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ABSTRACT  Effects of dietary non-phytate phos-
phorus (nPP) restriction on growth and duodenal
type IIb sodium-dependent phosphate cotransporter
(NaPi-IIb) genes were observed. A total of 432 one-
day old Cobb500 male broiler chickens in 36 cage pens
were divided into 6 groups with each group containing
6 pens. Each group was treated with one of the di-
ets containing 0.33, 0.37, 0.41, 0.45, 0.49, and 0.53%
of nPP up to 14 D. During 15 to 31 D, birds were
treated with one of the diets containing 0.23, 0.27,
0.31, 0.35, 0.39, and 0.43% of nPP. Level of Ca was
kept the same across all treatments. Dietary nPP level
influenced (P < 0.001) weight gain and feed intake in
both growth phases, whereas effect on feed per gain
ratio was seen only in the second phase. Toe ash, tibia
ash, and tibia breaking strength responded to treat-
ments (P < 0.01) at 14 D. Only tibia ash content was
significantly improved (P < 0.001) at 31 D. Growth

and bone parameters linearly improved with an in-
crease in dietary nPP content (P < 0.05). Above di-
etary nPP 0.41% and 0.31% for first phase and second
phase, respectively, no significant improvement was
seen. Duodenal NaPi-IIb mRNA overexpressed with a
decrease in dietary nPP in both phases (P < 0.05).
Relative expression of NaPi-IIb in lowest nPP group
were 2.2 folds higher in the first phase and 3.6 folds
higher in the second phase compared to respective high-
est nPP groups of each phase. No significant change
in NaPi-IIb expression was seen above 0.37% of di-
etary nPP for 14 D and 0.31% of dietary nPP for 31
D. Dietary requirements of nPP 0.41% for 0 to 14 D
and 0.31% for 15 to 31 D were adequate for optimal
growth and bone parameters. This study fills the gap in
understanding of intestinal NaPi-IIb expression in re-
sponse to dietary nPP restriction in broilers older than
21 D of age.
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INTRODUCTION

In the past decades, genetic selection in broiler strains
improved a lot in growth rate and nutrient efficiency.
As a result, optimum nutrient requirements for modern
broiler strains need to be redefined (Rama Rao et al.,
2006; Applegate and Angel, 2014). Phosphorus (P) and
calcium (Ca) play important roles in bone development
and mineralization in animals. Sufficient P uptake is
vital for bone development, growth, and productivity.
On the other hand, higher supply of P, which exceeds
maximum retention requirement, is excreted through
kidneys (Manangi and Coon, 2008) causing both
economical loss and environmental pollution. Around
80% of inorganic phosphorus (Pi) in the body is stored
in skeleton as hydroxyapatite and the remaining 20% is
found in nucleic acids, phospholipids, and phosphory-
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lated proteins (Veum, 2010). According to the National
Research Council (NRC, 1994), broilers need 1.00%
of total Ca and 0.45% of non-phytate phosphorus
(nPP) for starter phase and 0.90% of total Ca and
0.35% of nPP for grower phase, respectively, in diets.
Nevertheless, requirements for modern broiler strains
might differ from NRC (1994) recommendations.

In poultry, Pi homeostasis is regulated mainly by the
intestinal uptake, retention/release from skeleton, and
regulated renal reabsorption (Sabbagh et al., 2011).
Intestinal Pi uptake involves transcellular and paracel-
lular pathways (Fuchs and Peterlik, 1979). Paracellular
pathway is a passive transport system and mainly
depends on the concentration gradients across the
intestinal membrane, whereas transcellular pathway is
regulated by hormones and metabolic factors (Fuchs
and Peterlik, 1979). Transcellular active transport of
Pi occurs throughout the intestinal tract and in renal
tubules (Sabbagh et al., 2011). In this process, Pi trans-
port in the intestine involves uptake of phosphorous by
sodium (Na)-dependent cotransporters, translocation
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across the cell, and efflux at the basolateral membrane
(Tenenhouse et al., 1998). The sodium-dependent
cotransporters (NaPi-) actively regulate the intestinal
Pi absorption and renal reabsorption in poultry
(Forster et al., 2006; Yan et al., 2007; Han et al.,
2009; Sabbagh et al., 2009; Li et al., 2017), whereas
sodium-independent intestinal phosphate transport is
unregulated (Danisi et al., 1980; Katai et al., 1999a,b).
There are 3 types of NaPi- cotransporters: NaPi-I,
NaPi-II, and NaPi-III. Among them, type II NaPi-
cotransporter represents 84% of total NaPi- cotrans-
porters (Miyamoto et al., 1997; Tenenhouse et al.,
1998). Sodium-dependent phosphate cotransporters
type IIa, IIb, and Ilc dominate in both intestinal and
renal epithelial cells of mammals and poultry (Custer
et al., 1994; Hilfiker et al., 1998; Segawa et al., 2002)
with type Ila hugely responsible for renal Pi reabsorp-
tion (Tenenhouse, 2005). In their review, Miyamoto
et al. (2007) suggested that NaPi-Ilc had minor in-
fluence on Pi transport in mammals. Studies revealed
that NaPi-IIb is the most abundant NaPi- cotrans-
porter in intestinal Pi absorption and accounts for over
90% of total sodium-dependent Pi transport, whereas
NaPi-IIa is responsible for 70 to 80% of renal Pi reab-
sorption (Hilfiker et al., 1998; Tenenhouse et al., 1998;
Sabbagh et al., 2009).

