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ABStRACt

Two experiments were carried out to compare two techniques (amino 
acid supplementation and dilution) for formulating experimental 
diets for pre-starter (1 to 8 days) and starter (8 to 22 days) broiler 
chicks and to estimate digestible lysine requirements using the dose-
response method. In each experiment, 1,200 male Cobb 500 chickens 
were randomly distributed according to a 5x2 factorial arrangement 
(lysine level x formulation technique) with six replicates of 20 birds 
each. For the supplemented diet, a basal diet was formulated to meet 
the nutritional requirements, then L-lysine HCl was added to achieve 
digestible lysine levels of 0.975, 1.082, 1.189, 1.296 and 1.403% in 
the pre-starter diets and 0.840, 0.932, 1.024, 1.116 and 1.208% in 
the starter diets. For the diluted diet, a diet high in crude protein (CP) 
and relatively low in lysine was formulated and to which was added 
a protein-free diet until lysine levels were similar to those described 
above for the supplemented diet. The results suggest that the dilution 
technique favored the performance potential and better met lysine 
requirements compared with the supplementation technique. Lysine 
levels required for optimal feed conversion ratio of broilers during the 
pre-starter and starter phases were estimated at 1.361 and 1.187%, 
which are equivalent to lysine intake of 0.340 and 0.797 g/day, 
respectively.

IntRoduCtIon

Lysine is an essential amino acid closely associated with body protein 
deposition potential. It is considered the second limiting amino acid 
for broilers fed diets based on corn and soybean meal. For these 
reasons lysine was chosen as the reference amino acid for the “ideal 
protein” concept, which bases dietary amino acid concentrations on 
fixed ratios to lysine (Baker & Han, 1994). In such diets, changing the 
lysine concentration will change the requirements for all other essential 
amino acids. This explains the importance of obtaining accurate and 
precise estimates of broiler lysine requirements.

Broiler responses to dietary lysine levels have been studied for 
decades. Several articles have been published on this subject, 
but their results are contradictory because numerous factors, 
including experimental methodology, influence lysine requirement 
determination.

The dose-response method has been traditionally applied to estimate 
broiler lysine requirements (Sakomura & Rostagno, 2007). The technique 
used to formulate the experimental diets is an important aspect of this 
method. Most studies apply the amino acid supplementation (D’Mello, 
1982), but this method has been criticized (Fisher & Morris, 1970; Gous, 
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1980; Moughan & Fuller, 2003), particularly because 
successively increasing the levels of the limiting amino 
acid may change its balance relative to the other amino 
acids, which may affect broiler responses.

Another formulation technique, proposed by Fisher 
& Morris (1970), consists in sequentially diluting a 
high-protein diet, which is relatively deficient in the 
tested amino acid, with an isoenergetic, protein-free 
diet. This dilution results in diets with intermediate 
levels of the tested amino acid. According to Gous 

(1980), this technique produces more reliable results 
than the amino acid supplementation technique, 
as it provides constant amino acid ratios across the 
evaluated treatments.

Because the concentration and ratio of essential 
and nonessential amino acids may directly affect broiler 
ability to efficiently use dietary amino acids (Heger & 
Frydrych, 1989), and because supplementation and 
dilution produce diets with different amino acid ratios, 
broiler responses may be influenced by the technique 
used to formulate experimental diets.

Table 1 - Diets formulated by the supplementation technique for 1- to 8-day-old broilers †

Ingredients (%) Digestible lysine level (%)

