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a  b  s  t  r  a  c  t

The  current  feeding  programs  used  for  broiler  breeder  hens  need  information  on how  to
make  use  of  the  genetic  potential  more  efficiently  by modelling  the  amino  acid  (AA)  require-
ments. Thus,  this  study  aimed  to  determine  the  model  parameters  for maximum  nitrogen
retention  (NRmaxT),  nitrogen  maintenance  requirement  (NMR)  and the efficiency  of lysine
utilization  (bc−1)  to determine  the  lysine  (Lys)  requirements  of broiler  breeder  hens.  Nitro-
gen  balance  trials  were  performed  in  two  periods  (I: 31–35  wks  and II:  46–50  wks).  Seven
dietary  treatments  were  used  with  eight  replicates  and  one  hen  per cage;  the  treatments
consisted  of  seven  diets  with  protein  levels  ranging  from  58.8  to 311.9  g/kg of  feed,  with
Lys  being  limiting  in  the  dietary  protein  (c  = 3.91  g of  Lys  in  100  g  of  CP).  For  each  period,
nitrogen  intake  (NI),  nitrogen  excretion  (NEX),  nitrogen  in  egg  mass  (NEM),  nitrogen  depo-
sition (ND)  and  nitrogen  retention  (NR,  NR  =  ND  + NEM  + NMR)  were obtained  in a N balance
trial of  25 days.  The  NMR  was  calculated  as  the  intersection  point  of  the exponential  curve
between  NEX  and  NI at NI  =  0. The  NRmaxT and  b (slope  related  to protein  quality)  were
estimated  by  the  exponential  fit between  NR and  NI. The  Lys  efficiency  bc−1 was obtained
dividing  b by  c. The  likelihood  ratio  test  for the model  parameters  yielded  255  mg/BWkg

0.67

for  NMR,  0.000117  for  b  and  1684  mg/BWkg
0.67 (period  I)  and  1484  mg/BWkg

0.67 (period  II)
for  NRmaxT. The  necessary  Lys  intake  dependent  on  NR  and  Lys  efficiency  was derived  by
the  equation  Lys  =  (lnNRmaxT-ln(NRmaxT-NR))/(16  ×  bc−1). Lys  intakes  required  to achieve
0.80  times  the  maximum  potential  (NRmaxT)  were  915  mg and  876  mg in  the  period  I and
II,  respectively.  For  broiler  breeder  hens,  assuming  0.80  times  the NRmaxT value  and  aver-
age efficiency  of  Lys utilization,  6.02  g/kg  (31–35  wk)  and 5.96  g/kg  (46–50  wk)  digestible
dietary  Lys  were  observed  as optimal  digestible  Lys  concentration  in  the  diet (correspond-
ing  to 152  and  147  g  of  daily  feed  intake,  respectively).  Results  of model  calculations  need
verification  in  performance  trials  with  evaluation  of  nitrogen  deposition  and  varying  dietary
Lys efficiencies.
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1. Introduction

Over the past years, breeder companies made significant progress in producing more efficient broiler breeder hens
with higher egg production. On the other hand, to maintain optimum production of hatching eggs, broiler breeder are fed
restrictively to prevent overweight related to reproductive problems (Richards et al., 2010). Therefore, the amino acid (AA)
recommendations for broiler breeder hens should be made considering these conditions.

The description of the potential performance of the animal as determined by the genotype is the first step in the determi-
nation of amino acid requirements (Hauschild et al., 2015). The modelling procedure as proposed by “Goettingen approach”
(Samadi and Liebert, 2007; Samadi and Liebert, 2008; Pastor et al., 2013; Dorigam et al., 2014; Khan et al., 2015; Liebert, 2015)
makes use of the maximum “theoretical” nitrogen retention (NRmaxT) to characterize the genetic potential, i.e. the asymp-
tote estimated from the exponential function for nitrogen retention (NR) depending on nitrogen intake (NI). The attribute
“theoretical” suggests that the NRmaxT value are generally not in the range of practical performance data but estimate the
genetic potential (Samadi and Liebert, 2006). In a previous review, Liebert (2015) stated that the genetic potential is defined
as an unreachable “theoretical” threshold value and the potential defined in this way  cannot realized even with optimized
feeding strategy or environmental conditions. However, the same author mentioned that once the ranking of such threshold
value is well defined, no problem exist for further model application. In broiler breeder hens, this concept becomes useful
since these birds are not allowed to attain their full genetic potential for growth due to feed restriction regimen but they are
fed protein and other nutrients to maximize the potential for egg production and the number of fertile eggs (Richards et al.,
2010).

The NRmaxT parameter is important because current feeding programs need information how to make use of the genetic
potential for NR more efficiently and AA requirements therefore. However, experimental data from similar studies are
available from Halle et al. (1984b), but insufficiently related to modern broiler breeder hens’ genotype. In Halle et al. (1984b)
study’s, the NRmaxT value of 1440 mg/BWkg0.67 found for broiler breeder hens at peak production (29–30wks) consider only
the NR in the body which is calculated by subtracting the nitrogen deposited in egg mass (NEM) from nitrogen balance
data. Recently, this concept has changed and the current researches based on nitrogen utilization models consider also the
NEM as a part of total NR (Sünder et al., 2010). This clear have an impact in genetic potential which justify another study to
reevaluate the NRmaxT parameter for modelling purposes.

