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ibility of broilers fed diets with graded concentrations of digestible lysine
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ABSTRACT: Two experiments of  the same 
design were conducted to determine the influ-
ence of  phytase on performance and apparent 
ileal digestibility (AID) of  amino acids in broil-
ers fed graded concentrations of  digestible lysine 
(dgLys). Cobb 400, male broilers were allocated 
to 1 of  16 diets consisting of  4 basal diets for-
mulated at 80, 88, 96, or 104% of  the Cobb 400 
dgLys requirements for each feeding phase. 
Phytase was included in each basal diet at 0, 
750, 1,500, or 3,000 phytase units (FTU)/kg. In 
Exp. 1, 33 birds/pen from hatch to day 42 were 
fed a 2-phase feeding program with 12 replicate 
pens/diet. In Exp. 2, there were 25 birds/pen from 
hatch to day 21 and 8 replicate pens/diet. Data 
were analyzed as a 4  ×  4 factorial and means 
separated using orthogonal contrasts. In Exp. 1, 
feed intake (FI) increased (quadratic, P < 0.05) 
as dgLys increased in the diet. Body weight gain 
(BWG) increased (quadratic, P < 0.05) as dgLys 
concentration or phytase dose increased in the 
diet. As phytase dose increased in the diet, feed 
conversion ratio (FCR) was improved in a lin-
ear or quadratic (P  <  0.05) manner depending 
on the dgLys concentration of  the diet (dgLys × 

phytase, P<0.05). In Exp. 2, FI linearly (P < 0.05) 
increased as dgLys increased in the diet. 
Increasing the concentration of  dgLys or phytase 
in the diet increased (quadratic, P < 0.05) BWG 
and improved (quadratic, P  <  0.05) FCR. The 
AID of  most amino acids was influenced by a 
dgLys × phytase interaction (P  <  0.05), except 
threonine, valine, tryptophan, serine, cysteine, 
or leucine (linear or quadratic effect of  phytase, 
P  <  0.05), where phytase improved the AID in 
birds fed diets containing 80, 88, or 96% of  the 
dgLys requirement, but not birds fed 104%. The 
predicted dgLys requirement to maximize perfor-
mance, carcass, and digestible lysine intake was 
97.6 to ≥ 104%. The predicted dose of  phytase to 
maximize BWG or FCR was between 1,990 and 
2,308 FTU/kg, regardless of  the dgLys concen-
tration in the diet. The predicted dose of  phytase 
to maximize carcass weight was between 1,527 
and 2,658 FTU/kg of  diet and to maximize breast 
weight was 0 to ≥ 3,000 FTU/kg diet, depending 
on the dgLys concentration in the diet. In con-
clusion, optimal performance in the absence of 
phytase could be achieved at much lower levels 
of  lysine in the presence of  phytase.
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INTRODUCTION

Lysine is an important amino acid for pro-
tein synthesis, meat yield, and growth. In poultry, 

lysine is considered the second limiting amino acid 
(Dozier et al., 2010). The digestible lysine (dgLys) 
requirement of male Cobb broilers fed corn and 
soy diets has been recently estimated to range from 
1.17 to 0.98% dgLys (using a quadratic broken line 
regression), depending on the response variable 
selected and bird age (Cemin et al., 2017). These 
results were in general agreement with the dgLys 
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requirement of Cobb broilers estimated by others 
using corn, sorghum and soybean meal-based diets 
(Bernal et al., 2014). However, in both recent exper-
iments, the inclusion of phytase and the impact of 
phytate and phytase on the dgLys requirement was 
not considered.

Dietary phytate has a significant and negative 
impact on the birds’ capacity to efficiently utilize 
protein and amino acids from the diet. Phytate and 
lower phytate esters have been reported to reduce 
endogenous protease activity (Liu et al., 2009; Yu 
et al., 2012), bind proteins, peptides and free amino 
acids (Selle et  al., 2012) and increase endogen-
ous amino acid losses (Cowieson et  al., 2008). 
Therefore, dietary phytate may have an impact on 
the predicted amino acid requirement of broilers.

Phytase supplementation is reported to 
improve amino acid digestibility (Cowieson and 
Bedford, 2009), reduce endogenous amino acid 
losses (Cowieson and Ravindran, 2007), and miti-
gate the negative effect of phytate on endogenous 
protease activity (Liu et  al., 2009) through near 
complete destruction of phytate (Walk et al., 2014; 
Beeson et al., 2017). However, the effect of phytase 
on amino acid digestibility and its impact on the 
animals’ amino acid requirement will vary with the 
amino acid and the dose of phytase employed. For 
example, the effect of phytase on the apparent ileal 
digestibility (AID) of lysine was 2.5% compared 
with that of threonine or cysteine which were much 
greater at 5.0 or 4.6%, respectively (Cowieson and 
Bedford, 2009). Therefore, the objective of this set 
of trials was to determine the influence of phytase 
dose on the dgLys requirement of broilers fed corn-
soy diets using growth performance, carcass and 
breast meat weight, and AID of amino acids as 
response variables.

MATERIALS AND METHODS

All experimental procedures complied with 
Indian standards for the ethical use of vertebrate 
animals in research.

Animals and Husbandry

Experiment 1.  Cobb 400 male broilers (n = 6,336) 
were obtained at the day of hatch and placed in 
floor pens on clean rice husk at a stocking density 
of 14.4 chicks/m2. There were 33 birds/pen and 12 
replicate pens/diet. Birds were vaccinated against 
Newcastle Disease virus and Infectious Bursal 
Disease virus per label recommendations. For the 
entire duration of the experiment (42 d), birds were 

maintained on a lighting program of 23L:1D and 
allowed ad libitum access to feed and water.