0.975 1.082 1.189 1.296 1.403

Corn 57.664 57.664 57.664 57.664 57.664

Soybean meal 33.850 33.850 33.850 33.850 33.850

Dicalcium phosphate 1.962 1.962 1.962 1.962 1.962

Limestone 0.937 0.937 0.937 0.937 0.937

Soybean oil 1.610 1.610 1.610 1.610 1.610

Sodium chloride 0.516 0.516 0.516 0.516 0.516

Mineral supplement‡ 0.050 0.050 0.050 0.050 0.050

Vitamin supplement § 0.025 0.025 0.025 0.025 0.025

Choline chloride (70%) 0.070 0.070 0.070 0.070 0.070

Anticoccidial¥ 0.050 0.050 0.050 0.050 0.050

L-lysine HCl (78.5%) - 0.136 0.271 0.406 0.543

DL-methionine (99%) 0.166 0.246 0.327 0.408 0.487

L-threonine (99%) - 0.057 0.131 0.205 0.280

L-valine (99%) - - 0.080 0.164 0.248

L-isoleucine (99%) - - 0.015 0.087 0.161

L-tryptophan (99%) - - 0.003 0.024 0.045

L-arginine (99%) - - 0.003 0.119 0.235

L-glutamic acid (99%) 3.000 2.631 2.100 1.091 0.082

Corn starch 0.100 0.195 0.336 0.762 1.186

Total 100.00 100.00 100.00 100.00 100.00

Digestible amino acids (%) aa/Lys aa/Lys aa/Lys aa/Lys aa/Lys

Lysine (100)£ 0.975 100 1.082 100 1.189 100 1.296 100 1.403 100

Methionine+cystine(71) 0.728 74 0.807 74 0.886 74 0.965 74 1.043 74

Methionine (39) 0.451 46 0.530 49 0.609 51 0.688 53 0.766 55

Threonine (65) 0.687 70 0.742 68 0.814 68 0.886 68 0.959 68

Valine (75) 0.855 88 0.855 79 0.934 79 1.017 78 1.100 78

Isoleucine (65) 0.799 82 0.799 74 0.814 68 0.886 68 0.959 68

Tryptophan (16) 0.224 23 0.224 21 0.227 19 0.248 19 0.268 19

Arginine (105) 1.291 132 1.291 119 1.294 109 1.409 109 1.523 109

Leucine (108) 1.649 169 1.649 152 1.649 139 1.649 127 1.649 117

Phenylalanine (63) 0.934 96 0.934 86 0.934 79 0.934 72 0.934 67

Glycine+serine (150)# 1.906 179 1.906 162 1.906 149 1.906 138 1.906 128

†Calculated composition: metabolizable energy, 2,960 kcal/kg; crude protein, 22.73%; available P, 0.470%; Ca, 0.939%; Na, 0.223%. 
‡Content per kg: Mn, 150 g; Fe, 100 g; Zn, 100 g; Cu, 16 g; I, 1.5 g. 
§ Content per kg: folic acid, 1 g; pantothenic acid, 15 g; niacin, 40 g; biotin, 60 mg; vitamin B1, 1.8 g; vitamin B12, 12 g; vitamin B2, 6 g; vitamin B6, 2.8 g; vitamin D3, 2.000.000 UI; 

vitamin E, 15 g; vitamin K3, 1.8 g; Se, 300 mg; butylatedhydroxytoluene, 500 mg. 
¥Sodiumsalinomycin (60 mg/kg). 
£Ideal protein ratios (aa/Lys) recommended by Rostagno et al. (2005). 
#Values and ratios defined on total amino acid basis.
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Therefore, this study aimed at comparing the effects 
of amino acid supplementation and diet dilution tech-
niques and to estimate the digestible lysine requirements 
for pre-starter (1 to 8 day old) and starter (8 to 22 day old) 
broiler chickens using a dose-response method.

MAteRIAlS And MethodS

Two experiments were conducted at the poultry 
sector of the Department of Animal Science of the 
School of Agrarian Sciences and Veterinary Medicine, 

São Paulo State University, state of São Paulo, Brazil. 
The study was approved by the Ethics and Animal 
Welfare Commission of that institution.

Birds, facilities, and management

In each of the two experiments, 1,200 male Cobb 
500 broiler chickens, with initial body weight (± 
standard deviation) of 39.31 ± 0.02 g and 139.03 ± 
0.07 gat the beginning of the pre-starter phase (1 to 8 
days) and the starter phase (8 to 22 days), respectively, 
totaling 2,400 birds.

Table 2 - Diets formulated by the supplementation method fed to8- to 22-day-old broilers†

Ingredients (%)
Digestible lysine level (%)

0.840 0.932 1.024 1.116 1.208

Corn 64.281 64.281 64.281 64.281 64.281

Soybean meal 27.971 27.971 27.971 27.971 27.971

Dicalcium phosphate 1.840 1.840 1.840 1.840 1.840

Limestone 0.903 0.903 0.903 0.903 0.903

Soybean oil 1.209 1.209 1.209 1.209 1.209

Sodium chloride 0.493 0.493 0.493 0.493 0.493

Mineral supplement‡ 0.050 0.050 0.050 0.050 0.050

Vitamin supplement § 0.025 0.025 0.025 0.025 0.025

Choline chloride (70%) 0.070 0.070 0.070 0.070 0.070

Anticoccidial¥ 0.050 0.050 0.050 0.050 0.050

L-lysine HCl (78.5%) - 0.117 0.233 0.350 0.468

DL-methionine (99%) 0.108 0.176 0.246 0.315 0.385

L-threonine (99%) - 0.027 0.091 0.156 0.220

L-valine (99%) - - 0.040 0.113 0.185

L-isoleucine (99%) - - - 0.061 0.123

L-tryptophan (99%) - - - 0.018 0.036

L-arginine (99%) - - - 0.088 0.118

L-glutamic acid (99%) 2.900 2.614 2.223 1.394 0.524

Corn starch 0.100 0.173 0.275 0.613 0.979

Total 100.00 100.00 100.00 100.00 100.00

Digestible amino acids (%) aa/Lys aa/Lys aa/Lys aa/Lys aa/Lys

Lysine (100)£ 0.840 100 0.932 100 1.024 100 1.116 100 1.208 100

Methionine+cystine(71) 0.628 74 0.695 74 0.764 74 0.831 74 0.899 74

Methionine (39) 0.371 44 0.438 47 0.506 49 0.574 51 0.642 53

Threonine (65) 0.613 73 0.639 68 0.701 68 0.764 68 0.826 68

Valine (75) 0.765 91 0.765 82 0.804 78 0.877 78 0.948 78

Isoleucine (65) 0.704 84 0.704 76 0.704 69 0.764 68 0.826 68

Tryptophan (16) 0.195 23 0.195 21 0.195 19 0.213 19 0.231 19

Arginine (105) 1.126 134 1.127 121 1.127 110 1.214 108 1.313 108

Leucine (108) 1.524 181 1.524 163 1.524 149 1.524 137 1.524 126

Phenylalanine (63) 0.834 99 0.834 89 0.834 81 0.834 75 0.834 69

Glycine+serine (150)# 1.704 185 1.704 168 1.704 154 1.704 143 1.704 132

†Calculated composition: metabolizable energy, 3,000 kcal/kg; crude protein, 20.47%; available P, 0.442%; Ca, 0.884%; Na, 0.214%. 
‡Content per kg: Mn, 150 g; Fe, 100 g; Zn, 100 g; Cu, 16 g; I, 1.5 g. 
§ Content per kg: folic acid, 1 g; pantothenic acid, 15 g; niacin, 40 g; biotin, 60 mg; vitamin B1, 1.8 g; vitamin B12, 12 g; vitamin B2, 6 g; vitamin B6, 2.8 g; vitamin D3, 2.000.000 UI; 

vitamin E, 15 g; vitamin K3, 1.8 g; Se, 300 mg; butylatedhydroxytoluene, 500 mg. 
¥Sodiumsalinomycin (60 mg/kg). 
£Ideal protein ratios (aa/Lys) recommended by Rostagno et al. (2005). 
#Values and ratios defined on total amino acid basis.
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Birds were housed in a masonry broiler housed 
covered with clay tiles. The house was divided in 60 
pens, measuring 4.50 m2 each, equipped with one tube 
feeder and one bell drinker. Continuous lighting (24 h 
of light per day) was provided during the experiments, 
and brooding, using a 250 W infrared lamp per pen, 
was provided until birds were 14 days old.

