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ABSTRACT Previous studies with broiler breeders
indicate a P retention threshold when fed daily dietary
levels of non-phytate P (NPP) exceeding 320 mg.
Fibroblast growth factor 23 (FGF23) is a hormone
secreted by osteocytes which modulates P retention and
could be the biological agent which controls the P
threshold in breeders. To evaluate the relationship
between FGF23 and the P retention threshold, a 4-wk
study with 32-wk-old breeders was conducted with 6 die-
tary treatments with daily NPP intake of 216 to 576
mg/d/h with increments of 80 mg/kg diet. The goals
were 1) to elucidate how plasma FGF23 corresponds

with the P retention threshold in broiler breeders and 2)
to determine the amount of P for optimal egg production
and bone health. Results showed that between daily
288 mg and 360 mg dietary NPP intake, P retention
decreased from 33 to 26% but FGF23 levels increased
from 130 pg/mL to 220 pg/mL with increasing NPP.
The elevation of plasma FGF23 between the range of
288 mg to 360 mg dietary NPP/d intake suggests that
FGF23 is related to the P retention threshold and may
be the major hormone for regulating physiological P lev-
els when intake of daily dietary P levels are increased
above 288 mg NPP.
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INTRODUCTION

Fibroblast growth factor 23 (FGF23) is a hormone
dedicated to regulating phosphorus (P) concentrations
in the blood which works in tandem with other hor-
mones to regulate calcium (Ca): P balance (Kurosu et
al., 2006; Liu and Quarles, 2007; Smith et al., 2014).
Unlike parathyroid hormone and vitamin D, FGF23 is
phosphaturic by causing excretion of P from the kidney
(Erben, 2018). Recent studies in layers have demon-
strated that vaccines against FGF23 can improve P
retention, reduce P excretion, and increase eggshell qual-
ity (Ren et al., 2017). Unlike commercial layers, broiler
breeders are genetically designed to produce progeny
which are meant for meat consumption which changes
the dynamics of their Ca: P metabolism and hormone
regulation (Buzata et al., 2015). Breeders are continually
selected to improve reproductive traits, such as egg qual-
ity, and progeny performance, and there is potential for
FGF23 to be a biomarker for P metabolism in both pure-
line and commercial parent stock broiler breeders.
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Broiler breeders have complex Ca and P regula-
tions to meet the dual metabolic demand of synthe-
sizing eggshells while maintaining skeletal structural
integrity (de Matos, 2008). Eggshell thickness is cor-
related with the amount of circulating Ca present
which is derived from both the diet and medullary
bone reserves (Londero et al., 2018). Notably eggshell
quality influences hatchability which is modulated by
many factors including age of the hen, diet, environ-
mental conditions, genetic strain, stress, disease, and
nutrition (Bain, 2005; Ketta and Tumova, 2016).
Physiological P influences the availability of Ca
which impacts intestinal absorption, bone deposition,
and resorption of Ca and P due to tight blood
homeostatic control regulated by various hormones
including vitamin D and parathyroid hormone (Ade-
dokun and Adeola, 2013). Thus, dietary Ca: P ratio
and consequent daily intake of Ca and P dictates egg
production (EP), bone metabolism, and health of
both breeder and progeny (Ekmay and Coon, 2010;
Ekmay et al., 2012). Balancing the dietary Ca: P
ratio and amount of Ca and P in breeder diets is
essential due to the cost of the ingredients, the envi-
ronmental impact of P runoff when excreted, and risk
of causing Ca deficiency which can lead to osteoporo-
sis, osteomalacia, and thinner eggshells (Nieves, 2005;
Casteel et al., 2011; Moreki et al., 2011).
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Previous research suggests that the current non-phy-
tate phosphorus (NPP) requirement for breeder hens
overestimate the amount of P that is truly needed (Li,
et al., 2017; Plumstead, et al., 2007). The current Cobb
Breeder Management Supplements for both fast and
slow feathering breeder hens (Cobb-Vantress, 2020a,b)
recommend breeder diets contain 3.00 to 3.20% Ca and
0.38-0.42% NPP. Diets based on the breeder guide con-
tained 547 to 604 mg NPP/d at 144 g/d intake which
are 52 to 68% higher than the 360 mg NPP/d shown to
be necessary for proper maintenance in broiler breeders
at peak production (Ekmay and Coon, 2010). In order
to maintain homeostatic control of blood P, breeders
remove and excrete P during renal filtration with
dynamics that are responsive to dietary intake of Ca
and P (Wideman, 1987). There is a linear increase in P
excretion and a plasma P plateau at approximately
10 mg/dL for breeders when fed NPP levels above
360 mg NPP/d which suggests there is threshold for
maximum circulating blood P in broiler breeders
(Ekmay and Coon, 2010). The P retention threshold is
modulated by the dietary ratio of Ca: P, dietary Ca and
P levels, and presumably by other factors such as lime-
stone particle size and phytase (Plumstead et al., 2007;
Manangi, et al., 2018). Notably the NRC requirement
(National Research Council 1994) of 338 mg NPP/d for
broiler breeder hens is closer to 360 mg NPP/d require-
ment suggested by Ekmay and Coon (2010) than the
current industry recommendation of 576 mg NPP/d.

