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ABSTRACT Two studies evaluated effects of metabo-
lizable energy (ME), digestible Lys (dLys), and amino
acid (AA) balance on broiler performance. In experiment
1 diets contained 3 levels of ME (3,000, 3,100, and 3,200
kcal/kg) in combination with 4 levels of dLys (1.05, 1.13,
1.21, and 1.29%). A fixed proportion of dLys relative to
CP and key indispensable AA was maintained in graded
increments of CP from 21.9 to 26.9%. There was no interac-
tion of ME and dLys for 21 d BW gain or adjusted feed
conversion ratio, which improved linearly with dietary
dLys. Increasing the dLys or ME had no effect on feed
intake, and the linear improvement in performance was
attributed to a step-wise increase in dLys when diets
contained a balance of AA and CP. Experiment 2 evalu-
ated broiler response to 20 d of age when diets contained
graded increments in dLys while maintaining a fixed pro-
portion of dLys relative to CP and indispensable AA
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INTRODUCTION

During the last 5 decades, intensive genetic selection for
growth rate in broilers has resulted in a maximum daily
rate of BW gain that was at least 2.5 times that achieved
in the 1950s (Jorgensen et al., 1990). Stimulated by the
changing genetics of the modern broiler, there has been
considerable research over the past 40 yr that has been
directed at better defining the minimum intake of dietary
CP and amino acids (AA) required to support the im-
proved genetic potential. Nevertheless, differences have
existed in the literature with respect to the estimated mini-
mum Lys requirement of broilers that, in part, has been
ascribed to differences in broiler strain (Acar et al., 1991;
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(balanced CP), or when dLys was increased in diets by
supplementing synthetic L-Lys to 1 of 2 basal diets with
22.0% CP (low CP) or 27.0% CP (high CP) without ad-
justing concentrations of other AA or CP. The BW gain
of broilers fed the low CP diet series followed a quadratic
response, and the dLys requirement was estimated to be
1.19 ± 0.03% (1.30% total Lys). By contrast, BW gain on
both the high CP and balanced CP diet series increased
linearly. The higher BW gain and continued response to
dLys above 1.19% when CP and AA concentrations were
increased confirmed that the dLys requirement of broilers
was dependent on the dietary CP. When a fixed ratio of
dLys to CP was applied and indispensable and dispens-
able AA were not limiting, broiler BW gain and adjusted
feed conversion ratio responded positively to incremental
dLys up to at least 1.32% (27.2% CP) and was independent
of the dietary ME over a range from 3,000 to 3,200 kcal/kg.

Bilgili et al., 1992), rate of breast meat accretion (Bilgili et
al., 1992; Labadan et al., 2001), method of determination
of requirement (Mack et al., 1999), preferred response vari-
able (Baker et al., 2002), environmental factors (Kidd and
Fancher, 2001), and the form of the diet (Greenwood et
al., 2005). Based on the numerous variables that may affect
the sentinel Lys requirement, it was not surprising that
published estimates of the requirement have varied ac-
cordingly. In addition, research reports from as early as
1948 have suggested that the dietary Lys requirement of
broilers was also a function of the dietary CP content
(Grau, 1948). These findings were later supported by Grau
and Kamei (1950), Velu et al. (1971), Morris et al. (1987),
Abebe and Morris (1990), and Surisdiarto and Farrell
(1991). Based on these findings, the recommendation by
Morris et al. (1999) was that the requirement for Lys and
other essential AA should be expressed as a fixed propor-
tion of the dietary CP content because a deficiency or
excess of dietary CP could affect the requirement of the
broiler for several essential AA. Further, Gous and Morris
(1985) suggested that the conventional dose-response
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Table 1. Overview of minimum calculated and analyzed1 nutrient concentrations, ratio of digestible (d) amino
acids to Lys, and blending ratios of diets in experiment 1

Diet numbers (blending ratio)2,3

1, 5, 9 2, 6, 10 3, 7, 11 4, 8, 12
Nutrient4 (100:0) (66.7:33.3) (33.3:66.7) (0:100)

(%)
CP 21.88 (21.7) 23.54 (25.1) 25.21 (26.3) 26.88 (27.1)
Lys 1.19 (1.17) 1.29 1.38 1.47 (1.43)
Met + Cys 0.91 (0.95) 0.98 1.04 1.11 (1.13)
Thr 0.79 (0.71) 0.85 0.92 0.98 (0.88)
dLys5 1.05 1.13 1.21 1.29
dMet + Cys5 0.81 0.87 0.93 0.99
dThr5 0.67 0.72 0.77 0.83
dTrp5 0.17 0.18 0.19 0.21
dIle5 0.69 0.77 0.86 0.94
dArg5 1.21 1.22 1.22 1.22
Calcium, % 1.00 1.00 1.00 1.00
Available P,6 % 0.48 0.48 0.48 0.48
Sodium, % 0.20 0.20 0.20 0.20
Chloride, % 0.30 0.30 0.30 0.30

1The mean analyzed CP and key indispensable amino acids in final diets are shown in parentheses.
2Dietary ME was 3,000, 3,100, and 3,200 kcal/kg in diets 1 to 4, 5 to 8, and 9 to 12, respectively.
3Dilution diets 1, 5, 9 and summit diets 4, 8, 12 were blended in the respective proportions to create intermediate

diets 2, 6, 10 and 3, 7, 11, respectively.
4Nutrient composition calculated from proximate analyses of all ingredients prior to formulation.
5Digestibility coefficients derived from the CVB (2003).
6Available P content of ingredients was calculated by multiplying the analyzed total P with the respective

coefficients provided by van der Klis and Versteegh (1996).