Experimental design

In each experiment, 1,200 Cobb 500 male chickens 
were randomly distributed according to a 5 x 2 factorial 
design (digestible lysine level x diet formulation 
method), totaling ten treatments with six replicates 
of 20 birds each. Birds were individually weighed 
at the beginning of each experiment to establish 
homogeneous-weight groups.

Diet formulation 

Before formulating the experimental diets, total 
amino acid levels in corn and soybean meal were 
determined using HPLC, and were then converted 
into digestible amino acids using the digestibility 
coefficients proposed by Rostagno et al. (2005).

The amino acid-supplemented diets consisted of 
a corn- and soybean-based basal diet formulated to 
meet the recommended nutritional requirements 
in each phase (Rostagno et al., 2005), with the 
exception of lysine. L-lysine HCl (78.5%) was then 
added to the basal diet at the expense of L-glutamic 
acid and corn starch, resulting in isoenergetic and 
isonitrogenous diets with increasing digestible lysine 
levels in each phase. The other essential amino acids 
were supplemented so their ratios to lysine exceeded 
the ideal protein ratio (Rostagno et al., 2005) in at 
least 3% (Tables 1 and 2) to ensure that no other 
amino acid would be limiting.

Two diets were formulated using the dilution 
method. One diet contained high crude protein 
levels and approximately 108% of the digestible 
lysine requirements for each phase; the other diet 
contained enough amino acids to exceed the ideal 
protein ratios recommended by Rostagno et al. (2005) 
by at least three percentage points. Other protein-
free isoenergetic diets were formulated and used to 
sequentially dilute these diets in order to obtain diets 
with increasing digestible lysine levels in each phase 
(Tables 3 and 4) identical to those obtained with the 
amino acid supplementation technique, but with a 
constant amino acids-to-lysine ratio.

Evaluated parameters and laboratorial 
analyses

The following performance parameters were 
evaluated in each experiment: body weight gain (g), 
feed intake (g), digestible lysine intake (g), and feed 
conversion ratio (g/g).

Protein deposition (g) and body fat (g) were 
determined by comparative slaughter at the beginning 
(reference groups) and end of each feeding phase. 
The reference groups included18 birds (six replicates 
of three birds each) per experimental group, 
weighing±5% of their initial body weight. At the 
end of each experiment, three birds per experimental 
unit, weighing±5% average weight were selected, in 
a total of 180 birds. After submitted to 24-h fasting 
to completely empty their digestive tract, birds were 
weighed, sacrificed by asphyxiation with CO2, feather-
plucked, and weighed again. Absolute feather weight 
(g) was obtained by the difference between fasted 
body weight (g) and feather-free bodyweight (g), and 
relative feather weight (%) was calculated in relation 
to fasted body weight.

Carcasses were frozen, after which they were 
ground in an industrial meat grinder and homogenized. 
Aliquots were placed in disposable Petri dishes, 
weighed, and refrozen (-20ºC). Samples were freeze-
dried for 72h (-50ºC; -80kPa), weighed again, and 
then processed in a micro mill. Feather samples were 
manually cut with scissors and homogenized, and 
then submitted to the laboratory, along with carcass 
samples, for analyses.

Carcass and feather crude fat content was obtained 
by extraction with petroleum ether in a Soxlet 
apparatus. Total nitrogen content was quantified in 
de-fatted samples using the Kjeldahl method (AOAC, 
1995).

Body lysine content (g) in the beginning and end 
of each experiment was obtained by multiplying 
body protein content (g) by lysine concentration (%) 
in body protein, according the following equation: 
[(100-feather%) x 7.5/100] + [(feather% x 1.8)/100]. 
The values 7.5 and 1.8% refer to lysine percentages 
in the protein of the feather-free body and in the 
feathers, respectively, as found in literature (Emmans 
& Fisher, 1986; Emmans & Oldham, 1988; Sklan & 
Noy, 2004). Body lysine deposition (g) was calculated 
as the difference in lysine body content between the 
beginning and end of each phase.

The efficiency of dietary lysine utilization for growth 
(%) during each phase was calculated as the ratio 
between lysine deposition and digestible lysine intake 
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used only for maintenance, according to the following 
formula: [lysine deposition/(digestible lysine intake-
digestible lysine requirement for maintenance) x 100]. 
A lysine maintenance requirement of 45mg/kg0.75/day 
was applied, as determined in metabolism trials with 
sexually-mature roosters (Siqueira et al., 2011).

Statistical analyses

The assumptions of normality and homoscedasticity 
were verified and met by the tests of Cramer-Von Mises 
and Levene, respectively. The data were then submitted 
to analysis of variance, according to the following 

statistical model: Yij(k)=m+Lysi+Tj+LysxTij+εij(k), where Yij(k)is 
the observed value for the variable studied, m is the effect 
of the general mean, Lys is the effect of the ithdietary 
lysine level, Tj is the effect of the jthformulation method, 
LysxTij is the effect of the interaction between dietary 
lysine levels and formulation method, and εij(k) is the 
experimental error. Subsequently, data were submitted 
to analysis of regression, with lysine level as independent 
variable using polynomial models of first and second 
order. The goodness of fit of the equations obtained 
with the different models was evaluated considering the 
significance of the F test from the regression model and 
the coefficients of determination (R2).