Currently there is no physiological explanation for
why the P retention threshold occurs for breeders con-
suming 360 mg NPP/d. The P retention threshold may
be controlled by hormones responsible for regulating Ca
and P metabolism such as parathyroid hormone, vita-
min D, and FGF23. The aim of the present study was to
determine in breeders if there is a relationship between
the P retention threshold at 360 mg daily intake of die-
tary NPP, hen production, and plasma concentrations
of FGF23.

MATERIALS AND METHODS

All procedures regarding the use of live animals in
this study were carried out in accordance with Animal
Use Protocol 13002, which was approved by the Univer-
sity of Arkansas Institutional Animal Care and Use
Committee.

Terminology

Several metrics of dietary P utilization are employed
in breeder research including 1) Total P: entire P con-
tent detected; 2) Available P: amount of relative bio-
available P; 3) NPP: total P content minus phytate
content of ingredients; 4) Digestible P: amount of P that
is absorbed from the gastrointestinal tract relative
to total P intake; 5) Retainable P: total P intake
minus P excreted (Shastak and Rodehutscord, 2015;
Rodehutscord et al., 2023). NPP is the primary P metric

utilized in present study in attempt to reproduce the cor-
relation observed between P retention and P metabolism
and related blood hormones (Ekmay et al., 2012) and
determining how blood FGF23 secretion changes.

Animals and Handling

A flock of 850 Cobb 500 broiler breeder hens was
delivered to the production house at the age of 20 wk.
Each hen was assigned an identification number and
placed in individual cages (47 cm high, 30.5 cm wide,
47 cm deep) with separate feeders and nipple waterers.
Hens were fed daily with a Cobb breeder feed (Supple-
mental Table 1) utilizing a modified Cobb breeder feed
allocation program (Supplemental Table 2) (Cobb-
Vantress, 2005). For wk 20 to 25, the amount of feed
offered was based upon pullet age, and beyond wk 25,
feed offered was based upon overall flock EP. Peak feed
was 144 g/h/d due to less energy needed for cage
breeders and was fed post-peak for the 4 wk balance
study (Ekmay et al., 2012; Ekmay et al. 2013). Hens
were kept in an environmentally controlled barn at 22°C
and 50 to 75% humidity. The lighting schedule began
with 12 h continuous light per 24 h per d at 21 wk of age
and increased 1 h per wk for the next 2 wks until reach-
ing 14 h per d. Light duration was further increased to
15 and 16 h at 20%, and 50% EP, respectively. EP was
recorded daily, and egg weights for each hen were deter-
mined twice a week. Eggs which were soft shelled,
cracked, dirty, or double yolk were recorded as such.

Balance Study

Beginning at wk 32, a total of 144 breeder hens were
switched from Cobb breeder feed to 6 experimental diets
(Table 1) with 24 hens per treatment for 4 wk. Experi-
mental diets were formulated to contain 0.15% through
0.40% increasing at 0.05% increments. The hens were
fed 144 g feed/d throughout the balance study. All eggs
were weighed and recorded daily starting at the begin-
ning of the balance study to account for P in the eggs.
At wk 35, all excreta from each breeder hen in the bal-
ance study was collected for 5 d.