method that had been normally used to determine the AA
requirements of broilers was inadequate to estimate the
Lys requirement. These authors expressed the view that
an imbalance of Lys relative to other essential AA was
created by the continued supplementation of a single syn-
thetic AA to a basal diet that contained a fixed level of
dietary CP and other essential AA and that this AA imbal-
ance may be influential in determining the upper level of
the response obtained to supplemental Lys. In support of
Gous and Morris (1985), several experiments have demon-
strated a linear response in early BW gain to increasing
concentrations of balanced dietary AA and CP (Lemme,
2003; Locatelli et al., 2003; Quentin et al., 2005). However,
these studies did not evaluate the response in BW gain
to increasing dietary CP when diets contained different
concentrations of metabolizable energy (ME). As it had
been hypothesized that the dietary CP and AA require-
ments should be expressed as a percentage of the dietary
ME concentration (NRC, 1984; CVB, 2001), variations in
the dietary ME concentration may greatly influence the
response obtained with increased dietary CP and AA.
Based on these observations, the objective of the present
research was to, in the first instance, quantify the response
from hatching to 21 d of modern broiler strains to balanced
dietary AA over a range of dietary CP and ME and, sec-
ondly, to determine if the dietary Lys level at which no
further response in broiler performance was obtained
could be ascribed to the level of dietary CP used in the
experimental diets.

MATERIALS AND METHODS

Experiment 1

Broiler chicks from a flock of Cobb 500 slow feathering
female × Cobb male broiler breeders were sexed at hatch-
ing, and 576 male and 576 female broilers were perma-
nently identified with neck tags and randomized across 72
floor pens located in an environmentally modified broiler
house with 8 male and 8 female chicks per pen. Feed and
water were provided for ad libitum consumption, and a
22-h lighting program was used to 21 d of age. Dietary
treatments are shown in Table 1 and consisted of a 3 × 4
factorial arrangement with 3 levels of ME (3,000, 3,100,
and 3,200 kcal/kg) at each of 4 levels of dietary CP (21.9,
23.5, 25.2, and 26.9%). Prior to formulating the diets, the
digestible AA content of ingredients was calculated using
digestibility coefficients provided by the CVB (2003).
The digestible Lys (dLys) content of all diets was set at
4.8% of the respective CP content and was 1.05, 1.13, 1.21,
and 1.29%. Key essential AA in diets were adjusted using
an ideal profile relative to dLys. To prevent any extracalo-
ric effects between treatments that may have arisen from
differences in the proportion of dietary ME that was de-
rived from fat, the proportion of dietary ME derived from
soy oil was held constant at 18.2% across all levels of
dietary ME and CP. To reduce physical differences be-
tween diets the moisture level was held constant by
amendment of the diets with water. An inert vermiculite
filler was included to allow the application of these funda-
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ENERGY AND AMINO ACID RESPONSES IN BROILERS 2641

Table 2. Dilution and summit diet composition at 3 levels of ME in experiment 1

3,000 kcal/kg 3,100 kcal/kg 3,200 kcal/kg

Dilution Summit Dilution Summit Dilution Summit
Ingredient diet 1 diet 4 diet 5 diet 8 diet 9 diet 12

(%)
Corn 44.50 37.52 47.91 40.93 50.32 43.81
Soybean meal (48% CP) 26.82 38.42 26.19 37.81 25.75 37.95
Corn gluten meal 7.50 7.50 7.50 7.50 7.50 7.50
Wheat bran 2.00 2.00 2.00 2.00 2.00 2.00
Refined soy oil 5.64 5.64 5.89 5.89 6.06 6.06
Limestone 1.25 1.25 1.26 1.26 1.26 1.25
Dicalcium phosphate 1.91 1.72 1.91 1.71 1.90 1.73
Filler (vermiculite) 7.65 3.57 4.79 0.71 2.78 —
Water1 1.05 0.78 0.84 0.58 0.70 0.08
Sodium chloride 0.37 0.41 0.36 0.40 0.36 0.40
Sodium bicarbonate 0.19 0.12 0.20 0.13 0.21 0.13
Premixes2 0.35 0.35 0.35 0.35 0.35 0.35
Choline chloride 60 0.20 0.20 0.20 0.20 0.20 0.20
Coccidiostat 0.07 0.07 0.07 0.07 0.07 0.07
L-Arg 0.06 — 0.07 — 0.07 —
L-Thr — — 0.01 — — —
DL-Met 0.18 0.24 0.18 0.24 0.17 0.24
L-Lys HCl 0.27 0.20 0.28 0.22 0.29 0.22

1Water added at mixing to adjust all diets to equal percentage moisture.
2Premix provided the following (per kg of diet): vitamin A, 5,291 IU; vitamin D3, 1,587 ICU; vitamin E, 26.5

mg; vitamin B12, 16.0 �g; riboflavin, 5.3 mg; niacin, 44.1 mg; D-pantothenate, 8.8 mg; menadione (K3), 1.6 mg;
folic acid, 0.9 mg; thiamine, 1.6 mg; pyridoxine, 3.2 mg; D-biotin, 100.6 �g; selenium (as Na2SeO3), 0.12 mg;
manganese, 120.0 mg; zinc, 120 mg, iron, 80 mg; copper, 10 mg; iodine, 2.5 mg; and cobalt, 1.0 mg.

mental formulation principles across a wide range of di-
etary ME and CP (Table 2). To reduce the variation among
dietary treatments that could originate from the mixing of
ingredients and to ensure uniform gradations of dietary
CP within each ME level, a summit-dilution blending tech-
nique was applied during the mixing of the diets. This
consisted of mixing, pelleting, and crumbling a single
batch of the highest CP (summit diets 4, 8, 12) and lowest
CP diets (dilution diets 1, 5, 9). The 6 intermediate CP
treatments (diets 2, 3, 6, 7, 10, 11) were subsequently de-
rived by blending the respective summit and dilution diets
within each level of ME.