Poultry NaPi-IIb encode for solute carrier family 34
member 2 (SLC34A2) (Werner and Kinne, 2001; Yan
et al., 2007). In chicken intestine, highest expression of
NaPi-1IIb mRNA was found in the duodenum, followed
by jejunum and ileum (Liu et al., 2006; Yan et al., 2007;
Han et al., 2009, 2018). Dietary levels of Pi hugely
influence the expression of NaPi-IIb in small intestine,
where NaPi-IIb genes get overexpressed during the
Pi-deficient conditions (Yan et al., 2007; Han et al.,
2009; Nie et al., 2013; Li et al., 2017). Few studies have
been conducted to evaluate the effects of Pi content
NaPi-1Ib expression and growth performance in broilers
and layers (Driver et al., 2006; Rama Rao et al., 2006;
Li et al., 2012; Nie et al., 2013; Hamdi et al., 2015).
However, understanding of NaPi-1Ib in response to dif-
ferent dietary nPP levels without changing Ca levels in
both starter and grower phases is lacking, especially for
broilers older than 21 D. Since both Ca levels and Ca
to nPP ratio effects on broilers’” P metabolism, it would
give a clear picture on dietary response to nPP alone
if Ca level is kept at standard while varying dietary
nPP levels. Moreover, varying dietary nPP or Ca alone
might address the precise role of NaPi-II in Ca and P
homeostasis. The present study aimed to find out the
role of intestinal NaPi-1Ib in response to dietary nPP
inclusions without changing Ca levels and suitable
dietary nPP levels that could benefit to optimal growth
and bone performance at 14 and 31 D of age.

MATERIALS AND METHODS

This experiment was conducted in accordance with
the principles and guidelines presented in the Guide for

Table 1. Treatment groups with different levels of dietary nPP

%.

Dietary nPP levels (%)
Age (days) T1 T2 T3 T4 T5 T6
0 to 14 0.33 0.37 0.41 0.45 0.49 0.53
15 to 31 0.23 0.27 0.31 0.35 0.39 0.43

nPP = non-phytate phosphorus.

the Care and Use of Agricultural Animals in Research
and Teaching (National Research Council, 2010). The
experimental design and procedures involved were ap-
proved by the Institutional Animal Care and Use Com-
mittee.

Animal and Diets

The male Cobb500 broilers (1 day old; n = 432) with
average initial body weight of 47 g were housed in cage
pens and randomly assigned to 6 dietary treatments.
Each treatment consisted of 6 replicate pens with 12
birds in each pen. Each treatment group received di-
ets for starter phase (0 tol4 D) and grower phase
(15 to 31 D). Birds were raised inside the cages un-
der controlled environment for 31 D with ab libitum
of feed and water. Housing and management were ac-
cording to the standard guidelines. Briefly, birds were
housed under tunnel ventilation system with maximum
stocking density of 40 kg/m?. Temperature was gradu-
ally reduced from 36 to 25°C during first 14 D of age
and maintained at 25°C till the end of experiment. Rel-
ative humidity was maintained between 40 and 70%
throughout the experiment. During first 7 D, light in-
tensity of 30 lux was provided for 23 h per day and
gradually reduced to 18 h per day by 14 D of age.
From 14 D onwards, lighting period was kept 18 h per
day at the intensity of 20 lux. Basal feed was formu-
lated to meet minimum nutrient requirements by Na-
tional Research Council (NRC, 1994) except for nPP.
Six experimental diets for each phase with different
nPP levels were prepared in mash form and fed to
the animals. During 0 to 14 D, each treatment group
of birds was fed with one of the diets containing di-
etary nPP % of 0.33, 0.37, 0.41, 0.45, 0.49, and 0.53%.
During 15 to 31 D, birds were treated with one of
the diets containing 0.23, 0.27, 0.31, 0.35, 0.39, and
0.43% of nPP. Treatment groups with respective dietary
nPP % for starter and grower phases are described in
Table 1. Ca in all treatments was maintained at
1.00% for starter phase and 0.90% for grower phase.
Diet composition and calculated nutritional values
are presented in Tables 2 and 3. Prepared diets
were sent to the CP Bangna Central Laboratory
(Charoen Pokphand Group), Bangkok, and confirmed
that the analyzed nutrient values were in accordance
with calculated values.