In poultry nutrition, lysine (Lys) is the second limiting amino acid in practical diets and is mostly used as reference AA
to relate other essential AA by the ideal protein concept (Lemme, 2003). A deficiency of Lys results in lower egg production
(Domingues et al., 2012). Consequently, the Lys requirement should be known at high level of validity. From a biological point
of view, Silva et al. (2015) recommended a daily lysine intake of 643 mg/hen per day, which is lower than the recommendation
of 954 mg/hen per day based on the optimum economic intake of lysine for a population of broiler breeder hens estimated
by the Reading model. In another recent study, Ekmay et al. (2013b) found the Lys intake of 909 and 926 mg/hen for product
output (egg mass plus body weight gain) and feed conversion, respectively, considering 95% of the asymptote from the
polynomial regression. Although there is different approaches and response criterions, none of them considered NR as
criterion to estimate AA requirements. Consequently, it can be summarized that experimental data to derive AA requirements
from nitrogen balance data for breeding hens are scarce. Therefore according to mentioned points, the aim of this study was
assessing the digestible Lys requirement of broiler breeder hens based on model application (Goettingen approach) taking
into account the potential for NR and the dietary Lys efficiency.

2. Material and methods

2.1. Ethics approval

This study was approved by the Ethics Committee on Animal Use of the Faculty of Agriculture and Veterinary Sciences,
UNESP, Jaboticabal (no 9999/14).

2.2. Birds, housing and experimental design

Two nitrogen balance trials were conducted at the Laboratory of Poultry Sciences of the University of Agrarian and
Veterinary Sciences – FCAV/UNESP, Jaboticabal, São Paulo, Brazil. The N balance trials were performed from 31 to 35 weeks
(Period I) and from 46 to 50 weeks of age (Period II). Each study utilized 56 broiler breeder hens of the Ross 308AP genotype.
The hens were individually allotted in a completely randomized design with seven dietary treatments and eight replicates

per treatment. The experimental units contained metabolic cages with wire floors, individual feeders and self-drinking
systems, respectively. The facilities were equipped with a negative-pressure ventilation system with controlled humidity
and temperature, which was kept at 21 ◦C. The lightning program used was  13 h of light according to Ross parent stock
manual (Aviagen, 2013).
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Table  1
Composition of the experimental diets.

Ingredients (g/kg) Diets

Summit (N6) Dilution (N0)

Corn 367.28 –
Soybean meal (450 g/kg) 351.82 –
Corn  gluten meal (600 g/kg) 180.00 –
Limestone 68.48 63.00
Dicalcium phosphate 12.96 18.90
Soybean oil 9.57 65.00
Salt  4.63 3.30
DL-Methionine (990 g/kg) 2.86 –
Mineral and vitaminic supplementa 2.00 2.00
L-Tryptophan (980 g/kg) 0.27 –
L-Lysine·HCl  (780 g/kg) 0.10 –
L-Threonine (990 g/kg) 0.03 –
Potassium chloride – 11.40
Corn  starch – 570.00
Inert  (sand) – 60.00
Rice  husk – 178.00
Sugar  – 28.40

a Content/kg − vit. A = 9000000 IU, vit. D3 = 2600000 IU, vit. E = 14000 mg, vit. B1 = 2200 mg,  vit. B2 = 6000 mg,  vit. B6 = 3000 mg,  vit. B12 = 10000 mg,
Niacin  = 30000 mg, pantothenic acid = 15000 mg,  vit. K = 1600 mg,  folic acid = 600 mg,  selenium = 200 mg, manganese = 70000 mg, iron = 50000 mg,
zinc  = 50000 mg,  copper = 8000 mg,  iodine = 1200 mg.

Table 2
Nutritional composition and digestible amino acid content of the diets (as-fed basis).

Nutrients, g/kg Diets

N1 N2 N3 N4 N5 N6 N7

Crude protein 58.75 111.25 176.25 219.37 287.50 311.87 80.75
Ether  extract 62.40 56.84 51.29 45.73 40.18 34.62 59.36
Crude  fibera 64.31 56.93 49.55 42.18 34.80 27.42 60.29
Calciuma 30.00 30.00 30.00 30.00 30.00 30.00 30.00
Sodiuma 1.57 1.66 1.74 1.83 1.91 2.00 1.62
Potassiuma 6.25 6.55 6.84 7.14 7.44 7.74 6.35
Available Phosphorusa 3.50 3.50 3.50 3.50 3.50 3.50 3.50
AMEn  (MJ/kg)b 11.70 11.70 11.70 11.70 11.70 11.70 11.70
Amino  acid compositionc

Lysine 2.30 4.35 6.90 8.57 11.25 12.18 4.41
Arginine 2.84 5.34 8.37 10.57 13.88 15.43 2.94
Histidine 1.37 2.54 3.98 5.15 6.58 7.29 1.49
Isoleucine 2.20 4.23 6.58 8.15 10.74 11.58 2.55
Leucine 6.17 11.73 18.65 23.25 30.16 32.74 7.24
Methionine + Cystine 2.36 4.42 7.07 8.65 11.45 12.38 2.69
Methionine 1.49 2.84 4.54 5.57 7.42 7.97 1.60
Threonine 2.24 4.24 6.69 8.27 10.88 11.80 2.51
Phenylalanine 3.08 5.73 9.09 11.32 14.29 16.07 3.60
Phenylalanine + Tyrosine 4.99 9.43 14.91 18.60 24.37 26.50 5.72
Tryptophan 0.52 0.99 1.56 1.96 2.55 2.80 0.60
Valine  2.58 4.88 7.73 9.61 12.65 13.63 3.14

a Calculated composition using data from the Brazilian Tables for Poultry and Swine (Rostagno et al., 2011).
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b Apparent metabolizable energy corrected by nitrogen balance, calculated.
c Analyzed composition of the amino acids in the experimental diets.

