Met+Cys (%)
(/) i B piof 5 0.66 0.66 0.66 0.66 0.66 0.66 0.66
Digestible threonine (%)
() oS 0.78 0.78 0.78 0.78 0.78 0.78 0.78
Calcium (%)
(%) o 36T JS yaud 0.25 0.30 0.35 0.40 0.31 0.36 0.41



Total phosphorus analyzed (%)
(£) oy B yand 0.11 0.16 0.21 0.26 0.16 0.21 0.26

Available phosphorus (%)

3.2 mg Bl ulsy 3.2 mg Kipwelug 80 U E peluy 5000 IU D3 yeliyg 12000 [U - A yslig 90 0y p,50kS 1 )3 5 pdlie 00l el wolig JoSo 7
0.017 mg B12 y.ly 2.2 Mg SJsdsnl 0.22 MG (o 4.3 Mg B6 yolis 20 Mg B5 by 65 MG s 8.6 Mg B2 y0lisg
110 mg (5, 0.3 Mg psuiks 120 Mg ;50 20 MG (ol 1.25 Mg by 16 ME Lo 259 000> p,55LS 12 13 1) pdlie 0aiiS uali Sdme JoSo

1B2, 65 mg niacin, 20 mg B1, 8.6 mg Vit K, 3.2 mg Vit E, 3.2mg Vit D3, 80 1U Vit A, 5000 1U Vit Supplied per kg of diet: 12000 IU Vit
B6, 0.22 mg biotin, 2.2 mg folic acid and 0.017 mg VitB12. pantothenic acid, 4.3 mg Vit
2 Supplied per kg of diet: 16 mg copper, 1.25 mg iodine, 20 mg iron, 120 mg manganese, 0.3 mg selenium and 110 mg zinc.
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Table 3- Estimation of bone ash phosphorus (P) bioavailability based on average daily weight gain compared
to consumed phosphorus

Yo gle GgawyS ) s4olee O G p (£) (o (ool Canns 35
P source Regression equation R-square Bioavailability (%)
5, YO Y- OlandpnlS g0 Y=0.0732 X+ 33.14 0.96 100
10 to 25 days MCP
Oyl Sl Y=0.0603X+ 33.94 0.92 82.37
Bone ash
5, YO LY OladpnlS g0 Y=0.1199 X+ 37.04 0.90 100
26 to 35 days MCP
Oyl S Y=0.1118 X+ 37.19 0.91 93.24
Bone ash
sy YO LY. Sland pendS gig0 Y=0.0994 X+ 34.46 0.94 100
10 to 35 days MCP
Oyl Sl Y=0.0856 X+ 35.30 0.94 86.11
Bone ash
60.00 60.00
Dlhad (el 5390 . Ol gcias! S &
55.00 MCP .‘ 5500 Bone ash 2
’ LI IS
50.00 50.00 Q.
Ak &°
o y = 0.0994x + 34.468 y = 0.0856x + 35.308
‘ R? = 0.949 ‘: R?=0.9418
40.00 40.00
50.00 100.00 150.00 200.00 250.00 50.00 100.00 150.00 200.00 250.00

oy YO U V+) (tulol (50,95 S 13 (Bpae yiund & Casas &l (59 ]38l Cyomw )55 Hl3ge5 =) S0
Figure 1- Regression diagram of daily weight gain in relation to phosphorus consumed during
the total experimental period (10 to 35 days)

ool (p)5 (ko) J9) 3 (Span yand (e goind i (Bl joe 5 (p)5) alig) (g Rl (ke goin LS (g390s j5oxe
The vertical axis shows the average daily weight gain (g) and the horizontal axis shows the amount of
phosphorus consumed per day (mg).
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Dilger et al., 2004; Cowieson et al., 2006; ) 34 0 Slysd (5590500 Hl38l 5 3,Slas Doy el
doe 9 (139 Jlize Liuli8l el Slyss oy BB jauwd (il 6 aalllas oyl )5 (Pieniazek et al., 2017
(6 loline oo 4y 0y yotaod BB jaud Gljl a5 2008 )15 e 5 STl s L 38l 55 ad 5 Shes
) ol @l olwl p cpiocen (AKter et al., 2016) 54 0 Slyss has oy (ials 5 o5 iuliél el
gl S giin oS By oy yiud s 1 b 85 g oo 555 ) a3t adllan (] 3 S
& W)l (g)blixe 59 iglas wiled S ealaiwl |y GlawdpunlS'gige guie a5 SBL b duslie jd L1038 salazuwl
b abte L 5 s 4 1y ads) 1) 35108 ol aidly lsial S o S st walgien > (ot
alie g5 o Syl S oS 23,5 S hlSon 5 s Lo ol b Gl 53 38 glyes lidnndS ige
Van) s gl bsS slhdrge ) Olaud e (e oy 4 s |y 45 d9ua8 SlandprnlS gige 9 (0 |
- 35Y5 gl yiuS B 5l ekl 48 15,8 (5,55 YR Jlo 5 ) Kad 5 Lisk wizeen (Harn et al., 2017
oo VALY I bes sladagr > SThgs his copd dgme Gl ClindeualS (0 L dnolie )3 0l (0;