Experiment 2.  Cobb 400 male broilers (n = 3,200) 
were obtained at the day of hatch and placed in 
floor pens on clean rice husk at a stocking dens-
ity of 14.4 chicks/m2. There were 25 birds/pen and 
8 replicate pens/diet. Birds were vaccinated against 
Newcastle Disease virus and Infectious Bursal 
Disease virus per label recommendations. For the 
entire duration of the experiment (21 d), birds were 
maintained on a lighting program of 23L:1D and 
allowed ad libitum access to feed and water.

Dietary Treatments

All diets were based on corn-soybean meal and 
fed in mash form (Tables 1 and 2). Except for Ca and 
P, which were reduced by 0.16 and 0.15%, respec-
tively, and dgLys, diets were formulated to meet 
or exceed Cobb 400 requirements (VenCobb 400 
Broiler Management Guide, Cobb-Vantress Inc., 
Siloam Spring, AR). Dietary treatments consisted 
of 4 levels of dgLys, 80, 88, 96, and 104% of the 
requirement at each feeding phase (VenCobb 400 
Broiler Management Guide, Cobb-Vantress Inc., 
Siloam Spring, AR); this corresponds to 1.02, 1.13, 
1.23, and 1.33% dgLys, respectively, in the starter 
diets and 0.84, 0.92, 1.01, and 1.09% dgLys, respec-
tively, in the grower diets. Four doses of phytase 
[0, 750, 1,500, and 3,000 phytase units (FTU)/kg] 
were supplemented at each concentration of dgLys 
to create a 4  ×  4 factorial arrangement of treat-
ments. Where appropriate, phytase was added to 
the diets at the expense of corn to equal 100%. The 
phytase was a modified Escherichia coli 6-phytase 
expressed in Trichoderma reesei with an expected 
activity of 5,000 FTU/g (Quantum Blue, AB Vista, 
Marlborough, UK). One FTU is defined as the 
amount of enzyme required to release 1  µmol of 
inorganic P/min from sodium phytate at 37 °C and 
pH 5.5.

Response Variables

Experiment 1.  Birds were weighed by pen prior to 
placement (d 0), and on d 21 and d 42 to determine 
mean BW and to calculate mean BW gain (BWG). 
Feed addition and feed remaining within each pen 
were measured at d 0, feed changes (d 21), and the 
conclusion of the trial (d 42) to calculate pen feed 
intake (FI). Body weight gain and FI were used to 
calculate feed conversion ratio (FCR). Mortality 
was recorded daily. Any culled or dead birds were 
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weighed. Treatment FI and subsequently FCR 
were adjusted according to the number of bird d/
pen, where bird d is defined as the number of days 
each bird survived. On d 42, 1 bird/pen of average 
BW was euthanized after being deprived of feed 
for 8 h and carcass, breast meat, and abdominal fat 
weights were obtained.

Diet DM, crude protein and amino acids 
were determined at Sciantec Analytical Services 
Ltd (Cawood, UK). Crude protein concentration 
in the diets was determined using the DUMAS 
method with a LECO FP-528  N analyzer and 
DM content was determined by gravimetry 
using a forced air oven at 100  °C for 24  h. For 

Table 1. Calculated and analyzed nutrient content of the starter diets (Exps. 1 and 2)

Basal diet

Percent digestible lysine requirement

80% 88% 96% 104%

Ingredient, % of diet (as-fed basis)

  Corn 60.47 60.28 60.12 59.97

  Soybean meal, 48% 31.04 31.07 31.08 31.10

  Cottonseed meal, 36% 2.50 2.50 2.50 2.50

  Soybean oil 2.25 2.24 2.24 2.23

  Salt 0.39 0.34 0.30 0.26

  Limestone 0.77 0.77 0.77 0.77

  Dicalcium phosphate1 1.20 1.20 1.20 1.20

  Sodium bicarbonate 0.05 0.12 0.18 0.24

  Lysine-HCl 0.00 0.14 0.27 0.40

  DL-methionine 0.35 0.35 0.35 0.35

  Threonine 0.13 0.13 0.13 0.13

  Vitamin and mineral premix2 0.50 0.50 0.50 0.50

  Inert (corn/phytase/chromium)3 0.06–0.30 0.06–0.30 0.06–0.30 0.06–0.30

Nutrient composition, % (as-fed basis)

  Crude protein 21.50 21.63 21.75 21.86

  ME, kcal/kg 302,500 302,500 302,500 302,500

  Dry matter 87.26 87.28 87.29 87.31

  Calcium 0.78 0.78 0.78 0.78

  Total phosphorus 0.62 0.62 0.62 0.62

  Available phosphorus 0.30 0.30 0.30 0.30

  Total lysine 1.15 1.26 1.36 1.46

  Digestible lysine 1.02 1.13 1.23 1.33

  Digestible methionine + cysteine 0.95 0.95 0.95 0.95

  Digestible threonine 0.83 0.83 0.83 0.83

  Sodium 0.18 0.18 0.18 0.18

  Chloride 0.28 0.28 0.28 0.28

Analyzed nutrient composition, % (dry matter basis)