Experiment 2

Broiler chicks were hatched from eggs incubated from
a Ross 344 male × Ross 308 slow-feathering female broiler
breeder flock. After hatching chicks were sexed and 960
male chicks identified with neck tags and randomized
across 80 floor pens located in 4 separate brooding rooms,
with 20 pens per room and 12 male chicks per pen. Feed
and water were provided for ad libitum consumption, and
a 22-h lighting program was used to 20 d of age. Dietary
treatments (Table 3) were designed to determine the re-
sponse of broilers to graded increments of dLys to a basal
diet that contained 22.0% CP (low CP series) or 27.0% CP
(high CP series). A third diet series (balanced CP series)
was created by increasing dietary dLys from 1.08 to 1.32%
while also increasing the dietary CP and all indispensable
AA as a fixed percentage of dLys. With the exception of
Lys, indispensable AA levels in all experimental diets were
formulated to meet or exceed recommended minimum
requirements (NRC, 1994). Prior to formulation of the diets

(Table 4), all primary ingredients were subjected to CP
and total AA analyses (AOAC, 2006). The digestible AA
content of ingredients was calculated using digestibility
coefficients provided by Degussa (AMINODat 2.0., 2001).
Gradations of dLys of 0.85, 1.08, 1.19, and 1.30% in the
low CP and 1.12, 1.22, 1.32, and 1.45% dLys in the high
CP diet series were achieved by the addition of L-Lys HCl,
at the expense of an inert vermiculite filler. To ensure
uniform gradations of dLys in diets, a summit-dilution
blending technique was again used (Figure 1). This con-
sisted of mixing and pelleting a single batch of the diet
with the highest dLys level (summit diets 4 and 8) and
lowest dLys level (dilution diets 1 and 5) within the low
and high CP series, respectively, and subsequently blend-
ing these in the respective proportions indicated in Table
3 to create the 2 intermediate levels of dLys within each
level of CP. To further ensure good pellet quality, approxi-
mately half of the soy oil in the formulation was added
to diets during the blending process after pelleting. To
prevent an excessive amount of fines, rather than crum-
bling the diets, the knives of the pellet mill were set to cut
a very small (∼2 mm) pellet that was offered to the birds
from 1 d of age. The gradations of dLys in the low and
high CP diet series were designed such that the dLys
expressed as a percentage of the dietary CP was 4.8% in
diets 2 and 7. These 2 dietary treatments, while being
intermediate in the low and high CP treatment series,
respectively, also represented the lowest and highest levels
of dLys in the balanced CP diet series. The 2 intermediate
treatments in the balanced CP series (diets 9 and 10) were
then derived by blending diets 2 and 7 in the proportions
indicated in Table 3. Following the mixing and blending
procedure, the CP of all diets was analyzed by LECO
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Table 3. Overview of dietary CP, digestible (d) amino acids, ratio of amino acids to Lys, and blending ratios
of dilution and summit diets in experiment 2

Low CP series1

1 22 3 4
(100:0) (50:50) (25:75) (0:100)

Diet (blending ratio)
Nutrient (%) (ratio) (%) (ratio) (%) (ratio) (%) (ratio)

CP 22.00 22.27 22.40 22.54
dLys 0.85 1.00 1.08 1.00 1.19 1.00 1.30 1.00
dMet + Cys 0.81 0.95 0.81 0.75 0.81 0.69 0.81 0.62
dThr 0.71 0.84 0.71 0.66 0.71 0.60 0.71 0.54
dTrp 0.19 0.23 0.19 0.18 0.19 0.18 0.19 0.15
dIle 0.81 0.95 0.81 0.75 0.81 0.68 0.81 0.62
dArg 1.22 1.43 1.22 1.13 1.22 1.02 1.22 0.94

High CP series3

5 6 74 8
(100:0) (70:30) (40:60) (0:100)

(%) (ratio) (%) (ratio) (%) (ratio) (%) (ratio)
CP 26.98 27.10 27.22 27.38
dLys 1.12 1.00 1.22 1.00 1.32 1.00 1.45 1.00
dMet + Cys 0.99 0.88 0.99 0.81 0.99 0.75 0.99 0.68
dThr 0.87 0.78 0.87 0.71 0.87 0.66 0.87 0.60
dTrp 0.25 0.22 0.25 0.21 0.25 0.18 0.25 0.17
dIle 1.00 0.90 1.00 0.82 1.00 0.75 1.00 0.69
dArg 1.49 1.33 1.49 1.23 1.49 1.13 1.49 1.03

Balanced CP series5

22 9 10 74

(100:0) (66.7:33.3) (33.3:66.7) (0:100)