il Wlgs o ezl S a8 o 10K a5 wuiles o (S ysb 4 cplpls (Barshan et al., 2019) >4 o
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Table 4- The effect of the source and level of phosphorus (P) on the performance of Arian strain broilers (g)

Sd g Soud o sy Yo U Y. j9 VALY
P source P level 10 to 25 days 26 to 35 days
ADWG! ADFI?2 FCR? ADWG! ADFI?  FCR3
yiud o 458
No phosphorus 0.11 % 38.15¢  61.72¢  161° 44.62 ¢ 74.33°¢ 1.66
source
lind S sig0 0.16 % 4055¢  64.39°c 15903 58.20 ¢ 93.06 1.59
MCP 0.21 % 4336 6525%c 1509 63.19 %  102.03 % 1.50
0.26 % 46.12®  68.56%  1.48¢ 69.182  108.032 1.48
gl S 0.16 % 39.92%  64.43b  161% 55.99 ¢ 89.75 ¢ 1.68
Bone ash 0.21 % 42.61°  65.82%  1.540bx 60.04 4 96.22 "¢ 1.54
0.26 % 44.42%  6813% 153 65.93%  103.22% 1.55
P-value <0.0001  <0.0001 <0.0001 <0.0001  <0.0001  0.203
SEM 0.398 0.852 0.015 1.343 1.493 0.029
Main effects ol 1 51
Jind Loy 0.16 % 40.23¢  64.41°  160° 57.09 ¢ 9140°¢ 1.60
P level 0.21 % 42.99°  6553P  152° 61.62° 99.13° 1.61

0.26 % 44942 68.35% 1.52° 67.55% 105.65% 1.56



P-value <0.0001 0.0002  <0.0001 <0.0001 <0.0001 0.099

o gsio Olind oS 5350 b
P source MCP 43.34 2 66.07 1.52 63.52 2 101.05 2 1.59
Syl uSs 42.10° 66.13 1.572 60.65 " 96.39° 1.59

Bone ash

P-value 0.0026 0.927 0.0009 0.0215 0.034 0.971

# Intractional Jsle !

P-value

i el X yiad o 0.129 0.828 0.276 0.923 0.885 0.909

P source x P level

S Joas copo T tailig) (Brae Sl Sk T il 055 Gl S0l
A5 55155 lize il gl uwSSle laglie o blite <l 51 9.5 loline Judo &
(P<0.05 S5 cuus) s gyl Llod 1 jlolime cglis gyl ccgliio Ggys by ygin y 5 slas] 2
Laverage daily weight gain; 2 average daily feed intake; 2 feed conversion ratio
4 Due to non-significance of interaction effects, mean comparisons of interaction effects were not reported.

®\alue in each column with different letters has statistically significant differences (Tukey's test P<0.05).
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anllas Cpl )d puiomed b o isl38l 50 C)] Sound ol yd G 0y bawgl lgoin] jiwS1E B pns o) il
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Olawd oS (63 3l yiny > Sl oo lenin] S {( SLL woyd /YR 5 Ay dop /FY kel o yd +/FA)
9 p55 YWIF ploeial puS1e b odd 45 (585 5> &l (19 Il (9200090 JS 53 &5 9k & 84S Joo
& 0yl dg29 Jein! oyl pl by (Sedghi et al., 2023) 3o p,5 FO/VY SlowdpmadS (3 b oads 4i55 805, 4
5l e g ezl iwSE 0l duog 3 )kl pdaw 1 pendS g 0ud 1ol g Sled Brns loy isliel L
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3 i (g bline yob 4 lhudpundS gige b odds 4dis (slads g 10 gl gl 45 oad g (ob 5T 5 &S go50
A odmliie (g,bolize oldy b 1Sk plw (gly (P<0.05) cusl 039y ylgorian] yuS B o 4385 glads o>