Excreta and egg samples were freeze dried and ana-
lyzed for Ca and total P content by inductively coupled
plasma emission spectroscopy following procedures as
reported by Leske and Coon (2002). At the end of the
fourth-wk of the balance study, blood was drawn from
the hen’s wing vein within 30 min of laying an egg and
stored in heparinized blood collecting tubes. All hens
were euthanized after the completion of the 4-wk bal-
ance study through CO gas asphyxiation and right tib-
ias removed for measurement of breaking strength and
bone ash concentration. Blood samples were immedi-
ately centrifuged for plasma separation and stored at
-20°C until analysis (Tuck et al., 2009).

Plasma chicken specific FGF23 was analyzed
using a quantitative competitive immunoassay test kit
(Neobiolab, Cambridge, MA) developed following
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Table 1. Composition (%) of experimental diets and nutrient content.

Treatment 1 2 3 4 5 6
Ingredient, %

Corn 67.3 67.1 66.9 66.6 66.4 66.2
Soybean meal 20.1 20.2 20.2 20.2 20.3 20.3
Poultry fat 2.62 2.69 2.76 2.83 291 2.98
Limestone 8.26 8.09 7.93 7.76 7.60 7.43
Dicalcium phosphate 0.27 0.55 0.82 1.09 1.37 1.64
Salt 0.33 0.33 0.33 0.34 0.34 0.34
Sodium bicarbonate 0.20 0.20 0.20 0.20 0.20 0.20
Methionine 0.29 0.29 0.29 0.29 0.29 0.29
L-Lysine HCL 0.19 0.18 0.18 0.18 0.18 0.18
Choline 0.11 0.11 0.11 0.11 0.11 0.11
Mineral premix’ 0.20 0.20 0.20 0.20 0.20 0.20
Vitamin premix2 0.10 0.10 0.10 0.10 0.10 0.10
Ethoxyquin 0.02 0.02 0.02 0.02 0.02 0.02
Nutrient

Crude protein (%) 15.5 15.5 15.5 15.5 15.5 15.5
Crude fat (%) 5.18 5.24 5.30 5.37 5.43 5.50
Ca (%) (Calculated) 3.25 3.25 3.25 3.25 3.25 3.25
Total P (%, Calculated) 0.38 0.43 0.48 0.53 0.58 0.63
Total P (%, Analyzed) 0.43 0.45 0.48 0.56 0.63 0.66
Available P (%, Calculated)® 0.17 0.22 0.27 0.32 0.37 0.42
NPP (%, Calculated) 0.15 0.20 0.25 0.30 0.35 0.40
NPP (%, Analyzed) 0.15 0.21 0.26 0.32 0.35 0.41
NPP (mg, Calculated)* 216 288 360 432 505 576
NPP (mg, Analyzed) 217 302 374 461 504 590

'Provided per kg of diet: Zn, 150.6 mg; Mn, 180 mg; Fe, 20.16 mg; Cu, 2.04 mg; Se, 03 mg

*Provided per kg of diet: Vitamin A, 13,200 IU; Vitamin E, 66 IU; Vitamin D3, 3,950 ICU; Niacin, 74.25 mg; D-Pantothenic acid, 33 mg; Riboflavin,
19.8 mg; Pyridoxine, 5,000 mg; Thiamine, 3.3 mg; Menadione, 3.3 mg; Folic acid, 3.3 mg; Biotin, 0.33 mg; Vitamin B12, 0.0297 mg.

3Calculated available P using the slope ratio assay with mono calcium phosphate as the reference standard (Apke et al., 1987; Plumstead, et al., 2007).