Table 3 - Diets formulated by the dilution method and fed to1- to 8-day-old broilers†

Ingredients (%)
Digestible lysine level (%)

0.975 1.082 1.189 1.296 1.403

Corn 29.229 32.437 35.644 38.843 42.039

Soybean meal 34.414 38.191 41.967 45.733 49.496

Dicalcium phosphate 2.068 2.021 1.973 1.926 1.878

Limestone 0.770 0.804 0.837 0.871 0.905

Soybean oil 3.433 3.689 3.945 4.200 4.455

Sodium chloride 0.516 0.516 0.516 0.516 0.516

Mineral supplement‡ 0.050 0.050 0.050 0.050 0.050

Vitamin supplement § 0.025 0.025 0.025 0.025 0.025

Choline chloride (70%) 0.070 0.070 0.070 0.070 0.070

Anticoccidial¥ 0.050 0.050 0.050 0.050 0.050

L-lysine HCl (78.5%) 0.056 0.062 0.068 0.074 0.080

DL-methionine (99%) 0.253 0.281 0.309 0.336 0.364

L-threonine (99%) 0.050 0.056 0.061 0.067 0.072

Corn starch 23.985 17.979 11.973 5.984 -----

Rice husk 5.031 3.772 2.512 1.255 -----

Total 100.00 100.00 100.00 100.00 100.00

Digestible amino 
acids (%)

aa/Lys aa/Lys aa/Lys aa/Lys aa/Lys

Crude protein (%) 19.01 21.06 23.12 25.17 27.21

Lysine (100)£ 0.975 100 1.082 100 1.189 100 1.296 100 1.403 100

Methionine+cystine(71) 0.726 74 0.806 74 0.886 74 0.965 74 1.044 74

Methionine (39) 0.494 51 0.548 51 0.603 51 0.657 51 0.711 51

Threonine (65) 0.668 68 0.742 68 0.814 68 0.887 68 0.961 68

Valine (75) 0.767 79 0.851 79 0.934 79 1.019 79 1.102 79

Isoleucine (65) 0.737 75 0.818 75 0.898 75 0.979 75 1.059 75

Tryptophan (16) 0.210 22 0.233 22 0.256 22 0.279 22 0.302 22

Arginine (105) 1.207 124 1.339 124 1.470 124 1.603 124 1.735 124

Leucine (108) 1.392 143 1.544 143 1.697 143 1.849 143 2.002 143

Phenylalanine (63) 0.841 86 0.934 86 1.026 86 1.118 86 1.209 86

Glycine+serine (150)# 1.710 161 1.897 161 2.085 161 2.272 161 2.459 161

†Calculated composition: metabolizable energy, 2,960 kcal/kg; available P, 0.470%; Ca, 0.939%; Na, 0.223%. 
‡Content per kg: Mn, 150 g; Fe, 100 g; Zn, 100 g; Cu, 16 g; I, 1.5 g. 
§ Content per kg: folic acid, 1 g; pantothenic acid, 15 g; niacin, 40 g; biotin, 60 mg; vitamin B1, 1.8 g; vitamin B12, 12 g; vitamin B2, 6 g; vitamin B6, 2.8 g; vitamin D3, 2.000.000 UI; 

vitamin E, 15 g; vitamin K3, 1.8 g; Se, 300 mg; butylatedhydroxytoluene, 500 mg. 
¥ Sodium salinomycin (60 mg/kg). 
£Ideal protein ratios (aa/Lys) recommended by Rostagno et al. (2005). 
#Values and ratios defined on total amino acid basis.
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A parallelism test was performed to compare 
the equation parameters for each diet formulation 
technique when there was an effect of lysine level 
and technique. The formulation technique (T) was 
the classificatory variable, and digestible lysine dietary 
level (Lys) was the co-variable, according to the model 
adapted from Kaps and Lamberson (2004): Ŷij=β0+Ti+β1 

xLysij+Σi β2i x(TxLys)ij+β3 xLysij
2+Σiβ4i x (TxLys)ij

2+εij,where 
Ŷij is the variable value corresponding to observation j of 
method i;Ti is the effect of the formulation technique; 
β0, β1, β2i, β3andβ4i are the regression parameters; 
(TxLys)ij is the effect of the interaction between the 
classificatory variable and the co-variable for the linear 

component; (TxLys)ij
2 is the effect of the interaction 

between the classificatory variable and co-variable for 
the quadratic component; and εij is the random error 
associated with observation j of technique i. Statistical 
analyses were performed (P<0.05) using SAS 9.0 
software (2002).

ReSultS

During the pre-starter phase, lysine intake (LysI), 
body weight gain (BWG) and feed conversion ratio 
(FCR) responses to increasing lysine levels were 
independent of diet formulation technique. Interactions 

Table 4 - Diets formulated by the dilution method fed to 8- to 22-day-old broilers†

Ingredients (%)
Digestible lysine level (%)

0.840 0.932 1.024 1.116 1.208

Corn 37.253 41.171 45.235 49.299 53.376

Soybean meal 27.614 30.518 33.530 36.543 39.565

Dicalcium phosphate 1.949 1.907 1.863 1.819 1.775

Limestone 0.741 0.775 0.811 0.846 0.882

Soybean oil 2.863 2.953 3.047 3.142 3.236

Sodium chloride 0.492 0.492 0.492 0.492 0.492

Mineral supplement‡ 0.050 0.050 0.050 0.050 0.05

Vitamin supplement § 0.025 0.025 0.025 0.025 0.025

Choline chloride (70%) 0.070 0.070 0.070 0.070 0.07

Anticoccidial¥ 0.050 0.050 0.050 0.050 0.05

L-lysine HCl (78.5%) 0.087 0.096 0.105 0.115 0.124

DL-methionine (99%) 0.203 0.224 0.247 0.269 0.291

L-threonine (99%) 0.045 0.050 0.055 0.060 0.065

Corn starch 23.534 17.816 11.884 5.952  -----

Rice husk 5.024 3.804 2.537 1.271  -----

Total 100.00 100.00 100.00 100.00 100.00

Digestible amino 
acids (%)