610z [Mdy ] Uo Jasn AlsiaAlun 81e1S uolsnoH wes Aq L £25S1S/1L /2 Lzed/sd/zges 01 /1oporasge-aoie-aoueApe/sd/woo dno-olwspese//:sdny woJj papeojumoq



BROILER PHOSPHATE COTRANSPORTER GENES 3

Table 2. Diet composition (%) and calculated nutrient values (0 tol4 D).

nPP (%)

T1 T2 T3 T4 T5 T6
Ttems 0.33 0.37 0.41 0.45 0.49 0.53
Ingredients (%)
Corn 57.06 56.95 56.85 56.75 56.65 56.55
Soybean meal 35.60 35.60 35.60 35.60 35.60 35.60
Crude palm oil 3.20 3.20 3.20 3.20 3.20 3.20
Mono calcium phosphate 0.82 1.00 1.18 1.35 1.53 1.71
Limestone 1.91 1.83 1.76 1.68 1.60 1.53
Salt 0.41 0.41 0.41 0.41 0.41 0.41
Sodium bicarbonate 0.10 0.10 0.10 0.10 0.10 0.10
DL-methionine 0.30 0.30 0.30 0.30 0.30 0.30
L-lysine 0.19 0.19 0.19 0.19 0.19 0.19
Choline chloride 0.10 0.10 0.10 0.10 0.10 0.10
Premixes? 0.32 0.32 0.32 0.32 0.32 0.32
Total 100.00 100.00 100.00 100.00 100.00 100.00
Calculated values (%)
ME (kcal/kg) 3,032 3,028 3,025 3,022 3,018 3,015
Crude protein 21.54 21.53 21.52 21.51 21.50 21.50
Crude fat 5.79 5.79 5.78 5.78 5.77 5.77
Crude fiber 2.39 2.39 2.39 2.39 2.39 2.38
Ca 1.00 1.00 1.00 1.00 1.00 1.00
Total phosphorus 0.60 0.64 0.68 0.72 0.76 0.80
nPP 0.33 0.37 0.41 0.45 0.49 0.53
Ca/nPP 3.03 2.71 2.44 2.22 2.04 1.89
Sodium 0.20 0.20 0.20 0.20 0.20 0.20
Chloride 0.30 0.30 0.30 0.30 0.30 0.30
Lysine 1.33 1.33 1.33 1.33 1.33 1.33
Methionine 0.63 0.63 0.63 0.63 0.63 0.63
Methionine + Cystine 0.97 0.97 0.97 0.97 0.97 0.97
Threonine 0.84 0.84 0.84 0.84 0.84 0.84
Tryptophan 0.27 0.27 0.27 0.27 0.27 0.27
Analyzed values (%)
Ca 1.02 1.00 1.00 1.02 1.04 1.03
Total phosphorus 0.56 0.6 0.63 0.66 0.72 0.76

! Per kg of diet: copper, 8 mg; iodine, 0.35 mg; iron, 80 mg; manganese, 60 mg; selenium, 0.15 mg; zinc, 40 mg; vitamin A, 1,500 IU; vitamin Ds,
200 ICU; vitamin E, 10 IU; vitamin K 0.50 mg; vitamin B9, 0.01 mg; riboflavin 3.6 mg; choline, 1,000 mg; thiamin, 1.8 mg; biotin, 0.15 mg.

Ca = calcium.
nPP = non-phytate phosphorus.

Growth Performance

Feed intake and live body weight were recorded at the
end of each phase (14 and 31 D). Feed per gain (amount
of feed consumed/ live weight gain) was calculated for
each phase.

Bone Characteristics

At the end of the first phase (14 D), half of the
birds from each replicate were sacrificed by bleeding.
The rest of the birds were sacrificed at the end of the
experiment (31 D). From all birds, tibia and middle
toes were collected. Tibias were de-flashed followed
by removing the patella. All tibias and toes were kept
for 24 h at 25°C and oven-dried at 105°C for 24 h. To
determine bone ash percentage, left tibia and toes were
burnt in muffle furnace at 600°C for 6 h to quantify
the ash content. Right tibia bones were subjected to
bone breaking strength test using Instron Materials
tester (Instron 5965, Instron Corp., Canton, MA) with
automated materials test system software version 8.0
(Shim et al., 2012). Briefly, each tibia was placed
on 2 fulcrum which were 6 cm apart. Bending force

was applied at a speed of 5 mm/min at the center
of 2 fulcrum points, and tibia breaking strength was
obtained from the load-deformation curve generated
by the computerized software.

Tissue Samples

At the end of each phase (day 14 and 31), one
bird from each replicate with close resemblance to the
average body weight of the treatment was sacrificed.
Lumen of the duodenum was flashed with sterile cold
normal saline to clean the digesta. Duodenal mucosa
was scrapped and immediately kept into cryovials filled
with RNAlater (Sigma-Aldrich, St. Louis, MO). Cry-
ovials with samples were incubated overnight at 4°C
and subsequently kept at —80°C for RNA extraction.