.3. Experimental diets

Principles of the diet dilution technique were applied as described by Fisher and Morris (1970). Initially, a Lys limiting
ummit diet (N6) was formulated to contain 12.18 gLys/kg feed. Main ingredients were corn and soybean meal. The Lys level
n diet N6 provided approximately 1.9 times of the Lys recommendation for Ross parent stock nutrition (Aviagen, 2013).
he content of other AAs was adjusted to provide 2.1 times of the expected requirement level to ensure that Lys supply was
he limiting factor in each of the diets. According to diet dilution technique, a dilution diet (N0) was  formulated to meet the
utritional requirements, except for protein and AAs. The ingredient composition of diets is presented in Table 1.
Graded mixing proportions of the diet N6 and diet N0 yielded the final diets with Lys supply between 2.30 g/kg (N1) and
2.18 g/kg (N6). Diet N7 aimed to confirm the limiting position of Lys in the experimental diets by supplementation of 2.62 g
-Lysine HCl per kg diet. The nutrient composition of experimental diets is presented in Table 2.



32 J.C. De Paula Dorigam et al. / Animal Feed Science and Technology 226 (2017) 29–38

2.4. Management and data collection

Body weight of hens was monitored weekly and egg production was monitored daily until the breeder hens reached the
peak of egg production. The first N balance trial started at 31 weeks of age to obtain data for the peak of egg production. The
second N balance trial started after 15 weeks (46 weeks of age) when a decline of egg production was  observed. The selection
and distribution of the broiler breeder hens in each experimental unit were performed according to body weight and egg
production, based on recommendations of Sakomura and Rostagno (2016). To control the differences in body weight, the
hens were weighed individually and the heavier and lighter hens were discarded considering the maximum coefficient of
variation (CV) of 10% of the average body weight. The mean body weight of the selected hens at the beginning of the trials
was 3.935 kg with a CV of 8.894% at 31wks and 4.004 kg with a CV of 9.641% at 46wks. After eliminating the effect of body
weight, the distribution of the hens in the experimental units were made according to the egg production, so that the average
egg production in the experimental units were similar. To control the differences in the egg production and to confirm that
all hens are laying eggs regularly, it was performed an individual control of the egg production during 14 days before starting
the trial. Thus, the mean egg production of the selected hens at the beginning of the trials were 86.84% with a CV of 2.51%
and at 31wks and 67.10% with a CV of 3.07% at 46wks.

In each age period, N balance trials were divided into five days of adaptation period to the experimental diets and 20 days
of quantitative collection both of excreta and eggs. The collection period of 20 days was adopted because the egg production
in a hen is determined by the length of her oviposition sequences and by the number and duration of the pauses (when there
is no egg production) and broiler breeders have a much poorer rate of laying (more pause days) than commercial laying
hens (Nonis, 2007). In certain occasions, hens with pause intervals greater than one day duration can result in the rate of
egg production falling below 50%, consequently, the efficiency in which dietary nitrogen is utilized declines because yolk
protein synthesis becomes phasic and fewer follicles are developed (Fisher, 2013). In our understanding, the NEM value is
an important part of total N retention that should be considered in further estimation of the genetic potential as well as
the utilization efficiency of dietary protein and amino acids for broiler breeder hens and commercial laying hens. Thus, the
procedure used here for selecting birds based on egg production during 14 days of observation prior to the beginning of
the trial helps to minimize the influence of the irregularity of egg production in N balance data, since the hens with higher
number of pauses were discarded.

The daily feed supply was 152 g from 31 to 35 weeks and slightly decreased to 147 g from 46 to 50 weeks, according to
recommendations for hens kept in cages (Van Daele, 2014). The excreta were collected twice a day in trays, stored in plastic
pots and weighed at the end of each collection period. The hens were weighed at the start and at the end of the experiment
to measure body weight. The leftovers were weighed daily to measure real feed intake. The egg production and egg mass
were measured daily to calculate egg mass production.

2.5. Chemical analysis

The excreta and eggs collected from each experimental unit during each period were homogenised. The total samples
were frozen and freeze-dried for 72 h at −80 ◦C under 800 mbar of pressure (Edwards

®
501 Modulyo freeze drier, West

Sussex, United Kingdom). The samples were weighed to quantify the dry matter content and milled using a Micro Mill
(IKA

®
A11 Basic Analytical Mill, Staufen, Germany). The N content of the diets, excreta and eggs was analysed in a N distiller

(KjeltecTM 8400 Foss, Foss, Hillerod, Denmark) using the Kjeldhal method (Method No. 2001.11) according to AOAC (2005).
The factor 6.25 was used to convert nitrogen content to crude protein (CP). The total amino acid content of the ingredients
and the experimental diets was analysed by high-performance liquid chromatography (HPLC). The digestible AA data were
calculated based on the tables of Rostagno et al. (2011).