aa/Lys aa/Lys aa/Lys aa/Lys aa/Lys

Crude protein (%) 16.524 18.231 20.002 21.773 23.549

Lysine (100)£ 0.840 100 0.932 100 1.024 100 1.116 100 1.208 100

Methionine+cystine(71) 0.628 75 0.695 75 0.763 75 0.832 75 0.900 75

Methionine (39) 0.419 50 0.463 50 0.509 50 0.554 50 0.600 50

Threonine (65) 0.578 69 0.639 69 0.702 69 0.765 69 0.828 69

Valine (75) 0.663 79 0.733 79 0.805 79 0.878 79 0.950 79

Isoleucine (65) 0.627 74 0.693 74 0.761 74 0.829 74 0.898 74

Tryptophan (16) 0.177 21 0.196 21 0.215 21 0.234 21 0.254 21

Arginine (105) 1.018 121 1.125 121 1.236 121 1.347 121 1.458 121

Leucine (108) 1.251 148 1.382 148 1.518 148 1.655 148 1.792 148

Phenylalanine (63) 0.726 86 0.802 86 0.882 86 0.961 86 1.040 86

Glycine+serine (150)# 1.479 175 1.634 175 1.796 175 1.957 175 2.119 175

†Calculated composition: metabolizable energy, 3,000 kcal/kg; available P, 0.442%; Ca, 0.884%; Na, 0.214%. 
‡Content per kg: Mn, 150 g; Fe, 100 g; Zn, 100 g; Cu, 16 g; I, 1.5 g. 
§ Content per kg: folic acid, 1 g; pantothenic acid, 15 g; niacin, 40 g; biotin, 60 mg; vitamin B1, 1.8 g; vitamin B12, 12 g; vitamin B2, 6 g; vitamin B6, 2.8 g; vitamin D3, 2.000.000 UI; 

vitamin E, 15 g; vitamin K3, 1.8 g; Se, 300 mg; butylatedhydroxytoluene, 500 mg. 
¥ Sodium salinomycin (60 mg/kg). 
£Ideal protein ratios (aa/Lys) recommended by Rostagno et al. (2005). 
#Values and ratios defined on total amino acid basis.
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among lysine levels and formulation techniques for the 
deposition of protein (PD), fat (FD), lysine (LysD) and 
efficiency of lysine utilization (ELys) were observed. 
Feed intake (FI) and relative feather weight (RFW) were 
not affected (p>0.05) by lysine level or diet formulation 
technique (Table 5).

The equations, adjusted for the different variables, 
F test significance, coefficients of determination (R2), 
and optimal digestible lysine levels (OLys) ofpre-starter 
broiler diets are presented in Table 6.

Lysine intake (LysI) and BWG of the birds were not 
affected (p>0.05) by diet formulation technique, and 
linearly increased with lysine levels.

Considering the effects of lysine levels and 
formulation technique on FCE, the parallelism test was 
performed. Differences were detected (p<0.05) only 

between the constants (β0) of the individual equations, 
showing that the formulation technique did not 
influence the shape of FCR responses; nevertheless, 
the magnitude of these responses was different.

The level of digestible lysine estimated to improve 
bird FCR, irrespective of the formulation technique, 
was 1.361% (0.460%/Mcal ME); however, it was 
observed that the diet dilution technique potentiated 
the FCR responses (1.115 g/g), presenting 3.4% better 
values than the amino acid supplementation technique 
(1.154 g/g).

PD, FD, LysD, and ELys responses, as a function 
of dietary lysine levels, varied according to the 
formulation technique, highlighting the need to apply 
different equations for each technique. PD, LysD 
and ELys responses to supplementation technique 

Table 5 - Feed intake (FI), digestible lysine intake (LysI), body weight gain (BWG), feed conversion ratio (FCR), protein (PD), 
fat (FD) and lysine (LysD) depositions, efficiency of lysine utilization (ELys) and relative feather weight (RFW) of broilers during 
the pre-starter phase (1 to 8 days old)

Variable
Formulation 
technique†

Digestible lysine level (%)
General

CV
(%)