Real-Time PCR

Total RNAs from samples were collected using
RNeasy mini kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. Purity and
concentration of extracted RNA were checked by
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Table 3. Diet composition (%) and calculated nutrient values (15 to 31 D).

nPP (%)

T1 T2 T3 T4 T5 T6
Ttems 0.23 0.27 0.31 0.35 0.39 0.43
Ingredients (%)
Corn 65.49 65.39 65.28 65.18 65.08 64.97
Soybean meal 28.30 28.30 28.30 28.30 28.30 28.30
Crude palm oil 2.50 2.50 2.50 2.50 2.50 2.50
Mono calcium phosphate 0.42 0.59 0.77 0.95 1.13 1.31
Limestone 1.86 1.78 1.71 1.63 1.56 1.48
Salt 0.33 0.33 0.33 0.33 0.33 0.33
Sodium bicarbonate 0.10 0.10 0.10 0.10 0.10 0.10
DL-Methionine 0.31 0.31 0.31 0.31 0.31 0.31
L-Lysine 0.26 0.26 0.26 0.26 0.26 0.26
L-Threonine 0.01 0.01 0.01 0.01 0.01 0.01
Choline chloride 0.10 0.10 0.10 0.10 0.10 0.10
Premixes’ 0.32 0.32 0.32 0.32 0.32 0.32
Total 100.00 100.00 100.00 100.00 100.00 100.00
Calculated values (%)
ME (kecal/kg) 3,081 3,077 3,074 3,071 3,067 3,064
Crude protein 18.84 18.83 18.83 18.82 18.81 18.80
Crude fat 5.32 5.32 5.32 5.31 5.31 5.30
Crude fiber 2.31 2.30 2.30 2.30 2.30 2.30
Ca 0.90 0.90 0.90 0.90 0.90 0.90
Total phosphorus 0.49 0.53 0.57 0.61 0.65 0.69
nPP 0.23 0.27 0.31 0.35 0.39 0.43
Ca/nPP 3.92 3.34 2.90 2.57 2.31 2.09
Sodium 0.17 0.17 0.17 0.17 0.17 0.17
Chloride 0.27 0.27 0.27 0.27 0.27 0.27
Lysine 1.20 1.20 1.20 1.20 1.20 1.20
Methionine 0.61 0.61 0.61 0.61 0.61 0.61
Methionine + Cystine 0.91 0.91 0.91 0.91 0.91 0.91
Threonine 0.74 0.74 0.74 0.74 0.74 0.74
Tryptophan 0.23 0.23 0.23 0.23 0.23 0.23
Analyzed values (%)
Ca 0.89 0.91 0.89 0.90 0.91 0.88
Total phosphorus 0.42 0.44 0.49 0.52 0.59 0.63

! Per kg of diet: copper, 8 mg; iodine, 0.35 mg; iron, 80 mg; manganese, 60 mg; selenium, 0.15 mg; zinc, 40 mg; vitamin A, 1,500 IU; vitamin Ds,
200 ICU; vitamin E, 10 IU; vitamin K 0.50 mg; vitamin Byy, 0.01 mg; riboflavin 3.6 mg; choline, 1,000 mg; thiamin, 1.8 mg; biotin, 0.15 mg.

Ca = calcium.
nPP = non-phytate phosphorus.

Table 4. Polymerase chain reaction (PCR) primer sequences and product sizes (Yan et al., 2007).

Name Sequence (5’ - 3') Product size (bps) Accession number

NaPi-IIb Forward CTGGATGCACTCCCTAGAGC 126 NM_204474.2
Reverse TTATCTTTGGCACCCTCCTG

B-actin Forward GAGAAATTGTGCGTGACATCA 152 NM_205518.1
Reverse CCTGAACCTCTCATTGCCA

NaPi-IIb = Sodium dependent phosphate cotransporter type IIb.

[B-actin = beta actin.

spectrophotometric method using Nanodrop (Thermo
Fisher, Waltham, MA). Additionally, integrity of RNA
was visualized by QIAxcel capillary gel electrophoresis
(Qiagen). Complementary DNA was synthesized from
1 pg of RNA using Omniscript reverse transcription
kit (Qiagen) following the manufacturer’s instructions.
Real-time PCR for NaPi-IIb was performed using (-
actin gene as endogenous control. Primer sequences
(Yan et al., 2007) and predicted size of PCR ampli-
cons are described in Table 4. The efficiencies of both

primers were determined by serial dilutions and used in
relative gene expression calculations. Real-time PCR
was performed on Roche Lightcycler96 (Roche, Basel,
Switzerland) using QuantiFast SYBR Green PCR Kit
(Qiagen) followed by cycling protocol as: 95°C for
5 min; 95°C for 30 s; 40 cycles of 95°C for 30 s, 60°C
for 30 s, 72°C for 30 s; 72°C for 5 min. Fluorescence
measurements were collected at every cycle during the
extension step (72°C). Additionally, melting curve anal-
ysis of each reaction was also performed to determine
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Table 5. Growth performance of broilers from 0 to 31 D of age.