Experiment 1

  Crude protein 24.55 24.30 24.88 23.68

  Total lysine 1.31 1.47 1.58 1.66

Experiment 2

  Crude protein 22.14 22.31 21.94 21.94

  Total lysine 1.17 1.30 1.33 1.41

  0 FTU/kg phytase <50 <50 <50 <50

  750 FTU/kg phytase 909 980 982 1,010

  1,500 FTU/kg phytase 2,100 1,920 1,600 1,700

  3,000 FTU/kg phytase 3,930 3,770 3,080 4,180

1Dicalcium phosphate supplied 18.5% P and 22% Ca.
2Supplied per kilogram of diet: iron (ferrous sulfate), 34 mg; manganese (manganese sulfate), 38 mg; zinc (zinc sulfate), 34 mg; copper (basic 

copper chloride), 6 mg; iodine (calcium iodate), 0.8 mg; selenium (sodium selenite), 113 µg; vitamin A, 9.4 MIU; vitamin D3 2.1 MIU; vitamin E, 
22.5 mg; vitamin B12, 11 µg; riboflavin, 3.8 mg; niacin, 25 mg; d-pantothenic acid, 11 mg; vitamin K, 1.5 mg; folic acid, 0.8 mg; vitamin B6, 1.9 mg; 
thiamine, 1.5 mg; biotin, 60 µg.

3Corn was added in place of phytase in the diets without phytase supplementation. The phytase used was Quantum Blue (AB Vista, Marlborough, 
UK) with an expected activity of 5,000 FTU/g. Chromium was included in the diets of Exp. 2 at 0.30% for determination of apparent ileal amino 
acid digestibility at the expense of corn.
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determination of  amino acids, method 152/2009 
of  the European Commission (2009) was utilized 
and amino acids were separated by ion exchange 
chromatography.

Experiment 2.  Birds were weighed by pen prior to 
placement (d 0) and on d 21 to determine mean BW 
and to calculate mean BWG. Feed addition and 
feed remaining within each pen were measured at 
d 0 and the conclusion of the trial (d 21) to calcu-
late pen FI. Body weight gain and FI were used to 
calculate FCR. Mortality was recorded daily. Any 
culled or dead birds were weighed. Treatment FI 
and subsequently FCR were adjusted according to 
the number of bird d/pen.

On d 21, 8 birds/pen were anaesthetized by 
exposure to CO2 gas for approximately 30 s and euth-
anized by cervical dislocation for ileal digesta col-
lection. Digesta was collected from the entire ileum 
(defined as Meckel’s diverticulum to the ileocecal 
junction) by gently squeezing and pooled within pen 
for determination of AID of amino acids. Diets and 
digesta were dried at 70 °C in a forced air oven for 
48 h and ground to pass a 1 mm screen. The use of 
oven drying was based on availability of equipment 
and the previously reported use of oven drying at > 
80 °C for determination of amino acid digestibility 
(Dale et al., 1985; Ravindran et al., 2001; Cowieson 
et  al., 2006). Experimental diets and digesta were 
analyzed for amino acids (method 982.30), crude 

Table 2. Calculated and analyzed nutrient content of the grower diets (Exp. 1)

Basal diet

Percent digestible lysine requirement

80% 88% 96% 104%

Ingredient, % of diet (as-fed basis)

  Corn 63.44 63.59 63.76 63.91

  Soybean meal, 48% 23.52 23.27 22.99 22.74

  Cottonseed meal, 36% 5.00 5.00 5.00 5.00

  Soybean oil 4.64 4.61 4.56 4.52

  Salt 0.39 0.35 0.30 0.27

  Limestone 0.85 0.85 0.85 0.85

  Dicalcium phosphate1 0.91 0.91 0.91 0.91

  Sodium bicarbonate 0.05 0.12 0.18 0.23

  Lysine-HCl 0.00 0.11 0.24 0.35

  DL-methionine 0.25 0.26 0.26 0.26

  Threonine 0.08 0.09 0.09 0.10

  Vitamin and mineral premix2 0.50 0.50 0.50 0.50

  Inert (corn/phytase)3 0.06 0.06 0.06 0.06

Nutrient composition, % (as-fed basis)

  Crude protein 19.00 19.00 19.00 19.00

  ME, kcal/kg 320,000 320,000 320,000 320,000

  Dry matter 87.52 87.53 87.54 87.54

  Calcium 0.72 0.72 0.72 0.72

  Total phosphorus 0.55 0.55 0.55 0.55

  Available phosphorus 0.25 0.25 0.25 0.25

  Total lysine 0.96 1.05 1.14 1.21

  Digestible lysine 0.84 0.92 1.01 1.09

  Digestible methionine + cysteine 0.79 0.79 0.79 0.79

  Digestible threonine 0.69 0.69 0.69 0.69

  Sodium 0.18 0.18 0.18 0.18

  Chloride 0.28 0.28 0.28 0.28

Analyzed nutrient composition, % (dry matter basis)

  Crude protein 21.05 20.83 22.38 21.33

  Total lysine 1.08 1.12 1.31 1.36

1Dicalcium phosphate supplied 18.5% P and 22% Ca.
2Supplied per kilogram of diet: iron (ferrous sulfate), 34 mg; manganese (manganese sulfate), 38 mg; zinc (zinc sulfate), 34 mg; copper (basic 

copper chloride), 6 mg; iodine (calcium iodate), 0.8 mg; selenium (sodium selenite), 113 µg; vitamin A, 9.4 MIU; vitamin D3 2.1 MIU; vitamin E, 
22.5 mg; vitamin B12, 11 µg; riboflavin, 3.8 mg; niacin, 25 mg; d-pantothenic acid, 11 mg; vitamin K, 1.5 mg; folic acid, 0.8 mg; vitamin B6, 1.9 mg; 
thiamine, 1.5 mg; biotin, 60 µg.