(%) (ratio) (%) (ratio) (%) (ratio) (%) (ratio)
CP 22.27 23.92 25.57 27.22
dLys 1.08 1.00 1.16 1.00 1.24 1.00 1.32 1.00
dMet + Cys 0.81 0.75 0.87 0.75 0.93 0.75 0.99 0.75
dThr 0.71 0.66 0.76 0.66 0.82 0.66 0.87 0.66
dTrp 0.19 0.18 0.21 0.18 0.23 0.18 0.25 0.18
dIle 0.81 0.75 0.87 0.75 0.94 0.75 1.00 0.75
dArg 1.22 1.13 1.31 1.13 1.40 1.13 1.49 1.13

1Diet 1 represented the Lys deficient dilution diet, with diet 4 created by the addition of L-Lys to diet 1 at
the expense of an inert filler, and diets 2 and 3 created subsequently by blending diets 1 and 4 in the proportions
indicated in parentheses.

2Diet 2, which was intermediate in the low CP series, also served as the dilution diet for the balanced CP
series.

3Diet 5 represented the Lys deficient dilution diet, with diet 8 created by the addition of L-Lys to diet 1 at
the expense of an inert filler, and diets 6 and 7 created subsequently by blending diets 5 and 8 in the proportions
indicated in parenthesis.

4Diet 7, which was intermediate in the high CP series, also served as the summit diet for the balanced CP
series.

5Diets 2 and 7 were blended in the proportions indicated in parentheses to create intermediate diets 9 and
10.

combustion analysis (AOAC Official Method 990.03,
AOAC, 2006), whereas the AA concentration of summit
and dilution diets was determined at the experiment Sta-
tion Chemical Laboratories at the University of Missouri
according to the AOAC (2006) methods 982.30 a and b.

Data Collection and Statistical Analyses

A completely randomized design was applied in experi-
ment 1, with 12 treatments randomized across 72 pens with
6 replicate pens of 16 broilers per treatment. Experiment 2
utilized a randomized complete block design with 4 blocks
and 8 replicate pens of 12 broilers per treatment. Pens of
broilers were weighed at 0, 14, and at 21 or 20 d in experi-
ments 1 and 2, respectively. All mortality was collected

twice daily and weighed. The adjusted feed conversion
rate (AdjFCR) of pens of birds was calculated at weekly
intervals to 21 or 20 d in each respective experiment by
including the BW of dead birds recorded during each week
in the calculation of the weekly BW gain per pen and
then dividing this by the total feed consumed per pen in
that week.

All data were analyzed using the Mixed Models proce-
dure (SAS Institute, 2004) with a completely randomized
design in experiment 1 and a randomized complete block
design in experiment 2. Orthogonal polynomial contrasts
were used to test the linear or quadratic nature of the
response to incremental concentrations of dLys. As specific
dietary treatments in experiment 2 were common to the
high CP, low CP, or balanced CP diet series the broiler
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Table 4. Basal dilution and summit diet composition in experiment 2

Low CP series High CP series

Dilution Summit Dilution Summit
Ingredient diet diet diet diet

(%)
Corn 52.90 52.90 45.31 45.31
Soybean meal (48% CP) 21.34 21.34 30.35 30.35
Corn gluten meal 10.00 10.00 12.00 12.00
Sunflower meal (35% CP) 2.50 2.50 2.50 2.50
Crude soy oil 4.20 4.20 4.20 4.20
Limestone 1.19 1.19 1.17 1.17
Dicalcium phosphate 1.80 1.80 1.66 1.66
Filler (vermiculite) 3.64 3.06 0.51 0.09
Water1 1.03 1.03 1.00 1.00
Sodium chloride 0.22 0.22 0.44 0.44
Sodium bicarbonate 0.44 0.44 0.07 0.07
Premixes2 0.35 0.35 0.35 0.35
Choline chloride 60 0.20 0.20 0.20 0.20
Coccidiostat 0.07 0.07 0.07 0.07
L-Arg 0.04 0.04 0.01 0.01
L-Thr 0.02 0.02 0.02 0.02
DL-Met 0.07 0.07 0.12 0.12
L-Lys HCl 0.00 0.58 0.02 0.44
Calculated nutrient3

Moisture, % 10.00 10.00 10.00 10.00
ME, kcal/g 3.15 3.15 3.15 3.15
CP, % 22.00 22.54 26.98 27.38
Lys, % 0.96 1.41 1.26 1.59
dLys,4 % 0.85 1.30 1.12 1.45
dMet + Cys,4 % 0.81 0.81 0.99 0.99
dThr,4 % 0.71 0.71 0.87 0.87
dArg,4 % 1.22 1.22 1.50 1.50
Ca, % 0.95 0.95 0.95 0.95
Available P,5 % 0.45 0.45 0.45 0.45
Na, % 0.20 0.20 0.20 0.20
DEB,6 mEq/kg 23.00 20.66 24.57 22.85

1Water added at mixing to adjust all diets to equal percentage moisture.
2Premix provided the following (per kg of diet): vitamin A, 5,291 IU; vitamin D3, 1,587 ICU; vitamin E, 26.5

mg; vitamin B12, 16.0 �g; riboflavin, 5.3 mg; niacin, 44.1 mg; D-pantothenate, 8.8 mg; menadione (K3), 1.6 mg;
folic acid, 0.9 mg; thiamine, 1.6 mg; pyridoxine, 3.2 mg; D-biotin, 100.6 �g; selenium (as Na2SeO3), 0.12 mg;
manganese, 120 mg; zinc, 120 mg, iron, 80 mg; copper, 10 mg; iodine, 2.5 mg; and cobalt, 1.0 mg.