nPP (%)

T1 T2 T3 T4 T5 T6
0 to 14 D 0.33 0.37 0.41 0.45 0.49 0.53 P-value
15t0 31D 0.23 0.27 0.31 0.35 0.39 0.43 SEM nPP Linear Quadratic
At 14 D
Weight gain (g) 429¢ 434°¢ 469" 4820 494* 493 0.03 < 0.001 < 0.001 0.018
Feed intake (g) 477" 481° 5122 523* 535" 534 0.03 < 0.001 < 0.001 0.136
Feed/gain 1.111 1.108 1.091 1.084 1.084 1.082 0.02 0.130 - -
Depletion (%) 4.17 0.00 1.34 2.78 0.00 2.78 0.88 0.230 - -
At 31 D
Weight gain (g) 1,480° 1,516" 1,709* 1,725 1,778% 1,769 0.02 < 0.001 < 0.001 0.013
Feed intake (g) 2,203 2,235P 2,454* 2,475* 2,526% 2,490? 0.03 < 0.001 < 0.001 0.007
Feed/gain 1.491* 1.474%0 1.436*¢ 1.436%¢ 1.4210¢ 1.409¢  0.01 < 0.001 < 0.001 0.243
Depletion (%) 8.33 0.00 2.78 2.78 0.00 2.78 0.88 0.060 - -

#Within comparisons, means in a row with no common superscript differs significantly (P < 0.05).

the specificity of each amplification. Each gene was am-
plified in duplicate. Relative expression of NaPi-1Ib was
evaluated by delta CT (2724¢T) method using (3-actin
as an internal control gene (Pfaffl, 2001).

Statistical Analysis

Fach pen served as an experimental unit. All data
were analyzed by 1-way ANOVA using GLM pro-
cedure followed by Tukey’s HSD test in SAS 9.0
(SAS Inst. Inc., Cary, NC). A value of P < 0.05 was
considered statistically significant. Variables numeri-
cally significant by dietary nPP levels were analyzed
by orthogonal polynomial contrasts to determine linear
and quadratic trends. A P value of less than 0.05 was
considered significant.

RESULTS

Growth Performance

Growth performances of the birds are summarized
in Table 5. At 14 D, effects of dietary nPP levels on
body weight gain and feed intake were mathematically
significant (P < 0.001). Feed per gain ratio and deple-
tion were not affected by dietary nPP levels. Weight
gain and feed intake reached plateau when dietary
nPP were 0.45% and 0. 41%, respectively. Both linear
(P < 0.001) and quadratic responses (P < 0.05) were
observed in weight gain, whereas linear response (P <
0.001) was found in feed intake. At 31 D, weight gain,
feed intake, and feed per gain ratio were significantly
affected (P < 0.001) by dietary nPP levels. Both weight
gain and feed intake reached to plateau at 0.31% of
dietary nPP. Above 0.27% of dietary nPP, feed per gain
ratio was not improved by an increase in dietary nPP
levels. Overall (0 to 31 D), the increase in dietary nPP
levels improved weight gain, feed intake, and feed per
gain ratio (P < 0.001). Dietary nPP levels of 0.41% for
starter phase (0 to 14 D) and 0.31% for grower phase
(15 to 31 D) appeared to be adequate. An increase

of dietary nPP beyond that level did not improve
the growth parameters significantly. Nevertheless,
all 3 parameters linearly improved (P < 0.001) with
the increase in dietary nPP %, whereas weight gain
and feed intake responded in quadratic trend as well
(P < 0.05). There was no interaction between depletion
rates and dietary nPP levels in both phases.

Bone Characteristics

Influences of dietary nPP levels on tibia and toe ash,
and tibia breaking strength are summarized in Table 6.
At day 14, dietary nPP levels influenced toe ash
content, tibia ash content, and tibia breaking strength
(P < 0.01). Toe ash content did not respond to changes
in dietary nPP levels above 0.45%. However, tibia ash
content and tibia breaking strength reached to plateau
at 0.37% of dietary nPP. There were linear responses
for all 3 parameters (P < 0.01) and quadratic responses
for toe ash and tibia breaking strength (P < 0.01). At
31 D of age, only tibia ash content was influenced by
dietary nPP levels (P < 0.001). Above 0.31% of dietary
nPP, tibia ash did not respond to increase in dietary
nPP contents. There were both linear and quadratic
responses of tibia ash to dietary nPP levels (P < 0.001).