3Corn was added in place of phytase in the diets without phytase supplementation. The phytase used was Quantum Blue (AB Vista, Marlborough, 
UK) with an expected activity of 5,000 FTU/g.
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protein (method 984.13 A-D) and chromium 
(method 990.08) according to AOAC (2006) at the 
University of Missouri Agricultural Experiment 
Station (Columbia, MO). Phytase activity recovered 
in the diets was analyzed by Enzyme Services and 
Consultancy (Ystrad Mynach, UK) according to 
modified methods of Engelen et al. (2001).

Calculations and Statistical Analyses

Apparent ileal amino acid digestibility was cal-
culated using chromium ratios in the diets and 
digesta (Ravindran et al., 1999). The equation was: 

AID
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In both the experiments, data were analyzed 

as a 4 × 4 factorial using the fit model platform of 
JMP 13.0 (SAS Institute, Cary, NC). Outliers were 
determined as 3 times the root mean square error 
plus or minus the mean of response including the 
suspected outlier. Plotting the growth performance, 
carcass, or AID data using a normal quantile plot 
indicated the means were normally distributed. Pen 
served as the experimental unit for all parameters 
measured, except carcass in which bird was the 
experimental unit. The statistical model included 
dietary dgLys, phytase, and the interaction. When 
differences were significant, means were separated 
using linear and quadratic orthogonal contrast 
statements. Significance was accepted at P ≤ 0.05.

If the interaction or the main effects were sig-
nificant, the fit model platform of JMP 13.0 (SAS 
Institute, Cary, NC) was used to predict the linear 
or non-linear effect of dgLys concentration, phytase 
dose, or the interaction to maximize BWG, car-
cass or breast meat weight, and AID of lysine, or 
minimize FCR. Dietary concentrations of dgLys 
and phytase were considered continuous, inde-
pendent variables. The full model equation was: 
y a bx cx bv cv xv= + + + + +2 2 , where y = response 
variable, a = intercept, b and c = linear and non-linear 
coefficients, x = calculated dgLys concentration in 
the experimental diet, and v = expected phytase dose 
in the experimental diet. The parameter estimates 
of the model that were not significant and were not 

included in a significant interaction were removed 
from the model and the estimates were recalculated 
(Gonzalez-Vega et  al., 2016). The maximum (or 
minimum for FCR) y was determined using the pre-
dicted models and the profiler option in JMP.

RESULTS

The objective of the current set of trials was 
to determine the influence of phytase dose on the 
dgLys requirement of broilers. In Exp.  1, due to 
loss of feed samples it was not possible to analyze 
the phytase recoveries in the experimental diets. 
However, in Exp. 2, phytase recoveries in the experi-
mental diets were within expected ranges when 
assay variation and product overages are consid-
ered (Table 1). Total lysine and crude protein ana-
lyzed in the diets were slightly higher (Exp.  1) or 
as expected (Exp. 2) and indicate graded reductions 
in lysine were achieved in the experimental diets 
(Tables 1 and 2).

Animal Performance and Carcass Evaluation

Experiment 1.  Overall mortality was 2.08% and was 
not significantly affected by dgLys, phytase, or the 
interaction (data not shown). From hatch to d 21 
(Table 3) and overall (Table 4), dgLys supplementa-
tion increased (quadratic, P < 0.05) FI and improved 
(quadratic, P  <  0.05) BWG, with a greatest effect 
occurring in the birds fed 80 to 88% of the dgLys 
requirement (1.02 to 1.13% dgLys in the starter 
phase and 0.84 to 0.92% dgLys in the grower phase). 
There was no effect of phytase supplementation on 
FI from hatch to day 21 or overall. Phytase supple-
mentation improved (quadratic, P  <  0.05) BWG, 
with the greatest response between 750 and 3,000 
FTU/kg, regardless of the dgLys concentration in 
the diet. From hatch to day 21, FCR was improved 
(quadratic, P < 0.05) with phytase supplementation 
at each concentration of dgLys; with birds fed 80 or 
96% (1.02 or 1.23% dgLys), 88% (1.13% dgLys), or 
104% (1.33% dgLys) of the dgLys requirement hav-
ing the lowest FCR at 1,500, 750, or 3,000 FTU/kg 
of phytase, respectively (dgLys × phytase, P < 0.05). 
Overall (hatch to day 42), phytase supplementation 
from 0 to 3,000 FTU/kg quadratically (P  <  0.05) 
improved FCR in birds fed 80 or 88% of the dgLys 
requirement (1.02 or 1.13% dgLys in the starter 
diets and 0.84 or 0.92% dgLys in the grower diets) 
and linearly (P < 0.05) improved FCR in birds fed 
96 to 104% of the dgLys requirement (1.23 or 1.33% 
dgLys in the starter diets and 1.01 or 1.09% dgLys in 
the grower diets) (dgLys × phytase, P < 0.05).
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Carcass weight increased linearly or quad-
ratically (P  <  0.05) as phytase supplementation 
increased in the diet of birds fed 80 or 96%, respec-
tively, of the dgLys requirement (1.02 or 1.23% 
dgLys in the starter diets and 0.84 or 1.01% dgLys 
in the grower diets), whereas there was no effect of 
phytase on carcass weight of birds fed 88 or 104% of 
the dgLys requirement (1.13 or 1.33% dgLys in the 
starter diets and 0.92 or 1.09% dgLys in the grower 

diets) (dgLys × phytase, P < 0.05; Table 5). Breast 
meat weight (linear, P < 0.05) and breast meat yield 
as a percent of carcass weight (quadratic, P < 0.05) 
increased and fat pad weight and yield, as a per-
cent of carcass weight, decreased (linear, P < 0.05) 
as dgLys supplementation increased in the diet 
from 80 to 104% of the requirement (1.02 to 1.33% 
dgLys in the starter diets and 0.84 to 1.09% in the 
grower diets) (Table  5). Phytase supplementation 