3Nutrient compositions calculated from proximate analyses of all ingredients.
4Digestibility coefficients derived from AMINO DAT v. 2.0 (Degussa, 2000).
5Available P content of ingredients was calculated by multiplying the analyzed total P with the respective

coefficients provided by van der Klis and Versteegh (1996).
6DEB = dietary electrolyte balance calculated as Na + K − Cl in mEq/kg of diet.

response to increments in dLys was analyzed separately
within each diet series. Statements of statistical significance
were based on P ≤ 0.05 unless otherwise indicated.

RESULTS

Results of the CP and AA analyses of the summit and
dilution diets in experiments 1 and 2 are shown in Tables
1 and 5, respectively. The analyzed CP values of all diets
in experiment 2 and the lowest and highest CP diets in
experiment 1 were in general agreement with formulated
values. However, the analyzed CP of the 2 intermediate
diets in experiment 1 was 1.65 and 1.09% greater than the
calculated values of 23.54 and 25.21%, respectively. As
both intermediate diets had been mixed by blending the
highest (26.88%) and lowest (21.88%) CP diets, for which
the analyzed CP was close to formulated values, the devia-
tion in the analyzed CP of the intermediate diets may be
explained either by sampling error or analytical error. An

examination of the broiler performance response sug-
gested that the samples analyzed for the intermediate diets
may not have been representative of the diets consumed,
as the response in broiler BW gain from the lowest to the
highest CP diets was strictly linear (P < 0.001) with no
evidence of the curvature present in the analyzed CP val-
ues of the diets in experiment 1. The interim broiler perfor-
mance to 7 and 14 d of age was reported elsewhere
(Plumstead, 2005) and only performance to 21 d in experi-
ment 1 or 20 d in experiment 2 was reported herein.

Experiment 1

There was no significant interaction of dLys × ME at 21
d of age on BW gain and AdjFCR, and for brevity, only
main effects of dLys or ME are shown in Table 6. At the
lowest concentration of dLys of 1.05% (21.9% CP) BW
gain and AdjFCR at 21 d of age was 893 g and 1.35 g:g,
respectively. However, in spite of the good performance
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Figure 1. Overview of the dilution and summit blending technique
used in experiment 2. Symbols represent diets in the low CP diet series
(▲), high CP diet series (g), and the balanced CP diet series (◆). In the
low CP diet series dilution diet 1 and summit diet 4 were blended to
create intermediate diets 2 and 3. For the high CP diet series dilution
diet 5 and summit diet 8 were blended to create intermediate diets 2
and 3. The intermediate diets 2 and 7 formed the dilution and summit
diets for the balanced CP diet series, respectively. These were blended
to create intermediate diets 9 and 10.

obtained at the lowest concentration of dLys, a linear in-
crease in 21 d BW gain of 61 g and a decrease in the
AdjFCR to 1.26 g:g was obtained as dietary dLys was
increased to 1.29% (26.9% CP; Table 6 and Figure 2). Broiler
21 d BW gain increased and AdjFCR decreased when di-
etary ME was increased from 3,000 to 3,100 kcal/kg with
no further improvement to 3,200 kcal/kg of ME. Increasing
dietary ME or dLys had no effect on feed intake to 21 d.
A significant interaction of dLys and ME on feed intake
was observed, which was attributed to an unusually high
feed intake for birds receiving the 3,100 kcal/kg, 1.05 dLys
(21.9% CP) diet. Due to the absence of consistent differ-
ences in feed intake between diets within a range of ME
from 3,000 to 3,200 kcal/kg, an increase in dietary ME
concentration resulted in a step-wise increase in the cumu-
lative ME consumed by broilers to 21 d of age (Figure 3).

Experiment 2

The response in 20 d BW gain and AdjFCR to dLys in
the low CP diet series could be described by both linear
and quadratic functions, with the significance of the latter
indicating a diminished relative response obtained in each
variable to increasing dLys (Table 7). For broilers fed the

Table 5. Analyzed values of dietary CP and key amino acids in dilution and summit diets in experiment 2

Low CP series High CP series Balanced CP series

Dilution Summit Dilution Summit Dilution Summit
Analyzed nutrient (diet 1) (diet 4) (diet 5) (diet 8) (diet 2) (diet 7)

(%)
CP 21.89 22.95 26.30 26.61 22.27 26.14
Lys 0.97 1.33 1.30 1.55 1.17 1.32
Met + Cys 0.85 0.82 1.04 0.98 0.87 0.99
Thr 0.84 0.83 0.99 0.98 0.82 0.94
Ile 0.82 0.93 1.14 1.11 0.90 1.06
Arg 1.31 1.30 1.64 1.62 1.31 1.49

Figure 2. Regression of BW gain (�) and mortality adjusted feed
conversion ratio (AdjFCR; �) in mixed sex broiler chickens grown to
21 d of age expressed as a function of increments in formulated dietary
digestible Lys in experiment 1. The main effect means ± pooled standard
errors of 6 g for BW gain and 0.01 g:g AdjFCR are shown. Means
represent the average response of 18 pens of 16 broilers each within
each CP level. Both sexes were equally represented within each pen at
placement. The response curve for BW gain was Y = 892.6 + 224.7 (X
− 1.05) + 104.7 (X − 1.05)2 (R2 = 0.99; P < 0.001) and for AdjFCR: Y =
1.35 − 0.594 (X − 1.05) + 0.836 (X − 1.05)2 (R2 = 0.98; P < 0.001).