2.6. Modelling

The first step in modeling the amino acid requirements by the “Goettingen approach” is to determine the nitrogen
maintenance requirement (NMR), which is a part of the total nitrogen retention (NR) indicating the amount of nitrogen to
be deposited to replace endogenous losses via excreta. According to earlier reports (Samadi and Liebert, 2007; Samadi and
Liebert, 2008; Pastor et al., 2013; Khan et al., 2015; Liebert, 2015) a regression analysis between nitrogen intake and nitrogen
excretion was applied to estimate NMR  following the exponential function:

NEX = NMR  ∗ expb∗NI (1)

Where NMR  is the nitrogen maintenance requirement (mg/BWkg
0.67 per day), NI is the nitrogen intake (mg/BWkg

0.67 per
day), NEX is the nitrogen excretion (mg/BWkg

0.67 per day), b is the slope of the exponential function and exp is the base
number of the natural logarithm (ln). The NMR  was estimated by calculating the intercept of the curve on the y-axis (NEX)
when NI = 0. The exponential model (1) was fitted to nitrogen excretion data by using nonlinear optimization technique

(Levenberg-Marquardt) with SAS (Statistical Analysis System, version 9.1).

Once the NMR  was estimated it is possible to calculate the nitrogen retention (NR). The egg mass was calculated by
multiplying the egg weight by the egg production and then multiplied by the nitrogen content in the egg to calculate the
amount of nitrogen deposited in egg mass (NEM). The nitrogen deposition in the body (ND) was calculated as the difference
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etween NI and NEX. The nitrogen retention (NR) represents the total nitrogen utilization by the hen, therefore, it was
alculated as: NR = ND + NEM + NMR  (Sünder et al., 2010).

The next step in the modeling procedure proposed by the “Goettingen approach” is to determine the “theoretical” maxi-
um  nitrogen retention (NRmaxT) which is represented by the asymptote of the exponential function and is used to ranking

he NR performance data. Therefore, a regression analysis between NI and NR was performed to fit another exponential
odel as presented in several studies with growing animals (Samadi and Liebert, 2007; Samadi and Liebert, 2008; Pastor

t al., 2013; Khan et al., 2015; Liebert, 2015):

NR = NRmaxT ∗ (1−exp−b∗NI) (2)

here NR is the nitrogen retention (mg/BWkg
0.67 per day), NRmaxT is the “theoretical” maximum nitrogen retention

mg/BWkg
0.67 per day), NI is the nitrogen intake (mg/BWkg

0.67 per day), b is the slope of the NR curve expressing the dietary
rotein quality and exp is the base number of the natural logarithm (ln). The exponential model (2) was  fitted to NR data
lso by using nonlinear optimization technique (Levenberg-Marquardt) in SAS (Statistical Analysis System, version 9.1). The
RmaxT is the asymptotic value in the exponential function, which was  estimated by a statistical procedure following several

terations steps by the Levenberg-Marquardt algorithm until the sum of the squares of the residual is minimized. Therefore,
he attribute “theoretical” is given to this parameter because the value estimated is not attainable under practical condition,
ven if the hens are bred under perfect conditions. However, this is an important parameter within the modeling procedure
o derive AA requirements for defined graded levels to make use of the theoretical maximum within the scope of practical
ata.

The Lys requirement was calculated after a logarithimic transformation of the equation (2) according to earlier reports
Samadi and Liebert, 2007; Samadi and Liebert, 2008; Pastor et al., 2013; Liebert 2015; Khan et al., 2015; Liebert, 2015):

LAAI = (lnNRmaxT−ln(NRmaxT−NR))/(16∗bc−1) (3)

here LAAI is the necessary daily intake of the limiting AA (mg/BWkg
0.67), NR is the nitrogen retention (mg/BWkg

0.67 per
ay), NRmaxT is the “theoretical” maximum nitrogen retention (mg/BWkg

0.67 per day), c is the concentration of the limiting
A in the feed protein (g/16 g N), b is the slope of the NR curve expressing the dietary protein quality, and bc−1 is the
fficiency parameter of utilization of the limiting AA in the diet (slope between b and c). The number 16 results from limiting
A concentration in the dietary protein (g/16 g N). Lys was  adjusted as limiting AA in the experimental diets. Consequently,
ys requirements were derived according to equation (3) and the optimal level of Lys in the diet was calculated as the Lys
equirement (g/d) divided by the feed intake (g) multiplied by 100. The feed intake used in the simulation was derived from
etabolizable energy (ME) requirement according to Ross 308AP parent stock manual. In addition, it was considered the

equired ME  intake for broiler breeder hens raised in floor and considering 0.90 and 0.80 times the ME  requirement for hens
aised in cages to simulate the feed intake in these three scenarios as mentioned by Van Daele (2014).

.7. Statistical analysis

The N balance data were statistical analyzed by a one-way ANOVA using a GLM procedure and were fitted to exponential
odels using PROC NLIN procedure in SAS (Statistical Analysis System, version 9.1).
In previous studies, an average value is usually applied as the ‘working value’ for NMR  since the results within the age

eriods are similar (Samadi and Liebert, 2008). Thus, to give a properly statistical approach, the objective here is to verify if
here are differences among the model parameters (NMR, NRmaxT and b) and to verify the equality of the adjusted exponential

odels (1) and (2) in each age period using the nitrogen balance data.
The fitted models (1) and (2) for broiler breeder hens in each period were compared using a statistical analysis to verify

he similarity of model parameters. The following hypotheses were tested:
(1) H0: NMR(periodI) or NRmaxT(periodI) = NMR(periodII) or NRmaxT(periodII) = NMR(periodI+II) or NRmaxT(periodI+II) vs. H1: not all

MRs or NRmaxTs are equal;
(2) H0: b(periodI) = b(periodII) = b(periodI+II) vs. H1: Not all b are equal;
(3) H0: NMR(periodI) or NRmaxT(periodI) = NMR(periodII) or NRmaxT(periodII) = NMR(periodI+II) or NRmaxT(periodI+II) and

(periodI) = b(periodII) = b(periodI+II) vs. H1: at least one parameter is not equal (NMR, NRmaxT or b);
Based on these hypotheses, the following models were adjusted: � = unrestricted model, where the two parameters (NMR

r NRmaxT and b) were adjusted for each period; �1 = restricted model, where the NMR  or NRmaxT parameter is common
or both periods; �2 = restricted model, where the b parameter is common for both periods; �3 = restricted model, with all
arameters common for both periods. The likelihood ratio test was  used to test these hypotheses according to statistical
rocedures proposed by Regazzi (2003) and Carvalho et al. (2010).