p>F‡

0.975 1.082 1.189 1.296 1.403 Lysine Technique
Lys x

Technique

FI (g)
S 171.53 177.71 172.67 177.32 177.41 175.33

6.11 0.9526 0.7886 0.2322
D 179.07 172.56 179.26 168.18 173.85 174.59

General 175.30 175.14 175.96 172.75 175.63

LysI (g)
S 1.673 1.923 2.053 2.298 2.489 2.087

6.22 ≤0.0001 0.6677 0.2653
D 1.746 1.867 2.132 2.180 2.439 2.073

General 1.709 1.895 2.092 2.239 2.464

BWG (g)
S 138.19 148.11 149.99 150.63 151.52 147.69

5.96 0.0028 0.0687 0.3051
D 146.19 145.04 159.44 149.89 159.33 151.98

General 142.19 146.57 154.71 150.26 155.43

FCR (g/g)
S 1.243 1.201 1.153 1.179 1.173 1.190

4.77 ≤0.0001 0.0096 0.4939
D 1.227 1.190 1.125 1.122 1.091 1.151

General 1.235 1.196 1.139 1.151 1.132

PD (g)
S 16.97 19.62 20.48 20.52 19.89 19.50

7.35 ≤0.0001 0.1991 0.0114
D 18.93 18.84 18.84 21.77 21.61 20.00

General 17.95 19.23 19.66 21.14 20.75

FD (g)
S 7.46 8.32 8.47 7.81 9.27 8.27

17.71 0.1127 0.0109 ≤0.0001
D 11.95 8.81 9.40 9.84 6.65 9.33

General 9.70 8.56 8.94 8.83 7.96

LysD (g)
S 1.272 1.471 1.534 1.541 1.495 1.460

7.37 ≤0.0001 0.1872 0.0170
D 1.423 1.411 1.412 1.638 1.624 1.487

General 1.348 1.438 1.473 1.590 1.559

ELys§ (%)
S 79.06 80.90 77.14 67.90 61.52 73.22

5.78 ≤0.0001 0.0465 ≤0.0001
D 84.81 78.44 68.41 77.78 68.76 75.57

General 81.93 79.56 72.78 72.84 65.14

RFW (%)
S 2.29 2.22 2.28 2.04 1.98 2.14

D 1.94 2.32 2.28 1.84 1.95 2.06 15.72 0.0634 0.3609 0.3411

General 2.11 2.22 2.28 1.94 1.96

†S = supplementation technique; D = dilution technique.
‡F test of ANOVA.
§ELys = LysD (mg/day)/(LysI (mg/day)–Lysm(mg/day))x100; where Lysm = 45 mg/kg0.75 per day.
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were curvilinear, and FD was not affected by dietary 
lysine levels (p>0.05). Maximum points calculated for 
PD, LysD and ELys were 1.259, 1.261 and 1.027%, 
respectively. Moreover, the dilution technique linearly 
increased PD and LysD and decreased FD and ELys, as 
dietary lysine levels increased.

During the starter phase, lysine levels influenced 
LysI, BWG, FCR, PD, LysD and ELys, irrespective the 
formulation technique, with an interaction observed 
for FD and RFW. Feed intake was not affected (p>0.05) 
by lysine levels or diet formulation technique (Table 7).

The equations, adjusted for the different variables, F 
testsignificance, coefficients of determination (R2), and 
optimal digestible lysine levels (OLys) of starter phase 
diets are shown in Table 8.

Diet formulation technique did not influence LysI 
(p>0.05), but it linearly increased with increasing dietary 
lysine levels. Body weight gain was not influenced 
(p>0.05) by formulation technique, and presented a 
quadratic behavior in response to increasing dietary 
lysine levels. The maximum BWG response estimated 
based on the quadratic equation was 647.03g, 
corresponding to a digestible lysine level of 1.171%.

Diet formulation technique and dietary lysine levels 
influenced FCR, but no interaction was observed 
between these factors, suggesting that their effects 
were independent. However, the test comparing the 
equation parameters (β0, β1 and β2) of each technique 
detected differences between the constants (β0) and 
the linear parameters (β1), indicating that the shape 
and magnitude of the FCR responses varied with the 
diet formulation technique, despite the absence of an 
interaction between factors.

When diets were diluted, increasing dietary lysine 
levels produced gradual reduction of FCR values. 
The best response (1.420 g/g) was obtained with an 
estimated digestible lysine value of 1.187%, which 
is higher than the 1.140% level required to optimize 
FCR response (1.478 g/g) using the amino acid 
supplementation technique.

Protein deposition and LysD were not affected 
(p>0.05) by the diet formulation technique, but linearly 
increased in response to increasing dietary lysine levels.

The interaction (lysine x technique) obtained for FD 
showed that the behavior of this parameter depends on 
the formulation technique. Using the supplementation 
technique, FD was not affected (p>0.05) by lysine 

Table 6 - Adjusted equations, F test significance, coefficients of determination (R2) and optimal digestible lysine levels (OLys) 
in pre-starter (1 to 8 days old) broiler diets
Model Variable / Equation p>F R2 OLys (%)

Digestible lysine intake (g)

Linear LysI = 0.020 + 1.733xLys ≤0.0001 0.997 ------

Body weight gain (g)

Linear BWG = 116.326 + 28.181xLys ≤0.0001 0.732 ------

Feed conversion ratio† (g/g)

Quadratic FCR  = 2.422 (-0.039) - 1.864xLys + 0.685xLys2 ≤0.0001 0.866 1.361

Protein deposition (g) – S

Quadratic PD = -51.939 + 115.538xLys – 45.902xLys2 0.0015 0.986 1.259

Protein deposition (g) – D

Linear PD = 10.946 + 7.583xLys ≤0.0001 0.718 ------

Fat deposition (g) – S

------ FD = 8.266 ------ ------ ------

Fat deposition (g) – D

Linear FD = 19.975 - 8.953xLys 0.0002 0.623 ------

Lysine deposition (g) – S

Quadratic LysD = -3.851 + 8.580xLys – 3.403xLys2 0.0015 0.986 1.261

Lysine deposition (g) – D

Linear LysD = 0.816 + 0.575xLys ≤0.0001 0.704 ------

Efficiency of lysine utilization (%) – S

Quadratic ELys = -65.552 + 283.322xLys - 137.810xLys2 ≤0.0001 0.973 1.027

Efficiency of lysine utilization (%) – D

Linear ELys = 112.907 - 31.500xLys 0.0002 0.572 ------

†The number in brackets must be subtracted to obtain the specific equation for the dilution technique. S = supplementation technique; D = dilution technique.
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levels; however, when the dilution technique was 
used, it linearly decreased.

Considering the starter phase, diet formulation 
technique did not affect ELys (p>0.05), which was 
linearly reduced in response to increasing dietary lysine 
levels. Although there was an interaction between 
factors relative to RFW, it was not possible to adjust 
any of the regression models for the formulation 
techniques evaluated.

dISCuSSIon

D’Mello (1982) compared broiler responses to 
increasing dietary lysine levels using amino acid 
supplementation (Boomgaardt & Baker, 1973) and diet 

dilution (Gous, 1980) and found that both techniques 
resulted in similar weight gains. In the present study, 
the absence of formulation technique effects on FI and 
BWG confirmed the equivalent effect of techniques 
during both rearing phases; however, there was no 
equivalence for the other evaluated parameters.