(LOQ2) (b5 (sladge ;> (ghidursS 508 JoulS arle oad Mg (ool 8] 5 1 yaud o 5 @it 36 —0 Jgu
Table 5- The effect of the source and level of phosphorus (P) on the antibody titer produced against sheep red
blood cells in broilers (Log?2)

P 2o o oo agl fewly wgil fowl
P source P level Primary response Secondary response
J5 bl J5 @bl
Total antibody ~ 19C IgM Total antibody ~ 19G IgM
No phosphorus 0.11 % 2.20 1.00 1.20 3.40° 1.80° 1.60
source
Sland panlS gige 0.16 % 3.20 1.20 2.00 6.002 340 2.60
MCP 0.21 % 3.40 1.60 1.80 6.22 2 3.60ab  2.60
0.26 % 3.80 1.80 2.00 6.402 4.00? 2.40
Syl sl 0.16 % 2.60 1.40 1.20 4.00%® 2.00° 2.00
Bone ash 0.21 % 3.20 1.60 2.60 5.40 % 2.60%  2.80
0.26 % 4.00 2.00 2.00 5.80 3.40%® 240
P-value 0.371 0.393 0.767 0.0041 0.008 0.518
SEM 0.595 0.329 0.489 0.568 0.444  0.437
Main effects ! w1
JE WA 0.16 % 2.90 1.30 1.60 5.00 2.70 2.30
P level 0.21 % 3.30 1.60 1.70 5.80 3.10 2.40
0.26 % 3.90 1.90 2.00 6.10 3.70 2.70
P-value 0.261 0.261 0.862 0.165 0.125  0.623
b puo Sland S g0
P source MCP 3.49 1.53 1.93 6.20 2 3367 253
Syl sl 3.26 1.66 1.60 5.06° 2.66° 2.40
Bone ash
P-value 0.685 0.650 0.396 0.024 0.016 0.703
L Intractional Jste w31
P-value
i s Xy i 0.800 0.948 0.682 0.425 0.702 0.623

P source x P level

(P<0.05 55 cuus) s gylol Llod 1 jlolins cglis 1yl ccglite gy byt o 5 slac!

s )1 Blie gl 5Sile Sluglio ¢ Jlite &1 (3005 laline Jus 4y
®\/alue in each column with different letters has statistically significant differences. (Tukey's test P<0.05).
! Due to non-significance of interaction effects, mean comparisons of interaction effects were not reported.
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-l Mg palS cel o jhud mlaw alS oS 23S )5S San g (elol sl ol )3 ppizen (2020
s > 4 Ylas! yol cpl (Emami et al., 2013) 5445 o (s3:8w55 30,8 JoulS ade IgM 419G 5 IS (sl ool

Gl s s Cumss OT Clsio g (a0 dlgo oS 31 D 0Ny

Sy el CophsS Y

Ojg b g ke T Ol 4 dagily can Toad ()57 Joua )3 (S )3 Gl | CodsS con I Jo b ls
b gaw (pyidp b a2 obare 4 bape iy gadld g ojlps Culs bl | Jgb s
B g Yoo JUIS b (ela yiolyly (s (P<0.05) 159 o4 5 i mealSsigo 5 (Ayd /V5)
ladagz )3 s gr9) padLd ol Ol polul p Ll et b sgeg bslos (o (6)blne Sl e Jlo JUgues
oline (s iy paSlS 9 Sitid oy sl Jlite I3l g il (yblinejslo &) jand 2o < NE L osd 435

a5 s folixe aglis Lo oLl oo (sl el £35

55 Gz gr 3 (SCadyd il CusS y jand o g gt 486 - Jga
Table 6- The effect of the source and level of phosphorus (P) on tibia bone quality in broilers