“Calculated amount of NPP for each respective diet assuming an expected daily intake of 144 g.P, phosphorus; NPP, non-phytate phosphorus.

c¢GMP procedures providing information for precision
(Intravariability CV: 4.9—6.2%, Intervariability CV: 8.2
—9.5%), dilutional linearity (84—99%), and recovery (85
—95%) of the chicken-FGF23 protein (Andreasson et
al., 2015). Neobiolab couldn’t verify if the chicken-
FGF23 ELISA kit detected exclusively the activated
form or total amount of this protein and the overall sen-
sitivity towards other proteins. While not provided by
the vendor, this work determined a limit of detection at
3.51 pg/mL and a limit of quantitation at 10.65 pg/mL
for the FGF23 ELISA kit. Plasma total inorganic phos-
phorus (IP) was measured using a colorimetric assay
with an intrasample coefficient of variation less than 5%
(Pointe Scientific, Lincoln Park, MI). Tibias were ana-
lyzed for bone-breaking force by the sheer force measure-
ment method described by Wilson (1991), utilizing an
Instron Universal Testing Machine (Model 1123, Instron
Corp., Canton, MA). Following the sheer test, the tibias
were defatted in a container of 90% alcohol for 24 h fol-
lowed by refluxing in petroleum ether in a Soxhlet appa-
ratus for 48 h. The defatted tibia samples were oven-
dried at 110°C for 24 h and ashed in ceramic crucibles
for 24 h at 600°C in concordance with standard AOAC
procedures (AOAC Method 972.15, 1990). Ash content
was determined as dry, fat-free tibia, and expressed as g
of ash/bone and as a percentage of the defatted tibia
weight.

Statistical Analysis

All data were analyzed by using one-way ANOVA
(version 9, SAS Institute, 1989, Cary, NC). All

statements of significance were based on testing at P <
0.05. Plasma IP, plasma FGF23, and excreta P data
were subjected to broken-line regression analysis which
involved linear and quadratic regression to determine
curvilinear responses to dietary NPP intake (Coon et
al., 2007). Both 1-slope and 2-slope broken-line regres-
sion models were utilized to estimate the slope of lines
and the point at which the lines intersect (Robbins,
et al., 1979; Leske and Coon, 2002). Differences between
treatments were explored using principal component
analysis (PCA) and heatmap clustering using Pearson’s
correlation coefficients through MetaboAnalyst software
with data normalized using Pareto scaling and a false
discovery rate (Ringnér, 2008; Chong et al., 2018).

RESULTS
Dietary NPP and Production Parameters

EP as a percentage of all the hens that were included
in the experiment at housing (HHEP) versus each indi-
vidual treatment fed a graded level of NPP was not
significantly different across treatments (P = 0.512)
(Table 2). No statistical differences were found between
hen-d egg production % (HDEP) and intake of diets
with increasing NPP (P = 0.135). There was no effect of
intake of NPP in the diet on mortality (P = 0.499).
Change in BW of the hens from the beginning of the
study to the end was not impacted by intake of NPP in
the diet (P = 0.499). There were no treatment effects on
egg weight (EW) or tibia bone ash percentage. Excre-
tion of P increased with intake of total P and NPP
in the diet (P < 0.01) including an inflection point at
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Table 2. Production performance parameters from hens fed diets
containing 6 different levels of NPP from 32 to 36 wk of age'

Table 4. Plasma IP and FGF23 concentrations in 36-wk-old
broiler breeder hens fed graded levels of NPP.

HHEP HDEP Mortality Change in
(%) (%) (% of total) BW (g) EW (g)

Diet”

1 55.0 61.0 0.00 108 64.3
2 57.0 62.0 0.00 109 65.2
3 52.0 57.0 0.00 109 64.7
4 50.0 57.0 4.16 103 65.0
5 55.0 61.0 0.00 106 64.8
6 56.0 61.0 0.00 109 66.2
SEM 43.0 16.0 2.30 1.60 0.70
P Value 0.51 0.14 0.22 0.50 0.13

Values are presented as means = SEM for the 4-wk production period.

2Analyzed Values: Diet 1 = 216 mg NPP; Diet 2 = 288 mg NPP; Diet

= 360 mg NPP; Diet 4 = 432 mg NPP; Diet 5 = 505 mg NPP; Diet

6 = 576 mg NPP. Diets were calculated to equate to an intake of NPP /d

assuming an intake of 144 g feed/d.BW, body weight; EW, egg weight;

HDEP, hen-day egg production; HHEP, hen housed egg production;
NPP, non-phytate phosphorus.