. Results
The results obtained from the N balance trials in periods I (31–35 weeks) and II (46–50 weeks) are presented in Table 3.
The observed NR of hens fed the Lys supplemented diet (N7) confirmed that Lys was  in fact the limiting AA in the

xperimental diets. No significant differences were observed in body weight between the treatments for period I and II
P > 0.05). The N content in egg mass produced (per metabolic body weight) did not differ between treatments in periods I
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Table  3
Summarized results of nitrogen balance trials (n = 8) with broiler breeder hens (Ross 308AP) receiving graded levels of protein limiting in lysine (3.91 g
Lys/100 g protein)a in age periods I and II used for determination of model parameters.

Period I (31–35 wks)
Variables measured N1 N2 N3 N4 N5 N6 N7b RSDc p-value
Mean  body weight (kg) 3.84 3.99 4.16 4.22 4.24 4.22 3.81 0.17 NS
Feed  intake (g/d) 148 151 150 151 151 150 148 3.33 NS
Nitrogen intake (mg/BWkg

0.67) 572 1063 1633 2003 2647 2854 658 57.63 ***

Nitrogen excretion (mg/BWkg
0.67) 305 418 853 1095 1742 1888 273 76.24 ***

Nitrogen deposition (mg/BWkg
0.67) 267 646 780 908 905 966 384 18.71 ***

Nitrogen deposition in egg mass (mg/BWkg
0.67) 357 338 409 356 425 374 351 44.45 NS

Period  II (46–50 wks)
Variables measured N1 N2 N3 N4 N5 N6 N72 RSD3 p-value
Mean  body weight (kg) 3.95 4.03 4.15 4.16 4.39 4.21 3.91 0.16 NS
Feed  intake (g/d) 144 144 145 146 144 145 144 3.39 NS
Nitrogen intake (mg/BWkg

0.67) 539 1007 1573 1971 2467 2755 619 59.60 ***

Nitrogen excretion (mg/BWkg
0.67) 344 495 822 1145 1497 1748 351 98.67 ***

Nitrogen deposition (mg/BWkg
0.67) 195 512 751 826 970 1007 268 37.60 ***

Nitrogen deposition in egg mass (mg/BWkg
0.67) 189 214 237 277 230 231 192 68.43 NS

a N1 = 2.30 g lysine/kg (9.40 g crude protein/kg), N2 = 4.35 g lysine/kg (17.80 g crude protein/kg), N3 = 6.90 g lysine/kg (28.20 g crude protein/kg),
N4  = 8.57 g lysine/kg (35.10 g crude protein/kg), N5 = 11.25 g lysine/kg (46.00 g crude protein/kg), N6 = 12.18 g lysine/kg (49.90 g crude protein/kg).

b N7 is the counter-proof treatment (N1 + 2.62 g of l-lysine·HCl (780 g/kg) per kg of feed).
c Residual standard deviation, expressed in the same units as the related variable.

NS, not significant.
*** p < 0.001.

NEX(46-50 wks) = 271.7 * exp 0.000693 * NI

NEX(31-35 wks) = 239.1 * exp 0.000735 * NI
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Fig. 1. Estimation of the nitrogen requirements for maintenance by fitting an exponential function between the nitrogen intake (NI) and nitrogen excretion
(NEX)  during a gradual increase in supplied protein limited in lysine for broiler breeder hens from 31 to 35wks and from 46 to 50wks. Observed ( × ) and
predicted (—) values for period I (31–35wks). Observed (�) and predicted (-----) values for broiler breeder in period II (46–50wks).

and II (P > 0.05). The effect of the diets were observed in the NR in periods I and II (P < 0.05), which sharply raised from N1 to
N4 and then stabilized the response up to N6 diet. Although the NR response stabilized from N5 to N6, the NEX in function
of the NI increased exponentially in both periods (Fig. 1).

The NMR  values obtained in this study increased from 239.1 mg/BWkg
0.67 per day (Period I) to 271.7 mg/BWkg

0.67 per
day (Period II). The data were submitted to the likelihood ratio test to certify that an average value can be applied for both
of the age periods (Table 4).

According to the results of the statistical analysis it is possible to make use of the same exponential equation to describe
the NMR  in both periods (P > 0.05). Consequently, the adopted average NMR  value for further calculation is 255 mg/BWkg

0.67

per day.
The results of the non-linear regression fitting between NI and NR demonstrated that NRmaxT decreased from

1640 mg/BWkg
0.67 per day (period I) to 1554 mg/BWkg

0.67 per day (period II) but with almost similar b value (Fig. 2).
The model parameters NRmaxT and b, obtained for each period were submitted to the likelihood ratio test to verify the

equality of the models (Table 5).
According to the results of the statistical analysis it is not possible to use the same exponential equation to describe the
NR in both periods (P < 0.05). Although the statistical analysis provided no significant differences in the models when one
NRmaxT value is considered for both periods (P > 0.05), this hypothesis was rejected because egg mass production as part of
NR indeed decreased with age. Otherwise, the hypothesis of equal b value for both periods was  accepted (P > 0.05), because
the same dietary protein quality was used for both periods. Therefore, the adopted averaged b value is 0.00117 for both
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Table  4
Estimative of the NMR  and b parameters of the unrestricted (�) and restricted exponential models (ω1 to ω3) from the nitrogen balance data obtained in
the  period I and period II (n = 94).