low CP diets the dLys requirement at 95% of the asymptote
in BW gain was estimated to be 1.19 ± 0.03%, which was
equivalent to 1.30% total Lys. In contrast to the low CP
diet series, the 20 d BW gain in both the high CP and
balanced CP diet series increased in a linear manner with
continued L-Lys supplementation up to the highest levels
of 1.45% and 1.32% dLys, respectively. Whereas there was
no significant response in the AdjFCR to increased dLys
in the high CP diet series, a curvilinear response in AdjFCR
was observed in the balanced CP diet series when dLys
was increased to 1.32%. Feed intake between treatments
in the low CP diet series was somewhat variable. Broilers
that received the diet containing 0.85% dLys exhibited
depressed BW gain and low feed intake, whereas feed
intake on the 1.08 dLys treatment was higher than ex-
pected. The response in feed intake to dLys in the high
CP diet series followed a linear trend that reflected the
step-wise increase in BW gain, whereas dLys had no effect
on feed intake in the balanced CP diet series.

DISCUSSION

The results of experiment 1 and the balanced CP diet
series in experiment 2 showed that early BW gain of broiler
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Table 6. Main effect means1 of incremental digestible Lys (dLys) or formulated CP and metabolizable energy
(ME) on the performance of mixed sex broilers to 21 d of age in experiment 1

dLys (CP) ME BW gain Feed intake AdjFCR2 Mortality
(%) (kcal/kg) (g) (g) (g:g) (%)

1.05 (21.8) 893.1 1,209 1.35 1.39
1.13 (23.5) 909.5 1,188 1.31 0.69
1.21 (25.2) 932.9 1,197 1.28 1.04
1.29 (26.9) 952.0 1,196 1.26 0.35
SEM 6.0 7.3 0.01 0.57

3,000 907.3 1,192 1.32 0.78
3,100 929.0 1,204 1.30 1.04
3,200 929.4 1,196 1.29 0.78
SEM 5.2 6.3 0.01 0.49

Statistical effect P > F
dLys <0.001 0.262 <0.001 0.606
ME 0.005 0.447 0.002 0.912
dLys × ME 0.082 0.040 0.979 0.211
dLys (Lin)3 <0.001 0.385 <0.001 0.280
dLys (Quad)3 0.825 0.176 0.085 0.980
ME (Lin)3 0.004 0.660 <0.001 0.990
ME (Quad)3 0.102 0.235 0.383 0.668

1Means represent the average response of 18 pens of 16 broilers each within each CP level, or 24 pens of 16
broilers within each energy (ME) level. Both sexes were equally represented within each pen at placement.

2Mortality adjusted feed conversion ratio (AdjFCR).
3Linear (Lin) or quadratic (Quad) response estimated using orthogonal polynomial contrasts (SAS Institute,

2004).

chickens increased linearly (P < 0.001), with no evidence
of any curvature (P = 0.83) when the dietary concentrations
of dLys and CP were increased while an ideal ratio of key
indispensable AA relative to dLys and CP was maintained.
For the purpose of this discussion, this principle of main-
taining a fixed proportion of dLys and indispensable AA
relative to dietary CP will be referred to as “balanced
CP.” The linear response in broiler BW gain to increased
concentrations of balanced dietary CP to levels as high as
27% CP was in agreement with previous research (Lemme,
2003; Locatelli et al., 2003; Quentin et al., 2005), and the
mixed sex 21 d broiler BW of 990 g obtained at the highest
level of balanced CP in experiment 1 reflected the substan-
tial early growth potential of modern broiler strains reared
under good conditions. Because there was no effect of
dietary CP concentration on feed intake, the improved
broiler BW gain could be attributed to a step-wise increase
in the cumulative intake of both indispensable and dis-
pensable AA as dietary concentrations of balanced CP in-
creased.

The lack of any consistent interaction between dietary
ME and balanced CP concentration on BW gain and
AdjFCR in experiment 1 suggested that the response in
BW gain and adjFCR to increasing dietary concentrations
of balanced CP from 21.9 to 26.9% CP was independent
of the dietary ME level over the range from 3,000 to 3,200
kcal/kg. These results were in agreement with Gonzalez
and Pesti (1993) who found no evidence of an optimum
ME:CP ratio but that both ME and CP were important
predictors of broiler performance. In contrast, the NRC
(1984) and the CVB (2001) suggested that AA requirements
should be expressed as a proportion of the dietary ME
concentration. This was based on evidence that poultry
adjusted their feed intake to differences in the dietary ME
density to maintain a constant ME intake (NRC, 1984;