643 mg total P (360 mg NPP) intake where excretion
increased more rapidly (Table 3). Total P retention
decreased at an intake of 360 mg NPP in the diet and
continued to decrease as the amount in the diet
increased. Total P excretion was highest for breeders fed
432, 505, and 576 mg dietary NPP which coincides with
the decrease in P retention. P retention did not exhibit a
significant linear response to increasing intake of NPP in
the diet.

Plasma Markers of NPP Metabolism

There was a significant diet effect on plasma IP as the
concentration of P in the blood increased with intake of
NPP in the diet (P = 0.04) (Table 4). Plasma IP exhib-
ited a significant linear increase with intake of increasing
dietary NPP levels with the greatest increase between
216 and 360 mg NPP intake (P < 0.01); afterwards
plasma IP plateaued at 10 mg/dL (Figure 1). Plasma
FGF23 increased between intake of 216 and 288 mg die-
tary NPP; afterwards FGF23 levels remained relatively

Table 3. P retention and tibia ash in 36-wk-old broiler breeder
hens fed graded levels of dietary NPP from 32 to 36 wk of age.

Total Total Tibia

Total excreta P retention bone

P (mg) P (mg) (%) ash (%)
Diet”
1 576 381 34.1 56.0
2 603 401 33.5 54.2
3 643 476 26.1 56.7
4 750 579 22.8 56.9
5 844 629 25.5 56.4
6 884 664 24.9 56.8
SEM NA 52.2 6.80 3.72
P Value NA <0.001 0.03 0.56

'Retention defined as (intake-excretion) /intake x 100.

2Analyzed values: Diet 1 = 216 mg NPP; Diet 2 = 288 mg NPP; Diet
3 = 360 mg NPP; Diet 4 = 432 mg NPP; Diet 5 = 505 mg NPP; Diet
6 = 576 mg NPP. Diets were calculated to equate to an intake of NPP /d
assuming an intake of 144 g feed/d.NPP, non-phytate phosphorus; P,
phosphorus.

Plasma IP (mg/dL) Plasma FGF23 (pg/mL)

Diet

1 7.56" + 1.64 130" + 179
2 8.827" + 259  201° + 136
3 10.3" + 2.32 205 + 632
4 9.87" + 1.97 205" + 304
5 10.6" + 223 207" + 471
6 10.2° + 1.94 220" + 413
SEM 2.25 57.2

P Value  0.04 <0.001

! Analyzed Values: Diet 1 = 216 mg NPP; Diet 2 = 288 mg NPP; Diet
3 = 360 mg NPP; Diet 4 = 432 mg NPP; Diet 5 = 505 mg NPP; Diet
6 = 576 mg NPP. Diets were calculated to equate to an intake of NPP/d
assuming an intake of 144 g feed/d.

*PMeans within a column not sharing a letter are significantly different
(P < 0.05).FGF23, fibroblast growth factor 23; IP, inorganic phosphorus;
NPP, non-phytate phosphorus.

constant at approximately 200 to 210 pg/mL, regardless
of increasing dietary NPP intake. There was a signifi-
cant linear relationship (P < 0.05) between plasma
FGF23 and plasma IP with a breakpoint in slope
between 216 and 288 mg dietary NPP intake (Figure 1).
Excreta P demonstrated a linear relationship with
plasma IP (P < 0.05) with a breakpoint in slope at
approximately 216 mg dietary NPP intake (Figure 2).
Plasma FGF23 had a quadratic relationship with
excreta P between 216 and 288 mg where the breakpoint
in slope occurred; afterwards there was no correlation
(Figure 3). The breakpoints for excreta P and dietary P
occurred between 288 and 360 mg dietary NPP intake,
between 288 and 360 mg NPP dietary intake for plasma
IP, and 216 and 288 mg NPP dietary intake for plasma
FGF23 (Figure 4). Principal component analysis
(PCA) was used to assess differences in biomarkers of P
metabolism across the dietary groups (Figure 5). Princi-
pal component analysis demonstrated clear separation
of diets 2 and 3, 288, and 360 mg NPP dietary intake
respectively, from the other treatment groups. Principal
components (PC) 1, 2, and 3 were mainly attributed to
excreta P, plasma FGF23, and plasma IP, respectively.
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Figure 1. Plasma concentrations of circulating FGF23 against IP
in broiler breeders which had been fed diets containing different levels
of NPP for 4 wk. FGF23, fibroblast growth factor 23; IP, inorganic
phosphorus; NPP, non-phytate phosphorus.
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Figure 2. Excreta P against plasma IP in broiler breeders which
had been fed diets containing different levels of NPP for 4 wk. IP, inor-
ganic phosphorus; NPP, non-phytate phosphorus; P, phosphorus.