Exponential model parameters Statisticsb Accuracy of the modelsc

Period I (31–35wks) Period II (46–50wks) Period I + II

Adjusted
modelsa

NMR(31–35wks) b(31–35wks) NMR(46–50wks) b(46–50wks) NMR(periodI+II) b(periodI+II) RSS �b d.f. P Rb CCC RPE

� 239.1 0.000735 271.7 0.000693 7367 0.99 0.92 0.43
ω1 0.000712 0.000719 254.1 7566 3 1 0.465 0.99 0.92 0.43
ω2 251.1 257.1 0.000716 7482 1 1 0.583 0.99 0.92 0.45
ω3 255.1 0.000714 7599 3 2 0.287 0.99 0.92 0.45

NMR  = nitrogen maintenance requirement; b = slope of the exponential function; RSS = residual sum of squares; �2 = Chi-square; d.f. = degrees of freedom
aAdjusted models: � = unrestricted exponential model, where the two  parameters (NMR and b) were adjusted to periods I and II; ω1 = restricted exponential
model,  where the NMR  parameter was common to periods I and II (NMR(periodI+II) = NMR (periodI) = NMR(periodII)); ω2 = restricted exponential model, where
the  b parameter was  common to periods I and II (b(periodI+II): b(periodI) = b(periodII)); ω3 = restricted exponential model, where the NMR  and b parameters were
common to periods I and II (NMR(periodI+II) = NMR(periodI) = NMR(periodII) and b(periodI+II) = b(periodI) = b(periodII)).

b Probability of significance (� = 0.05).
c R2 = coefficient of determination; CCC = Concordance correlation coefficient and RPE = average relative prediction error (%).

NR (31-35 wks) = 1639.9 * (1 - exp -0.00129 * NI)   

NR (46-50 wks) = 1554.2 * (1 - exp -0.001 00 * NI)   
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Fig. 2. Estimation of the theoretical potential for nitrogen retention in broilers breeder hens of the Ross 308AP genotype based on the exponential fitting
between the daily nitrogen intake (NI) and the daily nitrogen retention (NR) from 31 to 35wks and from 46 to 50wks. Observed ( × ) and predicted (—)
values for period I (31–35wks). Observed (�) and predicted (-----) values for broiler breeder in period II (46–50wks).

Table 5
Estimative of the NRmaxT and b parameters of the unrestricted (�) and restricted exponential models (ω1 to ω3) from the nitrogen balance data obtained
in  the period I and period II (n = 94).

Exponential model parameters Statisticsb Accuracy of the modelsc

Period I (31–35wks) Period II (46–50wks) Period I + II

Adjusted
modelsa

NRmaxT(31–35wks) b(31–35wks) NRmaxT(46–50wks) b(46–50wks) NRmaxT(periodI+II) b(periodI+II) RSS �b d.f. P Rb CCC RPE

� 1639.9 0.001290 1554.2 0.001000 133 0.99 0.90 0.28
ω1 0.001340 0.000908 1617.6 392 101 1 0.078 0.99 0.90 0.12
ω2 1684.3 1484.0 0.00116 862 176 1 0.059 0.99 0.90 0.43
ω3 1595.7 0.00114 7809 383 2 0.003 0.99 0.90 0.88

NRmaxT = maximum theoretical nitrogen retention; b = slope of the exponential function; RSS = residual sum of squares; �2 = Chi-square; d.f. = degrees of
freedom
aAdjusted models: � = unrestricted exponential model, where the two  parameters (NRmaxT and b) were adjusted to periods I and II; ω1 = restricted expo-
nential  model, where the NRmaxT parameter was  common to periods I and II (NRmaxT(periodI+II) = NRmaxT (periodI) = NRmaxT (periodII)); ω2 = restricted exponential
model, where the b parameter was common to periods I and II (b(periodI+II): b(periodI) = b(periodII)); ω3 = restricted exponential model, where the NRmaxT and b
parameters were common to periods I and II (NRmaxT (periodI+II) = NRmaxT (periodI) = NRmaxT (periodII) and b(periodI+II) = b(periodI) = b(periodII)).

b Probability of significance (� = 0.05).
c R2 = coefficient of determination; CCC = Concordance correlation coefficient and RPE = average relative prediction error (%).
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Table  6
Model calculation of the lysine requirement (Lys) for broiler breeder hens (Ross 308AP) in age period I (31–35 wks) and II (46–50 wks) depending on the
determined efficiency of lysine utilization and different predictions for feed intake.