Hod prin b el S (g Jsb 0ol Gals ki ks S el el

P source P level (mg)Dry weight ~ Length  Weight  Diaphysis  «,/,» s ¥ske Jslipmd e
(mm) index  diameter Wall Medullary ~ Tibiotarsal Robusticity
(MM thickness ~ canal index index
(mm) diameter
(mm)
No P 0.11% 1606 ° 6779 2371° 593° 088° 505 148  575%
source

oS 390 0.16 % 1772 ¢ 703  2517% 6.00°  0.93" 5.07 15.52 5812
lis 0.21% 2018 ° 71.3P 28.28° 6143 (098% 5.16 15.98 5.64°
MCP 0.26 % 23322 73.6% 30312 6.352 1.03°2 5.32 16.24 5.63°
Sl 0.16 % 1706 68.7° 2480% 6.19° 095® 534 1534  575%
s 0.21% 1840 706° 2605 635% 095% 540 1495  576°
0.26 % 1960 ¢ 711 2753 6.28% 100® 528 1592  568%

Bone ash



P-value <0.0001 <0.0001 <0.0001 0.0012 0.0002 0.05 0.122 0.0007

SEM 32.05 0388 0.389  0.072  0.019 0.078 0.368 0.029
Main effects ol w1
RNV 0.16 % 1739°¢ 69.5°¢ 24.98° 6.09°  094° 5.15 15.43 5.78 2
P level 0.21 % 1929 ° 709 2716 6.24%® 096" 5.28 15.46 5.70°
0.26 % 2096 @ 7247 42892 631% 1012 5.30 16.08 5.66°
P-value <0.0001 <0.0001 <0.0001 0.017  0.002 0.137 0.163  0.0007
Sod gio Ol orundS gig0 a . .
P source MCP 2007 717 27.92 6.16 0.98 5.18 15.91 5.70
el Sk 1835° 70.1* 2613  6.37 0.96 5.30 15.41 5.73
Bone ash
P-value <0.0001 <0.0001 <0.0001 0.074  0.402 0.057 0.107 0.141
Intractional Jsle <1
oS 5550 0.16 % 1772 ¢ 703 25179  6.00 0.93 5.07 15.52 5.81%2
i 0.21% 2018 ° 713  28.28° 6.14 0.98 5.16 15.98 5.64°
MCP 0.26 % 23322 736  3031% 6.35 1.03 5.32 16.24 5.63°
Sl muss 0.16 % 1706 ¢ 68.7  2480%  6.19 0.95 5.34 1534 575
Bone ash 0.21 % 1840 706 26.05%  6.35 0.95 5.40 14.95 5.76 @
0.26 % 1960 " 711 2753 628 1.00 5.28 15.92 5.68
P-value
i s Xy o 0.020 0.081  0.019  0.118  0.327 0.178 0.476 0.015

P source x P level

(P<0.05 S5 o) aisun ()lof Llod 5 jlslian glis (gl acglito gy b ygis y p3 Slas)

3 \/alue in each column with different letters has statistically significant differences. (Tukey's test P<0.05).

oS e ol Ol 3l as gl sl odd 5155V Joda 33 S yaud g puS B e g plSotinl cus | ol oo
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Do oyl (g)blixe yob & SCub ) Jawd 5 WS Mo pd 0 O jawd maw il L oas b lis e
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Table 7- Effect of source and level of phosphorus on strength and tibia bone ash and phosphorus
(P) in broilers

phownd Ed PLIVCY W by S (e S5 Sy puS Sy
P source P level Shear stress  Tensile stress Tibia ash Tibia P
(N/mm?) (N/mm?) (% of dry matter) (% of dry matter)
No phosphorus ~ 0-11% 13.03° 28.99° 39.56 © 259°
source
s pedS gige 0.16 % 22.79 % 49.64 2 41.77°¢ 3114
MCP 0.21 % 25.00 % 52.80 @ 46.89 3.78 ¢
0.26 % 27.712 55.44 2 48.192 4192
el Sk 0.16 % 19.76 b 40.92 @ 41.86 ¢ 2.94 ¢
Bone ash 0.21 % 25.04 @ 51.48°2 45.25° 3.68°¢
0.26 % 26.63 2 56.08 2 47.65 4.04 %
P-value <0.0001 <0.0001 <0.0001 <0.0001
SEM 1.61 3.397 0.651 0.072
Main effects ol w51
b 1o 0.16 % 21.27° 45.28 " 41.81°¢ 3.02°¢
P level 0.21 % 25.02 % 52.14 % 46.07 ° 3.73"
0.26 % 27.172 55,752 47.922 4112
P-value 0.006 0.023 <0.0001 <0.0001
Sed ple Ol ppunlS gige
P source MCP 25.16 52.63 45.62 3.692
sl a8k 23.81 49.49 44.92 3.55°
Bone ash
P-value 0.328 0.296 0.171 0.027
LIntractional e <51
P-value
i el X i 0.663 0.404 0.364 0.861