Across PC1, diets 2 and 3 were lower than other treat-
ment groups on the PC2 axis.

DISCUSSION

Determining the optimal concentration of dietary
NPP for breeders is a major challenge for producers due
to the simultaneous need to maintain eggshell quality,
skeletal integrity, and minimize P run off (Sims and
Wolf, 1994). Breeder P studies suggest that the dietary
available P levels recommended by breeder nutrition
guidelines are potentially higher than the actual require-
ment (Ekmay et al., 2012). Currently there is no physio-
logical mechanism to support the established retention
threshold of P that is in conflict with the current indus-
try dietary guidelines (Ekmay and Coon, 2010). Despite
the application of antagonists against FGF23 in layers
for improving eggshell quality and enhancing P reten-
tion, limited research has been conducted regarding
FGF23 in breeders (Ren et al., 2017; Ren et al., 2018).

In addition to the current study, all work to date
(2024) characterizing FGF23 in poultry have employed
different assays which lack validation and this must be
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Figure 3. Plasma concentrations of circulating FGF23 against
excreta P in broiler breeders which had been fed diets containing differ-
ent levels of NPP for 4 wks. FGF23, fibroblast growth factor 23; NPP,
non-phytate phosphorus; P, phosphorus.

considered when interpreting results (Poorhemati, et al.,
2023). Despite discrepancies in detection of chicken
FGF23 and sample preparation including usage of serum
or plasma between studies, the values presented here
(130—220 pg/mL) are comparable with previous work
with a confidence interval of 215 to 297 pg/mL in
broilers and 178 to 339 pg/mL in layers with a cumula-
tive meta average of 256 pg/mL (Jiang et al., 2015; Hor-
vat-Gordon et al., 2019; Ren et al., 2019; Poorhemati et
al., 2023). While this work and related poultry-FGF23
research utilized serum or heparinized plasma, recent
research suggest utilization of EDTA plasma which
improves analyte stability and will provide accurate
quantitation (Heijboer and Cavalier, 2023). Addition-
ally, there have been recent developments in FGF23
detection in other models including a validated assay for
humans, but this has yet to be done for poultry (Souber-
bielle et al., 2017).

The present study supports the P retention threshold
between 216 and 360 mg daily dietary intake of NPP
demonstrated by the changes in plasma FGF23, plasma
IP, and excreta P (Figures 1—4). Dietary Ca and Ca:P
are equally important parameters for considering
changes in P metabolism as this study employed a con-
stant 3.25% dietary Ca with Ca:P ranging from 5.16 to
8.55 (calculated) and 4.92 to 7.56 (analyzed) which are
comparable with the Cobb breeder diet (Ca: 3.00%, Ca:
P: 6.67, Supplemental Table 1) and previous breeder
work with Ca:P ranging from 5.16 to 8.55 (calculated)
(Ekmay et al., 2012; Manangi et al., 2018). At daily die-
tary intake between 288 and 360 mg NPP, there is a
shift in the relationship of the P biomarkers where prin-
cipal component 2, mainly determined by FGF23, is
decreased as shown by the PCA group separation
(Figure 5). The altered P metabolism between 288 and
360 mg NPP daily intake agrees with previous studies
reported for breeders utilizing various dietary amounts
of Ca and P (Manangi et al., 2009; Ekmay et al., 2012).
While not in complete alignment with the optimal
amount of P utilization in breeders, which is between
288 and 360 mg daily intake of NPP, data from the cur-
rent study demonstrate that FGF23 secretion is upregu-
lated at 288 mg daily intake of NPP prior to maximum
P excretion. FGF23 concentrations plateau in the
plasma at 210 pg/mL, which corresponds with 9 mg/dL
plasma IP where P excretion begins to linearly increase
with dietary NPP intake. The plateau in FGF23 secre-
tion suggests that this hormone is part of the regulatory
control of the P retention threshold in breeders once die-
tary NPP intake exceeds 216 mg NPP. Notably previous
work in layers with a dietary P range of 3 to 9 g/kg with
unknown NPP did not find a correlation between plasma
IP and FGF23 which may be potentially attributed to
variable dietary NPP, differences in FGF23 detection,
and sample utilized and or preparation (Poorhemati et
al., 2023). The P requirement of breeders can be modu-
lated with dietary factors such as phytase, limestone
particle size, limestone solubility, Ca and P daily intake,
and the ratio of Ca: P, however, further work is needed
to understand how each of the factors would influence
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Figure 4. Heatmap clustering analysis of P retention biomarkers Analyzed Values: Diet 1 = 216 mg NPP; Diet 2 = 288 mg NPP;
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assuming an intake of 144 g feed/d. FGF23, fibroblast growth factor 23; NPP, non-phytate phosphorus; P, phosphorus.