Model parameters Period I (31–35 wks) Period II (46–50 wks)

NRmaxT (mg  N/BWkg
0.67 per day) 1684 1484

NR  (mg  N/BWkg
0.67 per day) 1371 1188

Lys  efficiency (bc−1) 0.000299 0.000299
Lys  intake (mg  N/BWkg

0.67 per day) 352 337
MBW (BWkg

0.67) 2.6 2.6
Lys  intake (mg/day) 915 876

Optimal dietary lysine concentration

Feed intake (g per day)a Lys (g/kg of feed) Feed intake (g per day)b Lys (g/kg of feed)

169 5.41 163 5.37
152  6.02 147 5.96
135  6.78 130 6.74

NRmaxT = maximum theoretical nitrogen retention; NR = nitrogen retention; MBW  = metabolic body weight.
a
 The feed intake was calculated based on the recommendation for a daily metabolizable energy (ME) intake of 1.98 MJ/hen per day (31 weeks-old hens)

and  11.70 MJ/kg of feed, simulating three conditions: floor (1.98 MJ/hen), cage (0.90 times the ME)  and cage (0.80 times the ME).
b The Feed intake was  calculated based on the recommendation for a daily metabolizable energy (ME) intake of 1.91 MJ/hen per day (46 weeks-old hens)

and  11.70 MJ/kg of feed, simulating three conditions: floor (1.98 MJ/hen), cage (0.90 times the ME)  and cage (0.80 times the ME).

periods and the NRmaxT values for period I and II are 1684 and 1484 mg/BWkg
0.67 per day, respectively. Accordingly, the

parameter for Lys efficiency (bc−1) for period I and II was calculated as 0.000299. Based on the derived model parameters
and the response of the broiler breeder hens in this study, the daily Lys intake required to achieve 0.80 times the NRmaxT
value were 915 mg  and 876 mg  in the period I and II, respectively (Table 6).

The optimal dietary Lys concentration between the age periods was  equal but may change depending on the real feed
intake level.

4. Discussion

The objective of this study was to determine the model parameters NMR  and NRmaxT for broiler breeder hens and to
apply for further modelling of Lys requirements. The intersection point in the y-axis derived from the exponential regres-
sion between NEX and NI reflects the inevitable metabolic nitrogen losses (Wecke and Liebert, 2009). Within the model
application, the resultant NMR  is not used as the real maintenance requirement but is understood to be part of the total
nitrogen retention, indicating the requirement to replace the endogenous losses via faeces and urine (Liebert, 2015). The
nitrogen losses also includes minimum protein turnover, gut and integument losses (in this case feathers and skin) as stated
by Fergusson (2006) which in this current study was not considered separately. On the other hand, the definition of the
maintenance requirement may  be difficult for broiler breeder hens, because feeding these hens at maintenance does not
imply that a constant nitrogen balance is maintained because these hens may  deposit protein at the expense of body lipid
while they are not producing egg and while they are gaining body weight (Gous, 2012).

The NMR  values of 239.1 (31–35wks) and 271.7 mg/BWkg
0.67 per day (46–50wks) are similar to those found in previous

studies for males and females broilers of fast-growing genotype within different ages (Samadi and Liebert, 2006, 2007;
Dorigam et al., 2014). This similarity between nitrogen endogenous losses in different poultry categories are also observed
in Ravindran and Hendriks (2004) study, which found that the endogenous output of nitrogen did not differ between broiler,
layer and adult rooster.

The results for NMR  show a tendency of increased NMR  from 239.1 (31–35wks) to 271.7 mg/BWkg
0.67 per day (46–50wks).

Probably this was a reflection of the rate of egg production, because the nitrogen losses from endogenous protein degradation
is lower at higher rates of egg production (Ekmay et al., 2013b), which could partially have contributed to the lower NMR
in this period. Ekmay et al. (2013a) suggested that there is increased mobilization of body protein mass for egg formation,
being most pronounced during early lay and at wk 45, but not at peak production. The main explanation given by those
authors is that ubiquitin appears to be the main regulator in protein turnover, which tags a protein for degradation by the
proteosome as part of the ubiquitin-proteosome pathway of proteolysis. An increase in the amount of proteins being tagged
for degradation could explain how amino acids are liberated for yolk formation and the amino acids of endogenous origin
that are not reabsorbed contribute to nitrogen excretion (Adedokun et al., 2011).

From statistical point of view the likelihood test ratio for non-linear models confirmed the equality of both NMR  values
found in the current study (Table 4). The results indicated that one exponential model can be used to describe the NMR
for both periods. Therefore, the value of 255 mg/BWkg

0.67 was adopted as “working value” for the daily NMR  of broiler

breeders within the age periods under study. The observed averaged NMR  (255 mg/BWkg

0.67) is close to the NMR  value of
259 mg/BWkg

0.67 as reported by Halle et al. (1984a) in the top laying period (29–30wks). A more recent prediction from
Rabello et al. (2002) indicates that daily inevitable N losses would be 248 mg/BWkg

0.67 for broiler breeder hens, which is also
close to our results.
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In broiler breeder hens, the protein retention can be affected by the egg production (Ekmay et al., 2013b). Once the
ens are not producing eggs (NEM = 0) there is an increase in the amount of body proteins being degraded and amino acids
eing liberated for yolk formation (Ekmay et al., 2013b), which means a lower body nitrogen deposition and higher nitrogen
aintenance requirement due to the increased catabolism of the amino acid that are no being used for protein synthesis.

herefore, the NR decreases since this value represents the sum of ND, NMR  and NEM, consequently NRmaxT will be lower
nd a conclusion about the genetic potential cannot be obtained.

The maximum potential for nitrogen retention (NRmaxT) is dependent on the nitrogen deposited in egg mass and, since
he egg production rate drops within the age of the broiler breeder hens, it is safe to assume that only one NRmaxT value
annot be described for both age periods and, therefore, the H0 (1) hypothesis was  discarded. The consequences for using
he same NRmaxT value in both periods is that the calculated Lys requirements would increase within the age, which is not
bserved in the practice. In this case the threshold value (NRmaxT) was 1684 mg/BWkg

0.67 in the peak production (31–35wks)
nd decreased to 1484 mg/BWkg

0.67 from 46 to 50 wks. On the other hand, the b value is dependent on dietary protein quality
nd independent of the N-intake as demonstrated by Liebert (2015) and, since the same feed was provided for both periods,
he hypothesis H0 (2) was adopted and only one b value was used to calculate the efficiency of Lys.