In the pre-starter phase, FCR responses provided 
identical lysine level estimates (1.361%) for both 
formulation techniques; however, the magnitude of 
these responses was different, with the diluted diets 
showing a 3.4% improvement in FCR compared 
with the supplemented diets. Using the equation set 
for LysI, the estimate of 1.361% corresponded to a 
lysine in take of 340 mg/day for the first eight days. 
This is consistent with Rostagno et al. (2005), who 

Table 7 - Feed intake (FI), digestible lysine intake (LysI), body weight gain (BWG), feed conversion ratio (FCR), protein (PD), 
fat (FD) and lysine (LysD) depositions, efficiency of lysine utilization (ELys) and relative feather weight (RFW) of broilers during 
the starter phase (8 to 22 days old)

Variable
Formulation 
technique†

Digestible lysine level (%)
General

CV
(%)

p>F‡

0.840 0.932 1.024 1.116 1.208 Lysine Technique
Lys x

Technique

FI (g)
S 938.50 923.33 943.59 950.43 942.85 939.74

3.58 0.5685 0.1977 0.9567
D 921.42 924.15 925.55 942.17 929.00 928.46

General 929.96 923.24 934.57 946.30 935.93

LysI (g)
S 7.883 8.607 9.662 10.607 11.390 9.630

3.52 ≤0.0001 0.1902 0.9600
D 7.740 8.613 9.478 10.515 11.223 9.514

General 7.812 8.610 9.570 10.561 11.307

BWG (g)
S 555.57 588.85 632.60 640.96 633.31 610.26

3.03 ≤0.0001 0.1246 0.4168
D 555.26 597.44 627.13 654.03 654.92 617.75

General 555.41 593.14 629.86 647.50 644.11

FCR (g/g)
S 1.653 1.570 1.492 1.483 1.488 1.533

2.73 ≤0.0001 0.0104 0.2659
D 1.659 1.547 1.476 1.441 1.419 1.508

General 1.657 1.558 1.484 1.462 1.454

PD (g)
S 90.31 92.64 99.83 103.60 104.54 98.18

6.22 ≤0.0001 0.4445 0.2384
D 84.71 97.24 95.02 104.43 103.48 96.98

General 87.51 94.94 97.42 104.02 104.01

FD (g)
S 56.89 60.69 63.75 58.90 58.93 59.83

10.06 ≤0.0001 0.1059 ≤0.0001
D 68.13 67.44 57.83 47.19 46.04 57.33

General 62.51 64.06 60.79 53.05 52.48

LysD (g)
S 6.634 6.864 7.347 7.633 7.712 7.238

6.02 ≤0.0001 0.8556 0.3938
D 6.327 7.187 7.119 7.756 7.699 7.218

General 6.480 7.026 7.233 7.695 7.706

ELys§ (%)
S 87.80 82.85 78.73 74.32 69.79 78.70

5.91 ≤0.0001 0.5802 0.4665
D 85.20 86.92 77.77 76.14 70.82 79.37

General 86.50 84.88 78.25 75.23 70.30

RFW (%)
S 3.95 3.06 3.79 3.69 3.54 3.61

19.99 0.5225 ≤0.0001 0.0005
D 2.22 3.36 1.90 2.84 2.65 2.59

General 3.09 3.21 2.84 3.26 3.10

†S = supplementation technique; D = dilution technique.
‡F test of ANOVA.
§ELys = LysD (mg/day)/(LysI (mg/day)–Lysm(mg/day))x100; where Lysm = 45 mg/kg0.75 per day.
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recommended 1.363% (328 mg/day) lysine for broiler 
chickens during the first seven days of life.

The curvilinear responses of PD and LysD obtained 
with the supplementation technique suggest that 
these protein and lysine deposition may have been 
limited by another amino acid, which became limiting 
when L-lysine HCl was added to the experimental 
diets. Although glycine and serine are considered 
nonessential amino acids (D’Mello, 2003), studies 
indicate that glycine can be conditionally essential for 
broilers, especially during the early stages of life, when 
vegetable diets supplemented with crystalline amino 
acids are used (Corzo et al., 2004; Dean et al., 2006). 
Corzo et al. (2004) reported the specific needs of 
dietary glycine and suggested that the transamination 
of amino acids, such as threonine or serine to glycine, 
could be metabolically inefficient to meet the glycine 
requirements. Therefore, it is possible that PD and LysD 
responses to the supplementation technique were 
caused by total glycine+serine deficiency, particularly 
in the diets containing 1.296 and 1.403% of digestible 
lysine (Table 1).

On the other hand, when the diets were formulated 
by the dilution technique (Table 3), the ratio of lysine 
to glycine+serine in the experimental diets (161%) 
remained constant among treatments and was higher 
than that recommended for broiler chickens during 
the pre-starter phase (150%). Therefore, it is unlikely 

that glycine+serine deficiencies affected PD and LysD 
responses, which is confirmed by the increasing linear 
behavior of these variables.

Increasing levels of a given limiting amino acid in 
the diet can change weight gain composition, reducing 
fat deposition in broilers (Jones, 1986; Leclercq, 1998; 
Gous, 1998; 2007). The results obtained during the 
pre-starter phase of the present study confirm this 
hypothesis only when the diet dilution technique was 
used. Lysine levels did not affect feather deposition of 
the birds fed diets formulated by the supplementation 
technique.