Expression of NaPi-Ilb

Relative expression of NaPi-IIb with reference to (-
actin is described in Figures 1 and 2. In both phases, the
group treated with highest level of dietary nPP (0.5 3%
for 0 tol4 D and 0.43% for 15 to 31 D) was assumed
as calibrator and compared with other groups within
the same period. At 14 D, relative expression of NaPi-
11b significantly increased with a reduction in dietary
nPP (P = 0.033). Below 0.49% of dietary nPP content,
expression of NaPi-IIb did not respond to the reduc-
tion in dietary nPP content. Nevertheless, expression
of NaPi-IIb linearly increased (P = 0.001) with a de-
crease in dietary nPP levels. Similarly, relative expres-
sion of NaPi-IIb was influenced by dietary nPP levels
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Table 6. Toe ash, tibia ash, and tibia breaking strength at 14 and 31 D of age.

nPP (%)

T1 T2 T3 T4 T5 T6
0to14D 0.33 0.37 0.41 0.45 0.49 0.53 P-value
15t0 31 D 0.23 0.27 0.31 0.35 0.39 0.43 SEM nPP Linear Quadratic
At 14 D
Toe ash (%) 9.324 10.68° 11.83° 12.18%P 12.48%P 12.54* 0.22 < 0.001 < 0.001 < 0.001
Tibia ash (%) 36.15" 38.75%P 39.44%P 40.92* 40.88* 41.31* 0.47 0.002 < 0.001 0.067
Tibia strength (kgf/mm)* 7.40P 7.542P 8.66" 8.70* 8.73% 8.77% 0.13 0.001 0.005 0.006
At 31 D
Toe ash (%) 13.36 14.08 14.28 14.24 14.97 15.47 0.66 0.782 - -
Tibia ash (%) 37.64¢ 40.80"¢ 44.24%P 45.47% 44.74* 44.61* 0.57 < 0.001 < 0.001 < 0.001
Tibia strength (kgf/mm) 17.83 18.91 19.29 19.50 19.58 19.72 0.30 0.520 - -

Kilogram force per millimeter.

2 dWithin comparisons, means in a row with no common superscript differs significantly (P < 0.05).

at 31 D of age (P < 0.001). Compared to the birds fed
with highest nPP content (T6), expression of NaPi-IIb
in birds fed with lowest nPP group (T1) was 2.20 folds
higher at 14 D and 3.58 folds higher at 31 D. There
were both linear and quadratic trends (P < 0.001) of
NaPi-1Ib expression in response to changes in dietary
nPP levels.

DISCUSSION

In this study, experimental diets were prepared in
practical approach by formulating diets for starter
(0 to 14 D) and grower (15 to 31 D) phases. Ac-
cording to NRC (1994) guidelines and broiler breed
recommendations, animals’ nutrient requirements
change with age and hence diets should be prepared in
accordance with different requirements for each growth
phase. It has been proved that dietary crude protein
significantly influenced on P retention and intestinal
NaPi-11b expression (Ajuwon et al., 2016).

Dietary Ca and P have significant interactions on
growth and bone performances in broilers. Imbalance
in Ca and P ratio, whether one of them is deficient
or excess, would adversely affect the homeostasis of the
other that would subsequently lead to poor growth per-
formance and bone mineralization (Shafey et al., 1990;
Hurwitz et al., 1995). Nevertheless, it is suggested that
broilers are highly adaptable to both Ca and P restric-
tion throughout the growing phase (Bar et al., 2007).
In the present study, dietary Ca content was kept the
same across all treatments while varying nPP content
resulting different Ca:nPP ratios in diet. Calcium con-
tent of 1.00% for 0 to 14 D and 0.90% for 15 to 31 D in
this study met the recommended dose for the broilers
(NRC, 1994).

In the current study, dietary nPP levels influenced
growth parameters in both growing phases. Dietary
nPP levels of 0.41 for 0 tol4 D and 0.31 for 15 to
31 D were required for optimum growth performance
(Table 5). Above those levels, growth performances
were insignificant although linear improvement (P <
0.001) was seen with an increase in dietary nPP lev-

els. This finding agrees with the recent studies in which
broilers fed with corn-soy based diet containing differ-
ent levels of nPP from 0.10 to 0.58% showed linear im-
provement in growth performance and daily weight gain
reached plateau at 0.38% of dietary nPP content on 21
D of age (Waldroup et al., 2000; Liu et al., 2017). In the
same study, Liu et al. (2017) found that feed per gain
ratio did not improve further when dietary nPP level
was 0.23% and above. Similar outcome was found in the
present study in which there was no treatment effect on
feed per gain ratio during first 14 D where dietary nPP
levels ranged from 0.33 to 0.53% (Table 5). Neverthe-
less, feed per gain ratio was affected (P < 0.001) by
dietary nPP levels from 15 to 31 D and an increase
in dietary nPP content linearly improved the feed effi-
ciency of the birds (P < 0.001). No significant interac-
tion between depletion ratio and dietary nPP levels was
also in agreement with the previous findings. High de-
pletion was seen when birds were feed with dietary nPP
of below 0.33% (Denbow et al., 1995; Liu et al., 2017).