Table 3. Influence of the digestible lysine concentration and phytase on broiler performance1 from hatch to 
21 d posthatch (Exp. 1)

% of the digestible Lys requirement Phytase, FTU/kg Feed intake, g BW gain, g FCR, g:g

80 0 1,150 816 1.411

750 1,133 824 1.376

1,500 1,155 849 1.361

3,000 1,162 848 1.370

88 0 1,205 911 1.324

750 1,205 937 1.286

1,500 1,190 914 1.302

3,000 1,190 910 1.303

96 0 1,206 926 1.303

750 1,220 960 1.272

1,500 1,182 933 1.268

3,000 1,210 953 1.269

104 0 1,206 913 1.321

750 1,209 959 1.262

1,500 1,218 957 1.274

3,000 1,205 957 1.258

SEM 11 10 0.005

dgLys × phytase 0.1876 0.0689 0.0004

80% dgLys Linear phytase <0.0001

Quadratic phytase <0.0001

88% dgLys Linear phytase 0.1105

Quadratic phytase 0.0002

96% dgLys Linear phytase <0.0001

Quadratic phytase <0.0001

104% dgLys Linear phytase <0.0001

Quadratic phytase <0.0001

80 1,150 834 1.379

88 1,197 918 1.303

96 1,205 943 1.278

104 1,210 947 1.279

SEM 5 5 0.002

dgLys <0.0001 <0.0001 <0.0001

Linear <0.0001 <0.0001 <0.0001

Quadratic 0.0001 <0.0001 <0.0001

0 1,192 891 1.340

750 1,192 920 1.299

1,500 1,186 913 1.301

3,000 1,191 917 1.300

SEM 5 5 0.002

Phytase 0.8716 0.0002 <0.0001

Linear 0.0045 <0.0001

Quadratic 0.0147 <0.0001

1Means represent the average response of 12 replicate pens/treatment and 33 birds/pen.
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from 0 to 3,000 FTU/kg increased (linear, P < 0.05) 
breast meat weight (Table 5). There was no effect 
of phytase supplementation on fat pad weight, or 
fat pad yield or breast meat yield as a percent of 
carcass weight. Carcass yield as a percent of live 
weight was not influenced by dgLys, phytase, or the 
interaction (data not shown).

Experiment  2.  Overall mortality was 0.56% and 
not significantly affected by dgLys, phytase, or 

the interaction (data not shown). From hatch to 
d 21, increasing the concentration of dgLys in the 
diet from 80 to 104% of the requirement (1.02 to 
1.33% dgLys) increased (linear, P  <  0.05) FI and 
improved (quadratic, P  <  0.05) BWG and FCR, 
with the greatest improvements noted between 
80 and 96% (for FCR) of the requirement (1.02 
to 1.23% dgLys) (Table 6). There was no effect of 
phytase supplementation on FI. However, BWG 
and FCR were improved (quadratic, P < 0.05) as 

Table 4. Influence of the digestible lysine concentration and phytase on broiler performance1 from hatch to 
42 d posthatch (Exp. 1)

% of the digestible Lys requirement Phytase, FTU/kg Feed intake, g BW gain, g FCR, g:g

80 0 4,067 2,343 1.736

750 4,067 2,402 1.693

1,500 4,072 2,414 1.687

3,000 4,108 2,439 1.684

88 0 4,145 2,488 1.666

750 4,182 2,553 1.638

1,500 4,090 2,524 1.632

3,000 4,135 2,522 1.639

96 0 4,157 2,513 1.654

750 4,152 2,562 1.630

1,500 4,128 2,547 1.621

3,000 4,125 2,576 1.601

104 0 4,128 2,508 1.647

750 4,123 2,556 1.613

1,500 4,193 2,580 1.631

3,000 4,128 2,556 1.616

SEM 27 16 0.006

dgLys × phytase 0.1524 0.3758 0.0427

80% dgLys Linear phytase <0.0001

Quadratic phytase 0.0021

88% dgLys Linear phytase 0.0026

Quadratic phytase 0.0046

96% dgLys Linear phytase <0.0001

Quadratic phytase 0.7133

104% dgLys Linear phytase 0.0251

Quadratic phytase 0.1415

80 4,078 2,400 1.700

88 4,138 2,522 1.644

96 4,140 2,550 1.626

104 4,143 2,550 1.626

SEM 13 8 0.003

dgLys 0.0011 <0.0001 <0.0001

Linear 0.0018 <0.0001 <0.0001

Quadratic 0.0330 <0.0001 <0.0001

0 4,124 2,463 1.676

750 4,131 2,518 1.643

1,500 4,121 2,516 1.643

3,000 4,124 2,524 1.635

SEM 13 8 0.003

Phytase 0.9567 <0.0001 <0.0001

Linear <0.0001 <0.0001

Quadratic 0.0026 0.0001

1Means represent the average response of 12 replicate pens/treatment and 33 birds/pen.
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phytase supplementation increased in the diet from 
0 to 750 FTU/kg. There was no effect of dgLys × 
phytase on growth performance from hatch to d 21.

Apparent Ileal Digestibility

The influence of dgLys, phytase, and the interac-
tion on the AID of essential or nonessential amino 
acids is presented in Tables  7 and 8, respectively. 