The only experimental data found in the literature about the upper limit for NR of breeder hens (Halle et al., 1984b) yielded
440 mg/BWkg

0.67 for broiler hens at peak production (29–30wks). This threshold value is 244 mg/BWkg
0.67 lower than the

stimate in the current study for peak production. This difference could be due to the genetic improvement of the broiler
reeder hens over the past 31 years. If we consider the NRmaxT value of 1440 mg/BWkg

0.67, the N-intake of 2240 mg/BWkg
0.67

nd the b value of 0,000526 from Halle et al. (1984b) study, the NR calculated by equation (2) would be 997 mg/BWkg
0.67,

hich results in the Lys requirement of 348 mg/day using the equation (3) for broiler breeder hen of 1.675 kg and the bc−1

alue of 0.000299. This Lys requirement calculated using the information from Halle et al. (1984b) study is extremely low
hen compared to other estimates from literature. It is possible that this value is low because these authors subtract the
itrogen deposited in egg mass (NEM) from nitrogen balance data resulting in lower NRmaxT value estimated.

The observed NRmaxT values are not too far from the NR observed in this study, which was approximately 0.80 times
he NRmaxT value. However, the NRmaxT value is utilized only for ranking the NR data within the procedure of modelling of
mino acid requirements (Wecke and Liebert, 2009) because the potential defined in this way (as the asymptotic response
f the exponential model) cannot be achieved even with optimized feeding strategy or environmental conditions (Liebert,
015). The derived optimal Lys intake of 915 mg/day calculated in the current study (Table 6) for broiler breeder hens from
1 to 35 weeks, with a nitrogen retention of 1371 mg/BWkg

0.67 per day that corresponds to 0.81 times the NRmaxT value
1684 mg/BWkg

0.67 per day) and was generally in line with the data range given in literature. Considering the optimum
conomic intake of lysine for a population of broiler breeder hens, Silva et al. (2015) estimated 954 mg/hen per day using
he Reading model. For maximum egg mass production, Ekmay et al. (2013b) determined in two consecutive trials the daily
equirements of digestible Lys as 909 mg  and 919 mg  in peak production, respectively. Fakhraei et al. (2010) suggested total
aily Lys requirement for 60-wks-old broiler breeders at 1012 mg,  but assuming 0.87 of Lys digestibility (Ekmay et al., 2013a),
he daily requirement would be 881 mg  and is closer to the requirements estimated in this study.

An important consideration in this study is that energy maintenance requirement for broiler breeder hens kept in cages
an be 0.90–0.80 times the requirement for hens kept in floor due to the lower activity and lower heat production (Van
aele, 2014) and this can affect the feed intake and, consequently, the recommendation of the dietary Lys concentration.
ecause of the restricted feeding program of the breeder hens, the energy intake will always be a limiting factor and will
ffect real feed intake. Therefore, once the amino acid requirement is established, the dietary level will depend on the
eed intake as demonstrated (Table 6) when three conditions in which broiler breeders can be reared are simulated. Since
he feeding standards for broiler breeders in cages are practically non-existent (Daghir and Jones, 2008), the focus for
omparisons will be recommendations for birds reared in floor pens. The dietary Lys concentrations 5.37 g/kg Lys calculated
n the current study (Table 6) for broiler breeder hens from 46 to 50 weeks, with a nitrogen retention of 1188 mg/BWkg

0.67

er day that corresponds to 0.80 times the NRmaxT value (1484 mg/BWkg
0.67 per day) are close to Ross parent stock nutrition

pecifications (Aviagen, 2013) of 5.60 g/kg Lys or breeder hens after 315 days. According to Rostagno et al. (2011), the dietary
ys concentration for a breeder hen with 3 kg and daily feed intake of 159 g would be 5.70 g/kg Lys, which is also close to our
ata. These recommendations for the hens reared in cages are slight above those recommendations to compensate the lower
eed supply. On the other hand, Van Daele (2014) suggested that there is no need to adjust the AA and protein intake, because
his dietary management will help to control body weight gain without affecting egg production under cage conditions.

In conclusion, although the optimal Lys intake and dietary concentrations presented here are similar to those of the
iterature, it is important to consider that the optimal in-feed recommendations depend on many factors, such as the variation
n the daily nitrogen retention and feed intake. In the case of broiler breeder hens, the egg production rate also has directly
nfluence in the nitrogen retention which would affect the requirement for lysine as demonstrated using the values from
alle et al. (1984b) study. Also, the modelling procedure provides an estimate of the maximum genetic potential for nitrogen

etention which usually is obtained with ad libitum feeding regimen. Therefore, it is possible to make use of this potential,
efined as a percentage of NRmaxT or deduced daily nitrogen retention as a performance parameter to determine the Lys
equirements (Table 6). Compared with our previous study using the Reading model (Silva et al., 2015) to estimate Lys

equirements for broiler breeder hens, this procedure is faster, because it is not necessary ten weeks (six of adaptation and
our of egg collection) to obtain the results and produce similar results.
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In general, the applied modelling approach provides a number of advantages for improving the methodical base for
further calculation of amino acid requirements both for growth and egg production.
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