FGF23 secretion (Plumstead et al., 2007; Manangi,
et al., 2018).

The current work demonstrates that daily dietary
intake of NPP ranging from 216 to 576 mg for 4 wk had
no negative impact on EP or health parameters in
breeders (Table 2). Moreover, the present study suggests
at least 216 mg/d NPP intake is sufficient to maintain
production for 4 wk. The present study agrees with pre-
vious work reported for breeders and layers that 216 to
360 mg/d NPP intake is sufficient for EP (Triyuwanta,
et al., 1992; Boling et al., 2000; Keshavarz, 2000).
Ekmay et al. (2012) reported that lowering daily dietary
intake of NPP to 288 mg did not impact HHEP or
HDEP. However, breeders consuming below 216 mg/d
dietary NPP had decreased EP and increased mortality
(Ekmay et al., 2012). The P retention threshold demon-
strates that breeders have the capacity to change their
metabolism in response to dietary P intake which
involves alterations in excretion of P, resorption of med-
ullary bone, and absorption through the small intestine
(Whitehead, 2004; Huber et al., 2006). Due to the com-
plexity and adaptability of P metabolism there are
many aspects that are not understood in breeders.
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Therefore, there is potential to utilize FGF23 as a bio-
marker of P retention to optimize dietary intake of NPP
to improve animal health, eggshell quality, and improve
sustainability by reducing P waste.

Throughout the present 4-wk P balance study, there
was no difference in EP, egg weight, mortality, tibia
bone ash, or BW for hens offered diets comprised of
0.15% through 0.40% NPP, or 216 through 576 mg
intake of NPP/d. Above 288 mg dietary NPP intake
total excretion of P was significantly altered and began
to rapidly increase (P < 0.05) (Table 3). Plasma IP was
significantly modulated (P < 0.05) by dietary NPP
intake and had the same inflection point as the P excre-
tion between 288 and 360 mg dietary NPP intake.
Plasma FGF23 had the same plateau pattern as plasma
IP and an inflection point between 216 and 288 mg NPP
dietary intake. Thus, the optimal level of dietary intake
of NPP/d for EP in breeder hens is between 288 and
360 mg where both P retention and Ca: P ratio is main-
tained for optimal eggshell synthesis and both bone
integrity and cellular maintenance are preserved. The
pattern of FGF23 secretion mimicking plasma IP and P
excretion may signify that this hormone is the major

wn -
o [ g\x ADiet 1: 216 mg NPP/d intake
h © -+ Diet 2: 288 mg NPP/d intake

. SN X Diet 3: 360 mg NPP/d intake
© ODiet 4: 432 mg NPP/d intake
o~ V Diet 5: 505 mg NPP/d intake
O w X Diet 6: 576 mg NPP/d intake
& )
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-40 -20 0 20 40

PC 1 (93.7%)

Figure 5. 2D representation of PCA of P metabolism indicators. NPP, non-phytate phosphorus; P, phosphorus; PC, principal component;

PCA, principal component analysis.
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regulator for these phenomena, however, further mecha-
nistic studies are needed to verify this.