The AID of threonine or valine increased (linear, 
P  <  0.05) or serine or cysteine increased (quad-
ratic, P < 0.05) as phytase dose increased from 0 to 
3,000 FTU/kg. The AID of methionine increased 
(quadratic, P  <  0.05) as phytase supplementa-
tion increased from 0 to 1,500 or 3,000 FTU/kg, 
but only in the diets formulated to contain 80 or 
104% of the dgLys requirement (1.02 to 1.33% 
dgLys) (dgLys × phytase, P < 0.05). The AID of 

Table 5. Influence of the digestible lysine concentration and phytase on broiler carcass weight and percent1 
at 42 d posthatch (Exp. 1)

% of the digestible Lys 
requirement Phytase Carcass, g Breast, g Fat, g Breast, % carcass Fat, % carcass

80 0 2,154 636 55.4 29.4 2.58

750 2,144 638 48.5 29.8 1.93

1,500 2,192 664 56.4 30.2 2.11

3,000 2,360 749 53.2 31.8 2.11

88 0 2,149 680 41.5 31.6 2.26

750 2,317 764 49.7 33.0 2.14

1,500 2,308 734 52.9 31.7 2.00

3,000 2,283 728 50.6 31.8 1.74

96 0 2,196 700 46.3 31.8 2.56

750 2,370 776 47.5 32.7 2.29

1,500 2,324 761 47.7 32.7 2.04

3,000 2,289 756 44.3 33.0 2.22

104 0 2,275 744 48.4 32.7 2.26

750 2,300 755 39.8 32.8 2.22

1,500 2,410 786 50.8 32.6 1.95

3,000 2,280 749 44.5 32.8 1.95

SEM 49 23 3.5 0.6 0.1

dgLys × phytase 0.0433 0.0594 0.3786 0.4850 0.4863

80% dgLys Linear phytase 0.0033

Quadratic phytase 0.0683

88% dgLys Linear phytase 0.0946

Quadratic phytase 0.0513

96% dgLys Linear phytase 0.3631

Quadratic phytase 0.0346

104% dgLys Linear phytase 0.4349

Quadratic phytase 0.1164

80 2,212 672 53.4 30.3 2.42

88 2,264 727 48.7 32.0 2.14

96 2,295 748 46.4 32.6 2.02

104 2,316 758 45.9 32.7 2.00

SEM 24 12 1.8 0.3 0.1

dgLys 0.0186 <0.0001 0.0115 <0.0001 0.0002

Linear 0.0024 <0.0001 0.0023 <0.0001 0.0001

Quadratic 0.5388 0.0614 0.2405 0.0124 0.0862

0 2,193 690 47.9 31.4 2.19

750 2,283 733 46.4 32.1 2.03

1,500 2,309 736 52.0 31.8 2.28

3,000 2,303 746 48.2 32.3 2.09

SEM 24 12 1.8 0.3 0.1

Phytase 0.0030 0.0044 0.1498 0.1674 0.0996

Linear 0.0018 0.0022

Quadratic 0.0548 0.1538

1Means represent the average response of 12 birds/treatment.
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isoleucine, phenylalanine, lysine, histidine, aspar-
tate, glutamate, proline, glycine, alanine or tyrosine 
increased in birds fed diets containing 80% (1.02% 
dgLys) (quadratic, P < 0.05), 88% (1.13% dgLys) 
(linear, P < 0.05), or 96% (1.23% dgLys) (linear or 
quadratic, depending on amino acid, P < 0.05) of 
the dgLys requirement as phytase supplementa-
tion in the diet increased from 0 to 3,000 FTU/kg. 
There was no effect of phytase supplementation on 
the AID of isoleucine, phenylalanine, lysine, histi-
dine, aspartate, glutamate, proline, glycine, or ala-
nine in birds fed 104% (1.33% dgLys) of the dgLys 
requirement, which resulted in a dgLys × phytase 
interaction (P  <  0.05). The AID of arginine was 
not influenced by dgLys or phytase, except in birds 
fed 88% (1.13% dgLys) of the dgLys requirement, 
whereas phytase supplementation increase (linear, 

P  <  0.05) the AID of arginine; this resulted in a 
dgLys × phytase interaction (P < 0.05). There was 
no effect of dgLys, phytase, or the interaction on 
the AID of leucine or tryptophan.

Regression Estimates

In Exp. 1, the predicted dgLys requirement to 
maximize BWG, FI, or FCR of broilers from hatch 
to d 21 was 99.3 (1.24% dgLys), 98.9 (1.24% dgLys), 
or 98.9% (1.24% dgLys), respectively, of Cobb 400 
recommendations (Table 9). Phytase supplementa-
tion at 2,065 FTU/kg was predicted to maximize 
BWG and 2,038 FTU/kg was predicted to mini-
mize FCR. From hatch to d 42, the predicted dgLys 
requirement to maximize BWG, FI or FCR was 
98.2% (1.23% dgLys in the starter diet and 1.03% 

Table 6. Influence of the digestible lysine concentration and phytase on broiler performance1 from hatch to 
21 d posthatch (Exp. 2)

% of the digestible Lys requirement Phytase, FTU/kg Feed intake, g BW gain, g FCR, g:g