P source x P level

(P<0.05 S5 cous) sizn (gylol Lol 51 jlsline cogls (gl glisie gy b oyt y o Slas] 3P

A5 )38 Mize <l Sl Sluglie ¢ Jlize <l (395 oz s 4
\/alue in each column with different letters has statistically significant differences. (Tukey's test P<0.05).
! Due to non-significance of interaction effects, mean comparisons of interaction effects were not reported.
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Table 8- Estimation of phosphorus (P) bioavailability in bone ash based on the percentage
of tibia ash and phosphorus compared to consumed phosphorus

Youd o O )5y gaolee O Gy (1) o o]y G j )
P source Regression equation R-square Bioavailability (%)
JrCIES SlavdplSsse  Y=0.0631 X+ 34.58 0.81 100
Sy MCP
Tibia ash Olsseial Sk Y=0.0586X+ 35.18 0.84 92.86

Bone ash



s ClisdaadSgse  Y=0.0111 X+ 1.794 0.92 100

R MCP
N sl sl Y=0.0107 X+ 1.786 0.92 96.39
Tibia P
Bone ash
51.000 51.000
49.000 0'52.3&0' }L»ft‘.’ ° 49.000 Qlém.é M’s’» :.,.
47.000 Bone ash ® ” L 47.000 MCP o ) .
45.000 o g 45.000 ° 0.
R I
43.000 8 43.000 Q.
[ =) [ @
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9000 & y = 0.0586x + 35.186 wo0 9 ¢ P ———
R?=0.8404 Yy =0.0831x + 34.
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Figure 2- Regression diagram of percentage of tibia bone ash relative to consumed
phosphorus
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Lol
The vertical axis shows the percentage of tibia ash (% of dry matter) and the horizontal axis shows
the phosphorus consumed per day (mg).
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Figure 3- Regression diagram of phosphorus percentage of tibia bone in relation to consumed
phosphorus
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The vertical axis shows the percentage of tibia phosphorus (% of dry matter) and the horizontal axis
shows the phosphorus consumed per day (mg).
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Table 9- Effect of source and level of phosphorus (P) on digestibility in
broilers (%)

P source P level Dry matter digestibility P digestibility
Shuud e A3
No phosphorus ~ 0-11 % 56.54 ° 81.83
source
Slind pundSgige 0.16 % 65.64 2 83.22
MCP 0.21 % 67.42 % 85.46
0.26 % 69.92 2 86.03
Syl sk 0.16 % 62.83 @ 84.70

0.21% 65.57 2 85.71



Bone ash 0.26 % 66.012 86.30

P-value 0.0026 0.483
SEM 2.00 1.704
Main effects do! i1
RNV 0.16 % 64.23° 83.96
P level 0.21% 66.49 @ 85.58
0.26 % 67.97 2 86.17
P-value 0.049 0.391
o grio Olind el 5350 .
P source MCP 67.66 84.90
Syl sl 64.80 ° 85.57
Bone ash
P-value 0.023 0.621
! Intractional e o151

P-value

i s X yind o 0.774 0.912

P source x P level
(P<0.05 S5 cus) ditads gylol Llod 51 jlaline coplis 1yl «glisie gy byt yo 3 olael
A o) lite el 31 ke luslio o blite il 3l 390 4lolixe s 4
®\alue in each column with different letters has statistically significant differences.

(Tukey's test P<0.05).
! Due to non-significance of interaction effects, mean comparisons of interaction effects
were not reported.

5 g addllae )3 45 Syg0 pd b dyglp o ;3 AV/BY aalllas pl )3 lgicin] puSE Hawd ogib] pan cubl
5 useu—w sadlllae 43 g (Van Harn et al., 2017) a_wo)d YAIY gl i uSB jo b paa <ol ol Ko
Mo anl )b Solise bl s s 4 i eglas ol .(Simons et al., 1991) el oss (5,155 oy VAIY )] Ken
ol ot 5 391 0 3Ll 0 I35 Y5 el yiuS B T sdalllas )3 &S s sl 03gy gl juSls

.(Barshan et al., 2019) >4 o youd guiad Coblb jials cely
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