Eggshell formation is a strictly regulated process
which involves biomineralization through coupling of
eggshell matrix proteins with calcium and carbonate
ions within uterine fluid (Rodriguez-Navarro, et al.,
2015). The calcium needed for this process is supplied
solely via the blood through trans-epithelial transport to
uterine gland cells as there are no reserves of calcium
within the shell gland (Jonchere, et al., 2012). Medullary
bone hydroxyapatite is the primary tissue reserve for
calcium which is resorbed by osteoclastic activity during
egg shell synthesis (Kerschnitzki, et al., 2014). Addition-
ally, dietary calcium absorbed from the small intestine
can be directly used for eggshell synthesis which further
emphasizes the importance of nutrition, dietary Ca:P,
and specifically NPP intake (Ekmay et al., 2012). Mech-
anistically dietary intake of NPP and subsequent ele-
vated plasma physiological P inhibit intestinal Ca
absorption and Ca resorption from medullary bone (De
Vries, et al., 2010). Physiological P inhibits eggshell cal-
cite formation and must be excreted when Ca is liber-
ated from medullary bone hydroxyapatite by osteoclasts
(Sinclair-Black, et al., 2023). Parathyroid hormone
drives eggshell synthesis by increasing plasma Ca but
cannot remove P which is regulated specifically by
FGF23. Therefore, plasma FGF23 is linked to eggshell
quality and bone health through regulating plasma
physiological P.

Assuming an average healthy breeder BW of 2.16 kg,
the inflection point of P retention change is approxi-
mately 0.15 to 0.19 mg intake of NPP/g-BW (Ekmay
and Coon, 2010). Compared to the broiler progeny of
breeders, which rapidly gain BW ranging from 193 g at
wk 1 (0.41 mg NPP/g-BW intake), up to 3 kg by wk 6
(0.18 mg NPP/g-BW intake), the amount of NPP
intake relative to BW for breeders is much lower than 0
to 4 wk broilers (Leske and Coon, 2002). Due to the
static nature of BW relative to NPP intake for breeders,
the ability to utilize a biomarker for P retention changes
in adult animals is different compared to their progeny
which have constantly changing ratios of NPP:BW.
Between breeders and progeny there exists 3 physiologi-
cal states of P metabolism which could potentially be
gauged by concentrations of FGF23 and other enzymes
including tartrate resistant acid phosphatase and bone
alkaline phosphatase as biomarkers (Ekmay et al., 2012;
Magnuson, 2015). Breeder hens have 2 states of P mobi-
lization; the first is resorption of medullary bone by
osteoclasts to liberate Ca for eggshell synthesis with a
simultaneously release of P that is excreted (Moreki,
2005). The second state for breeders is when there is no
mineral demand for eggshell calcium carbonate synthe-
sis, there is bone mineral deposition by osteoblasts to
rebuild medullary bone hydroxyapatite (Gay et al.,
2000). Unlike breeder hens, broilers are in a different
third state of P metabolism which is the continuous
building of cortical bone by osteoblast function (Sher-
lock et al., 2010). Notably, broilers have a changing rate
of organ development relative to soft tissue and bone

depending on age which may influence P metabolism
and subsequent hormonal regulation (Griffin and God-
dard, 1994). In summary, there are several differences
between breeder and broiler P metabolism including the
type of bone being impacted, whether there is a continu-
ous or alternating state of resorption and deposition,
and the ratio of kidney, small intestine, and bone size rel-
ative to the overall weight of the animal, all of which can
influence P regulation and utilization of biomarkers.

In conclusion, the present study suggests there is a
strong link between circulating plasma FGF23, plasma
physiological P, and subsequent plasma physiological
Ca. Plasma physiological P and Ca are respectively neg-
atively and positively associated with eggshell thickness
and skeletal integrity which are subject to the inherent
variation of P utilization within flocks. Therefore, there
is potential to select for breeder pullets which have
stronger bones and breeder hens that produce stronger
eggshells by using their plasma concentrations of FGF23
as an indicator for optimal P retention. Further studies
are necessary to determine the mechanistic relationship
between FGF23 and the P retention threshold.
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