80 0 1,104 763 1.447

750 1,137 818 1.390

1,500 1,140 824 1.384

3,000 1,155 835 1.384

88 0 1,184 837 1.413

750 1,192 876 1.360

1,500 1,116 816 1.368

3,000 1,166 858 1.360

96 0 1,167 852 1.371

750 1,188 908 1.310

1,500 1,196 918 1.303

3,000 1,169 885 1.322

104 0 1,176 855 1.376

750 1,195 915 1.306

1,500 1,165 884 1.317

3,000 1,206 919 1.313

SEM 21 16 0.005

dgLys × phytase 0.2728 0.0975 0.1877

80 1,134 810 1.401

88 1,165 847 1.375

96 1,180 890 1.326

104 1,185 893 1.328

SEM 10 8 0.003

dgLys 0.0027 <0.0001 <0.0001

Linear 0.0004 <0.0001 <0.0001

Quadratic 0.2311 0.0304 <0.0001

0 1,158 827 1.402

750 1,178 879 1.341

1,500 1,154 860 1.343

3,000 1,174 874 1.345

SEM 10 8 0.003

Phytase 0.2782 <0.0001 <0.0001

Linear 0.0026 <0.0001

Quadratic 0.0140 <0.0001

1Means represent the average response of 8 replicate pens/treatment and 25 birds/pen.
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dgLys in the grower diet), 97.6% (1.22% dgLys in 
the starter diet and 1.02% dgLys in the grower diet), 
or 98.9% (1.24% dgLys in the starter diet and 1.04% 
dgLys in the grower diet) of Cobb 400 recommen-
dations, respectively. Phytase supplementation at 
2,146 FTU/kg was predicted to maximize BWG 
(Fig. 1) and 2,308 FTU/kg was predicted to min-
imize FCR (Fig. 2). The predicted dgLys require-
ment to maximize carcass or breast meat weight was 
different depending on the dgLys concentration in 
the diet and phytase dose (Table 9). For example, 
in the absence of phytase or with the addition of 
750 or 1,500 FTU/kg of phytase, carcass weight 

(Fig.  3) or breast meat weight (Fig.  4) increased 
as the dgLys concentration in the diet increased 
from 80 to 104% of the requirement (1.02 to 1.33% 
dgLys in the starter and 0.84 to 1.09% dgLys in the 
grower). However, in the presence of 3,000 FTU/
kg of phytase, there was no effect or only a small 
effect of dgLys concentration in the diet on carcass 
or breast meat weight.

In Exp.  2, the predicted dgLys requirement 
to maximize BWG, FCR, or the AID of lysine 
(Table 9) in broilers from hatch to d 21 was > 104% 
of the requirement (>1.33% dgLys). Phytase sup-
plementation at 2,130 FTU/kg was predicted to 

Table 7. Influence of the digestible lysine concentration and phytase on apparent ileal essential amino acid 
digestibility1 of broilers at 21 d posthatch (Exp. 2)

% of the  
digestible Lys 
requirement

Phytase,  
FTU/kg

Thr,† Val,† Met, Iso, Leu, Phe, Lys, His, Arg, Trp,

% % % % % % % % % %

80 0 77.0 78.6 93.9 84.3 87.2 87.8 90.3 85.4 92.5 92.5

750 81.2 81.4 95.2 87.2 89.1 89.2 92.2 89.1 93.6 94.5

1,500 81.2 81.3 95.4 86.3 87.9 88.3 91.4 88.0 92.6 93.9

3,000 79.2 79.8 93.5 84.7 86.9 87.2 89.4 86.6 91.3 93.9

88 0 79.0 78.7 94.5 83.9 86.1 86.6 90.1 85.7 91.9 93.1

750 78.9 79.3 94.7 84.3 86.2 87.1 89.2 86.8 91.1 93.2

1,500 81.5 82.1 95.3 87.1 88.4 88.9 93.1 89.0 93.6 95.2

3,000 80.9 81.2 94.8 86.4 88.0 88.5 92.7 89.2 92.7 94.9

96 0 78.4 78.4 94.8 84.3 86.7 87.0 91.9 86.0 91.5 93.1

750 78.8 78.7 94.2 84.9 87.7 87.7 90.6 86.7 91.2 93.2

1,500 81.8 81.4 95.4 86.4 88.7 88.8 92.6 88.5 92.5 94.9

3,000 81.0 80.6 95.2 86.2 88.4 89.0 92.6 88.1 92.6 95.0

104 0 79.1 79.1 94.9 85.1 87.6 87.5 93.0 86.8 91.9 94.3

750 79.2 78.9 94.3 84.7 87.3 87.4 92.1 87.3 91.4 94.3

1,500 78.4 78.4 94.2 84.4 86.7 87.1 91.7 86.3 90.7 93.6

3,000 80.5 80.7 95.4 86.3 88.1 88.8 92.6 88.6 92.4 93.2

SEM 1.0 0.8 0.4 0.7 0.7 0.6 0.7 0.7 0.6 0.7

dgLys 0.6531 0.2372 0.4361 0.8009 0.4508 0.6773 0.0128 0.8162 0.1762 0.8531

Phytase 0.0032 0.0015 0.1588 0.0070 0.1453 0.0542 0.0782 0.0003 0.5962 0.0913

dgLys × phytase 0.0838 0.0699 0.0008 0.0104 0.0602 0.0453 0.0004 0.0129 0.0101 0.1439

80% dgLys Linear 
phytase

0.6482 0.9614 0.3109 0.2688 0.5791 0.0876

Quadratic 
phytase

<0.001 0.0026 0.0458 0.0085 0.0008 0.0620

88% dgLys Linear 
phytase

0.3756 0.0007 0.0062 <0.001 0.0002 0.0360

Quadratic 
phytase

0.3471 0.4656 0.4585 0.7298 0.5257 0.9860

96% dgLys Linear 
phytase

0.0899 0.0201 0.0111 0.1302 0.0137 0.0706

Quadratic 
phytase

0.5962 0.5728 0.7024 0.3523 0.4579 0.7552

104% dgLys Linear 
phytase

0.3691 0.3470 0.2563 0.6245 0.2878 0.8930

Quadratic 
phytase

0.0144 0.0941 0.1418 0.1904 0.2197 0.0753

1Means represent the average response of 8 replicate pens/treatment and 8 birds/pen.
†Linear main effect of phytase (P < 0.05).
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maximize BWG and 1,990 FTU/kg was predicted 
to minimize FCR (Table 9).