In the present study, Ca:nPP ratio was decreased
as dietary nPP contents were increased across the
treatments. By increasing dietary nPP levels and con-
sequently decreasing Ca:nPP ratio, growth parame-
ters were linearly improved in both growth phases
(P < 0.05). This suggests that the increase in dietary
nPP improves growth performance while dietary Ca
was adequate. In other words, high Ca:nPP ratio re-
sulted in poor growth and bone performance compared
to lower Ca:nPP ratio groups. This has been reported in
previous studies (Rama Rao et al., 2006; Li et al., 2017;
Liu et al., 2017). Improvement in broiler body weight
gain, tibia ash, and tibia strength at the 42 D of age was
seen with an increase in dietary nPP from 0.23 to 0.43%
while keeping Ca at 0.90% (Rama Rao et al., 2006).
The same authors reported in another study that the
increase in dietary nPP from 0.25 to 0.40% improved
body weight gain, feed per gain, and tibia ash content
without changing feed Ca content (Rama Rao et al.,
1999).

Bone ash contents and bone strengths are the good
indicators to interpret the bone mineralization of Ca

610z [Mdy ] Uo Jasn AlsiaAlun 81e1S uolsnoH wes Aq L £25S1S/1L /2 Lzed/sd/zges 01 /1oporasge-aoie-aoueApe/sd/woo dno-olwspese//:sdny woJj papeojumoq



BROILER PHOSPHATE COTRANSPORTER GENES 7

and P. In the present study, fat was not extracted from
the bones prior to ash analysis. Studies have confirmed
that bone ash results were reliable and comparable re-
gardless of fat extraction (Yan et al., 2005; Garcia and
Dale, 2006). In their study, Liu et al. (2017) concluded
that tibia ash, toe ash, and tibia breaking strength
reached to plateau at dietary nPP level of 0.38% on
21 D of age. Optimum tibia ash content was found at
dietary nPP levels of 0.35% in broiler at 21 D of age
(Han et al., 2018). In the current study, tibia ash con-
tent reached to plateau at 0.37 and 0.31% for 14 and
31 D of age, respectively. Overall, dietary nPP levels of
0.41% for 0 to 14 D and 0.31% for 15 to 31 D were re-
quired for desirable tibia ash content. This finding fur-
ther strengthens the assumption that an increase in di-
etary nPP contents with adequate dietary Ca improves
bone characteristics in broilers. Toe ash and tibia break-
ing strength were significantly affected by dietary nPP
levels only in the first phase.

Different studies on broiler intestinal NaPi-IIb ex-
pression related to Ca and nPP were reported at the
broiler age between 0 to 21 D (Yan et al., 2007;
Han et al., 2009; Li et al., 2012; Huber et al., 2015;
Ajuwon et al., 2016; Liu et al., 2017). Data on NaPi-
1Ib expression in nPP restricted broilers older than 21
D are lacking. There were 2 reports that compared the
expression of NaPi-IIb in broilers at different ages (Li
et al., 2017; Han et al., 2018). However, those stud-
ies did not restrict dietary nPP levels. In this report,
role of duodenal NaPi-IIb expression in response to di-
etary nPP restriction has been studied both at younger
age (14 D) and older age (31 D). Intestinal NaPi-IIb is
responsible for over 90% active Pi transport in mam-
mals (Sabbagh et al., 2009) with the highest expression
found in duodenum of the chickens (Yan et al., 2007;
Han et al., 2009; Fang et al., 2012). In the present study,
relative expression of NaPi-IIb in duodenal mucosal
cells was analyzed by reverse transcriptase quantitative-
PCR. In both growth phases, dietary nPP levels sig-
nificantly influenced in relative expression of NaPi-1Ib
(Figures 1 and 2). Moreover, NaPi-IIb expression lin-
early increased with a reduction in dietary nPP (P <
0.001). During starter phase, NaPi-IIb in birds received
lowest nPP diet (0.33%) expressed 2.20 folds higher
than that of highest nPP group (0.53%). As dietary
nPP inclusion increased, expression of NaPi-IIb consis-
tently decreased. In grower phase, NaPi-IIb expressed
3.58 folds higher in lowest nPP group (0.23%) than in
highest nPP group (0.43%). A similar linear increase in
expression of NaPi-IIb in response to reduction in di-
etary nPP was observed in the recent studies in which
broilers were fed with different levels of dietary nPP
from 1 to 21 D of age (Liu et al., 2017; Han et al., 2018).
Study in laying hens also showed the effect of dietary
P restriction on NaPi-ITb expression (Nie et al., 2013).
Contrary, no significant effect of dietary nPP content
was observed in laying hen duodenal NaPi-IIb expres-
sion (Jing et al., 2018) and jejunal NaPi-IIb expres-
sion (Huber et al., 2006). Downregulation of NaPi-1Ib in
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Figure 1. Relative quantitation of NaPi-IIb in broilers at 14 days of
age in response to different (0.33-0.53%) dietary non-phytate phospho-
rus (nPP) levels. Mean fold changes in relative expression of NaPi-IIb
compared to (-actin were calculated relative to the respective values
at the nPP level of 0.53 (n = 6). Within comparisons, means in each
bar with no common alphabet differs significantly (P < 0.05).
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Figure 2. Relative quantitation of NaPi-IIb in broilers at 31 days
of age in response to different dietary non-phytate phosphorus (nPP)
levels. Mean fold changes in relative expression of NaPi-IIb compared
to B-actin were calculated relative to the respective values at the nPP
level of 0.43 (n = 6). Within comparisons, means in each bar with no
common alphabet differs significantly (P < 0.01).