Leeson et al., 1996). However, in the present study feed
intake of broilers was not reduced when dietary ME was
increased from 3,000 to 3,200 kcal/kg, which resulted in
a step-wise increase in the cumulative ME intake to 21 d
(Figure 3). The apparent lack of an effect of ME density
on feed intake in experiment 1 was consistent with the
revised observations of the NRC (1994) that modern broiler
strains did not adjust their feed intake to changes in the
dietary ME density. Differences in the effects of ME density
on broiler feed intake observed by other authors may have
been caused by differences in the range of dietary ME
evaluated, the age of the birds, as well as by differences in
the dietary formulation techniques used in the respective
experiments. For example, Leeson et al. (1996) showed that
broiler feed intake to 25 d was reduced by 200 g when the
dietary ME was increased from 2,700 to 3,300 kcal/kg.
However, in that study the range of ME of 600 kcal/kg
was considerably wider than the range of 3,000 to 3,200
kcal/kg in the present study, which may explain differ-
ences in the response observed with increased energetic
density of the diets. Furthermore, in the study by Leeson
et al. (1996) changes in the dietary ME were achieved by
increasing the dietary inclusion of an animal-vegetable fat
blend from 1.15% to 8.65%. The linear correlation between
dietary ME and added fat in that study makes it difficult
to separate effects of ME and added fat on feed intake. To
prevent extracaloric effects of dietary fat on pellet and
crumble quality and bird performance, the diets utilized
in experiment 1 of the present study were formulated in
a manner that fixed the proportion of dietary ME derived
from added fat at 18.4% and resulted in only small grada-
tions of 0.42% in the added fat content of the diets over
the range of 200 kcal/kg of ME. Thus the consistent feed
intake obtained across the experimental diets in the present
study suggested that when diets contained similar quanti-
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Table 7. Performance of male broilers fed varying levels of formulated digestible Lys (dLys) and CP to 20 d
of age in experiment 21

dLys (CP) BW gain Feed intake AdjFCR2 Mortality
(%) (g) (g) (g:g) (%)

Low CP series
0.85 (22.0) 506.2 1,133.7 2.25 3.13
1.08 (22.3)3 760.8 1,376.6 1.81 1.04
1.19 (22.4) 787.0 1,253.3 1.59 0.00
1.30 (22.5) 809.4 1,300.2 1.60 3.13

SEM 9.6 34.6 0.06 1.48
Statistical effect P > F

dLys <0.001 <0.001 <0.001 0.332
dLys Lin4 <0.001 0.016 <0.001 0.511
dLys Quad4 <0.001 0.080 0.017 0.201

High CP series
1.12 (27.0) 815.7 1,254.5 1.54 4.17
1.22 (27.1) 835.4 1,291.0 1.55 2.08
1.32 (27.2)5 845.4 1,310.5 1.55 3.13
1.45 (27.4) 863.2 1348.7 1.56 2.08

SEM 8.7 39.2 0.05 1.64
Statistical effect P > F

dLys 0.007 0.433 0.989 0.781
dLys Lin4 <0.001 0.019 0.741 0.045
dLys Quad4 0.997 0.850 0.934 0.555

Balanced CP series
1.08 (22.3)3 760.8 1,376.6 1.81 1.04
1.16 (23.9) 783.7 1,258.0 1.60 0.00
1.24 (25.6) 835.3 1,331.6 1.59 2.08
1.32 (27.2)5 845.4 1,310.5 1.55 3.13

SEM 6.5 33.4 0.04 1.12
Statistical effect P > F

dLys <0.001 0.238 <0.001 0.272
dLys Lin4 <0.001 0.350 <0.001 0.345
dLys Quad4 0.252 0.127 0.048 0.625

1Means represent the average response of 8 pens of 12 male broilers within each CP series.
2Mortality adjusted feed conversion ratio (AdjFCR).
3Represents identical treatments common to both the low CP and balanced CP series.
4Significance of both linear (Lin) and quadratic (Quad) response to dLys determined by orthogonal contrasts

within each treatment series (SAS Institute, 2004).
5Represents identical treatments that are common to both the high CP and balanced CP series.

ties of added fat and had a similar moisture content and
physical texture, broilers grown to 21 d of age did not
adjust their feed intake in response to increasing dietary
ME concentration over the range from 3,000 to 3,200 kcal/
kg. The observations of the present study are supported
by Richards (2003) who concluded that modern broilers
selected for rapid growth do not regulate voluntary feed
intake to achieve energy balance. This altered ability of
broilers to adjust feed intake due to differences in ME
density of the diet was postulated to result from continued
selection for rapid juvenile growth rates, which may have
altered hypothalamic mechanisms that regulate feed in-
take in broilers (Burkhart et al., 1983; Bokkers and
Koene, 2003).

The AA requirement of growing broilers has been fre-
quently estimated using an empirical method whereby
graded levels of a single crystalline AA were added to a
basal diet deficient in the AA in question and the response
determined (D’Mello, 1982; Gous and Morris, 1985; Boor-
man and Burgess, 1986; Mack et al., 1999). An important
aspect of this method was that the basal diet contained a
fixed level of CP and adequate amounts of all other nutri-

ents, whereas the degree of deficiency of the AA being
examined should be severe enough to substantially impair
performance (Mello, 1982). This method was applied in
the low CP diet series in experiment 2 and shows a classic
diminishing response curve with incremental dLys addi-
tion to a Lys deficient diet, allowing the dLys requirement
of male broilers from 0 to 20 d of age of 1.19 ± 0.03%
(1.30% total Lys) to be estimated (low CP diet series, Figure
4). Using similar dose-response methodology, Han and
Baker (1991) reported a dLys requirement for 8 to 21 d of
BW gain of Hubbard broilers of 0.96 to 1.01%, whereas
Kidd and Fancher (2001) showed the dLys requirement of
Ross 344 × Ross 508 broilers from 0 to 18 d of age to lie
between 1.07 and 1.11%. The higher dLys requirement of
1.19% determined in the present study may have been
caused by differences in broiler strain (Acar et al., 1991;
Bilgili et al., 1992), environmental factors (Kidd and
Fancher, 2001), the pellet or crumble quality of the diet
(Kidd and Fancher, 2001; Greenwood et al., 2005), or the
range of dLys evaluated in experimental diets (Abebe and
Morris, 1990). Several workers also suggested that the Lys
requirement of broilers increased when dietary CP of the
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Figure 3. Feed intake (▲) and cumulative metabolizable energy (ME)
intake (vertical bars) of mixed sex broiler chickens to 21 d of age as
affected by increasing the ME density from 3,000 to 3,200 kcal/kg in
experiment 1. Means represent the average response of 24 pens of 16
broilers within each energy (ME) level. a–cVertical bars with different
superscripts differ significantly (P ≤ 0.05). The standard errors for 21 d
feed intake and cumulative ME intake were 6.3 g and 19.53 kcal, respec-
tively.