The factors that influence amino acid utilization 
efficiency have been extensively reviewed by Heger 
& Frydrych (1989), who indicated that the relative 
concentration of the limiting amino acid in the diet as the 
main factor affecting efficiency. At suboptimal in take 
levels, amino acids are more efficiently used and only a 
small fraction is broken down. As the concentration of 
the limiting amino acid in the diet increases, its utilization 
efficiency decreases because a greater proportion is 
directed to alternative metabolic processes, unrelated to 
protein deposition (Heger & Frydrych, 1989).This may 
explain the reduced ELys observed with increasing lysine 
levels in the present study.

In general, birds fed dilution-formulated diets 
used lysine more efficiently (75.57%) than those fed 
supplementation-formulated diets (73.22%). This sup-

Table 8 - Adjusted equations, F test significance, coefficients of determination (R2) and optimal digestible lysine levels (OLys) 
in starter (8 to 22 days old) broiler diets
Model Variable / Equation P>F R2 OLys (%)

Digestible lysine intakel (g)

Linear LysI = - 0.380 + 9.718xLys ≤0.0001 0.995 ------

Body weight gain (g)

Quadratic BWG = -525.992 + 2002.911xLys – 854.980xLys2 ≤0.0001 0.992 1.171

Feed conversion ratio† (g/g)

Quadratic FCR=4.021(+0.160)-4.463(-0.187)xLys+1.958xLys2 ≤0.0001 0.995
1.140 (S)
1.187 (D)

Protein deposition (g)

Linear PD = 50.742 + 45.740xLys ≤0.0001 0.926 ------

Fat deposition (g) – S

------ FD = 59.832 ------ ------ ------

Fat deposition (g) – D

Linear FD = 129.033 – 70.027xLys ≤0.0001 0.924 ------

Lysine deposition (g)

Linear LysD= 3.755 + 3.391xLys ≤0.0001 0.931 ------

Efficiency of lysine utilization (%) 

Linear ELys = 125.835 – 45.704xLys ≤0.0001 0.975 ------

†The number in brackets must be added or subtracted to obtain the specific equation for the dilution technique. 

S = supplementation technique; D = dilution technique.
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ports the better FCR responses of pre-starter broilers 
fed dilution-formulated diets. Amino acid ratios varied 
among diets formulated with the supplementation 
technique, while the diluting technique maintained 
these ratios constant, which corroborates the fact that 
dietary amino acid may affect the utilization efficiency 
of the first limiting factor, as reported by Heger & 
Frydrych (1989).

The diet dilution technique improved broiler 
performance potential, as shown by the best FCR 
responses, by FD reduction and by the increasing linear 
PD and LysD behavior responses. The digestible lysine 
level of 1.361% (0.460%/Mcal ME), estimated on 
FCR-basis, was adequate to meet the requirements of 
Cobb 500 broilers during the pre-starter phase (1 to 8 
days). This corresponds to 2.38 g (340 mg/day) lysine 
intake during this period.

Statistically, the FCR results obtained fort he starter 
phase demonstrated that the analysis of variance was 
not able to explore the quantitative data, as discussed 
by Pesti et al. (2009). Therefore, it is necessary to use 
methods capable of exploring the effects of qualitative 
factors (formulation technique) on the responses of 
quantitative factors (digestible lysine levels). In this 
study, the model adapted from Kaps & Lamberson 
(2004) was adequate for this purpose, detecting 
differences in the behavior of the responses to the 
formulation techniques in the absence of interactions 
between the studied factors, allowing a detailed 
analysis of the FCR responses.

For the starter phase, FCR responses obtained with 
the supplementation technique ceased before those 
observed with the dilution technique, showing that 
diluted diets enhanced broiler performance potential. 
Therefore, in a dilution-formulated diet, it is estimated 
that 1.187% (11.16 g/day) digestible lysine are 
required to supply FCR requirements of broilers during 
the starter phase.

The FD results obtained during the starter phase 
are according to those verified during the pre-starter 
phase. Feather deposition reduced as a function of 
dietary lysine levels only when the dilution technique 
was used, with no effect of lysine levels the FD when 
diets were formulated by supplementation.

Assuming that the diets obtained by the 
supplementation and dilution techniques presented 
different amino acid balance, and taking into account 
that this balance is one of the main factors affecting 
the efficiency of the utilization of limiting amino acids 
(Heger & Frydrych, 1989), the absence of  formulation 
technique effects on the ELys during the starter phase 

was not expected, although our results confirmed the 
effect of lysine levels on ELys during the pre-starter 
phase.

The effects of the diet formulation technique on 
FI, LysI, BWG, FCR, and FD during the starter phase 
(8 to 22 days) were, in general, consistent with those 
observed during the pre-starter phase (1 to 8 days). 
However, PD, LysD, and ELys responses were not 
affected by formulation technique during the starter 
phase, in contrast with the results obtained during 
the pre-starter phase. These observations suggest that 
the developmental stage of the birds has an effect on 
tolerance to variations in dietary amino acid balance. 
Nevertheless, FCR and FD results during the starter 
phase may support arguments favoring the application 
of the diet-dilution technique.

The estimated lysine level of 1.187% (0.395%/
Mcal ME), based on FCR, best met the requirements 
of Cobb 500 broilers during the starter phase. This 
level corresponded to11.16 g or 797 mg/day of lysine 
intake, in agreement with Rostagno et al. (2005), who 
recommended 797mg/day or 1.189% of digestible 
lysine for8- to 21-day-old broilers.

In general, our results suggested that the diet 
dilution technique favored the performance potential 
of broilers. This contrasts with the results of other 
authors, who observed equivalent results using both 
techniques. Considering that experimental diets 
formulated using dilution normally require a limited 
inclusion of crystalline amino acids, and considering 
that the cost of these amino acids often hinders 
protein nutrition studies, we suggest that using 
the dilution technique to determine broiler lysine 
requirements could allow producing economically 
viable experimental diets.
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