higher nPP groups was explained that the paracellular
P transport pathway which transports intestinal P pas-
sively into blood predominates postprandial P trans-
port pathway (Cross et al., 1990). Huge amount of phos-
phate in digesta after meal induces the Na-independent
P transport and hence in high nPP diet groups, Na-
dependent pathway might have less workload to trans-
port P compared to low nPP diet groups (Cross et
al., 1990). Our study clearly showed that regardless of
Ca:nPP ratio, duodenal NaPi-IIb was upregulated in
low nPP groups and the effect was linear (P < 0.001).
The same response was also observed by Han et al.
(2018), where Ca was included the same in all diets with
different nPP contents. Moreover, a study in laying hens
revealed that expression of NaPi-1Ib linearly decreased
with an increase in dietary nPP levels whereas Ca level
was maintained the same for all diets (Nie et al., 2013).
In their study, Li et al. (2012) found that it was dietary
P that influences the intestinal NaPi-IIb expression and
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Ca levels did not influence NaPi-IIb expression (P =
0.77). However, Li et al. (2012) claimed that imbalance
of Ca in diets adversely affected expression of NaPi-
IIb by impairing the relative absorption of nPP. The
concentration of Ca does not effect on Na-dependent P
transport, and hence Ca and P transport systems are
assumed to work separately (Berner et al., 1976; Mat-
sumoto et al., 1980; Murer and Hildmann, 1981). It is
to note that, in our study, Ca was provided at standard
does for all treatments. In pigs fed with low P diets, in-
testinal P uptake was independent of Ca concentration
(Saddoris et al., 2010). Another study suggested that
parathyroid gland could sense the changes in plasma
P level, whereas Ca level was unchanged (Khoshniat
et al., 2011). Broilers fed with low P diet (0.25%) from
hatch to 4 D increased duodenal NaPi-1Ib expression in
3 folds compared to control (P 0.50%), whereas Ca:P
ratio was kept the same for each treatment (Ashwell
and Angel, 2010). The authors concluded that broilers
fed with low P diet from hatch to 4 D could handle P de-
ficiency in the grower and finisher phases. In our study,
broilers with low nPP diet (0.33%) from hatch to 14
D increased duodenal NaPi-IIb expression in 2.2 folds
compared to diet with nPP level of 0.53%. Data from
mice experiments suggested that increased expression
of intestinal NaPi-IIb protected severe bone demineral-
ization during Pi deficiency (Knopfel et al., 2017). This
might be true in the present study where tibia break-
ing strength was not numerically significant by the end
of the second growth phase even though significant re-
sults were found in the first phase (P < 0.01). It was
observed that a reduction of dietary nPP to 0.04% from
the recommended dose (0.45 to 0.41% for phase 1 and
0.35 to 0.31% for phase 2) could be practiced without
affecting growth performance and bone parameters ad-
versely. Higher expression of NaPi-IIb in nPP-deficient
diet groups might help in increasing Pi update from the
small intestine.

In conclusion, body weight gain, feed efficiency, bone
ash content, and bone strength were improved with the
increase in dietary nPP at the adequate level of dietary
Ca. Tibia ash content was found to be more sensitive
than toe ash in response to dietary nPP in grower pe-
riod (31 D). For optimum growth and bone character-
istics, dietary nPP levels of 0.41% for 0 to 14 D and
0.31% for 15 to 31 D were required. These values were
8.9 and 11.4% lower than the NRC (1994) recommenda-
tions for starter and grower phase, respectively. Intesti-
nal NaPi-I1Ib is a good candidate for dietary nPP levels
in chickens. Expression of NaPi-IIb increased constantly
with decrease in dietary nPP content in both grow-
ing periods. Intestinal NaPi-IIb works independently
from Ca:nPP ratio when the Ca requirements of chick-
ens were met. The gap in understanding of intestinal
NaPi-IIb expression related to dietary nPP restriction
in broilers older than 21 D of age was bridged in the
present study. Role of NaPi-IIb in response to differ-
ent Ca levels with fixed nPP in diets should be studied
further.
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