diet was increased (Grau, 1948; Grau and Kamei, 1950,
Velu et al., 1971, Morris et al., 1987, Abebe and Morris,
1990, Surisdiarto and Farrell, 1991). The high CP diet series
in experiment 2 evaluated the response of broilers to
graded L-Lys addition to a basal diet with 26.9% CP and
high concentrations of all other indispensable AA. The
absence of a quadratic response in BW gain of broilers fed
the high CP diet series could most likely be attributed to
the dietary dLys percentage of 1.12% in the basal diet with
27.0% CP not being low enough to greatly impair feed
intake or performance. The inability to formulate diets
with a high percentage CP and sufficiently low percentage

Figure 4. Regression of BW gain in male broiler chickens grown to
20 d of age expressed as a function of increments in formulated dietary
digestible Lys (dLys) in diets containing low, high, or balanced CP in
experiment 2. The equation describing the response in BW gain for the
balanced CP diet series was Y = 757.3 + 501.7 (X − 1.08) − 499.6 (X −
1.08)2 (R2 = 0.95; P < 0.001), whereas the low CP diet series was described
by Y = 507.7 + 1,476.3 (X − 0.85) − 1,815.0 (X − 0.85)2 (R2 = 0.99; P <
0.001), and the high CP diet series by Y = 816.5 + 177.1 (X − 1.12) −
112.7 (X − 1.12)2 (R2 = 0.99; P < 0.001). The dLys requirement of male
broilers on the low CP diet series was estimated to be 1.19 ± 0.03%
(1.30% total Lys).

dLys was indicated by Gous and Morris (1985) to be one
of the limitations of the dose response methodology used
to determine the requirement of broilers for a single AA.
In contrast to the basal diet in the high CP diet series, the
low CP basal diet with only 0.85% dLys severely impaired
BW gain, which was most likely exacerbated by the de-
pressed feed intake of broilers that was attributed to the
severe imbalance of AA in the Lys deficient basal diet
(Harper et al., 1970; Yanaka and Okumura, 1982). Further-
more, the continued linear response to L-Lys supplementa-
tion in the high CP diet series above the optimum dLys
requirement of 1.19% determined in the low CP diet series
can be explained by the observations by Abebe and Morris
(1990) who suggested that as surplus protein depressed the
utilization of the first limiting AA, higher concentrations of
the limiting AA were required to maximize broiler BW
gain.

A criticism of the dose response method used by Han
and Baker (1991), Kidd and Fancher (2001), and in the low
CP diet series of the present study was that the plateau
in the response in BW gain with continued L-Lys supple-
mentation above the so-called determined requirement
may be caused by dLys no longer being the first-limiting
AA, or by an imbalance of dLys relative to other AA in
the diet (Gous and Morris, 1985). In the present study the
proposition by Gous and Morris (1985) was supported by
a comparison of the broiler BW gain of 787.0 g obtained
at the estimated dLys requirement of 1.19% in the low CP
diet series and the substantially higher BW gain of 835.3
g of broilers fed a balanced CP diet that contained 1.24%
dLys and 25.6% CP with higher concentrations of dispens-
able and indispensable AA. The increased response to
dLys when concentrations of other dispensable and indis-
pensable AA were increased suggested that the estimated
dLys requirement of 1.19% determined in the low CP diet
series with 22.4% CP may have been limited by an imbal-
ance in the supply of one or more indispensable AA. This
would also support previous findings that the dietary re-
quirement for dLys at which maximum BW gain was
achieved was increased when dietary concentrations of
CP and AA were increased (Grau, 1948; Gous and Morris,
1985; Morris et al., 1987; Abebe and Morris, 1990).

It can be concluded that our estimate of the dLys require-
ment of 1.19% obtained using traditional dose response
methods was higher than previous estimates by other au-
thors and was also shown to be dependent on the dietary
CP percentage. Therefore, to prevent an imbalance of AA
in the diets and obtain optimum broiler performance the
dLys requirement should be expressed as a percentage of
the dietary CP. When this principle was applied and a
balance of all other AA was maintained, 21 d broiler BW
and FCR responded positively to incremental dLys up to
1.32% (27.2% CP). The linear response in broiler perfor-
mance was furthermore shown to be independent of the
dietary ME concentrations in the range from 3,000 to 3200
kcal/kg. In practice, the nutrient density of diets will be
limited by the associated exponential increase in diet cost
as dietary concentrations of balanced CP will be increased.
However, because broiler performance was shown to re-
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spond to increased cumulative intakes of balanced dietary
CP and ME, similar improvements in CP and ME intake
and early performance could also be expected by stimulat-
ing feed intake rather than increasing the CP or ME density
of the diets.
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