DISCUSSION

The performance, carcass, and amino acid 
digestibility results indicate that the graded concen-
trations of dgLys in the diets were sufficient to elicit 
a dose response and allow for the prediction of the 
dgLys requirement of broilers from hatch to d 42 
(Exp.  1) and hatch to d 21 (Exp.  2), without and 
with phytase. In both the experiments, FI, BWG, 
and FCR were influenced by graded concentra-
tions of dgLys in the diet in a quadratic manner 
and this has been previously reported (Dozier et al., 
2010; Bernal et al., 2014; Cemin et al., 2017). The 
predicted dgLys requirement to maximize BWG 

at d 21 was 99.3% (1.24% dgLys) or 104% (1.33% 
dgLys) in Exps. 1 or 2, respectively, and this was 
similar for FCR at d 21 at 98.9% (1.24% dgLys) 
or 104% (1.33% dgLys) for Exps. 1 or 2, respec-
tively. Previous authors have reported the dgLys 
concentration required to achieve a minimum 
(better) FCR was greater than that needed to max-
imize gain (Dozier et al., 2010; Bernal et al., 2014; 
Cemin et al., 2017). Whereas in the current set of 
experiments, the predicted dgLys concentration to 
maximize gain and minimize FCR were very sim-
ilar within experiments. The difference in the pre-
dicted dgLys requirement for BWG and FCR may 
be related to the greater daily growth rate and feed 
intake of birds in the previously published exper-
iments when compared with those utilized in the 
current set of trials.

Table 8. Influence of the digestible lysine concentration and phytase on apparent ileal nonessential amino 
acid digestibility1 of broilers at 21 d posthatch (Exp. 2)

% of the  
digestible Lys 
requirement

Phytase,  
FTU/kg

Asp, Ser,‡ Glu, Pro, Gly, Ala, Cys,‡ Tyr,

% % % % % % % %

80 0 82.3 81.6 87.5 79.1 75.7 81.4 73.7 85.9

750 86.9 86.0 90.4 84.1 80.4 85.1 78.2 88.1

1,500 86.3 85.6 90.0 83.6 80.2 84.7 76.8 87.0

3,000 84.6 84.0 88.4 81.8 77.3 82.2 74.9 85.9

88 0 83.6 83.0 87.8 80.5 77.6 81.4 71.9 85.4

750 84.6 83.3 88.5 81.6 78.0 81.6 77.3 86.3

1,500 87.4 86.3 90.1 83.9 80.9 85.4 77.3 87.9

3,000 86.0 84.8 89.5 83.6 80.5 85.2 76.9 87.9

96 0 83.3 82.7 87.2 79.9 76.4 81.6 71.9 84.7

750 84.3 83.7 89.0 82.8 77.6 82.7 76.7 87.4

1,500 85.8 86.1 89.8 83.8 79.5 84.5 78.1 88.5

3,000 86.0 84.8 89.6 83.8 79.9 84.2 77.9 87.7

104 0 84.4 83.2 88.4 81.8 77.6 83.0 73.7 86.5

750 84.5 84.2 88.4 81.7 77.8 82.2 76.3 85.9

1,500 83.5 83.2 88.1 81.0 76.3 81.8 75.4 83.7

3,000 86.1 84.2 89.8 82.6 79.4 84.1 76.4 87.1

SEM 0.8 0.8 0.5 0.8 0.9 0.8 1.0 0.8

dgLys 0.5539 0.6240 0.7798 0.5242 0.1573 0.6671 0.7969 0.1206

Phytase <0.001 0.0002 <0.001 <0.001 0.0004 0.0003 <0.001 0.0364

dgLys × phytase 0.0038 0.0783 0.0044 0.0116 0.0030 0.0007 0.2296 0.0023

80% dgLys Linear phytase 0.0968 0.4330 0.0644 0.3059 0.6782 0.6520

Quadratic 
phytase

0.0001 0.0001 0.0001 <0.001 0.0002 0.0413

88% dgLys Linear phytase 0.0022 0.0025 0.0012 0.0028 <0.001 0.0097

Quadratic 
phytase

0.1186 0.2013 0.4092 0.5861 0.7915 0.5521

96% dgLys Linear phytase 0.0049 0.0007 0.0009 0.0021 0.0056 0.0047

Quadratic 
phytase

0.6190 0.0503 0.0713 0.6669 0.3970 0.0275

104% dgLys Linear phytase 0.3367 0.1238 0.7573 0.4604 0.4565 0.7201

Quadratic 
phytase

0.1013 0.0907 0.2771 0.1023 0.0543 0.0114

1Means represent the average response of 8 replicate pens/treatment and 8 birds/pen.
‡Quadratic main effect of phytase (P < 0.05).
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The effect of phytase dose on the predicted 
dgLys requirement was different depending on the 
parameter evaluated and may be reflective of the 
birds’ use of lysine within the body. For example, 
there was no effect of phytase on the predicted 
dgLys requirement when using FI as the parameter. 
However, the phytase dose predicted to maximize 
BWG and minimize FCR was between 1,990 and 
2,308 FTU/kg, regardless of the concentration of 
dgLys in the diet. Previous authors have reported 
significant improvements in FCR of broilers fed 
diets marginally deficient in P and Ca and sup-
plemented with phytase at 1,500 FTU/kg (Walk 
et  al., 2013, 2014; Gautier et  al., 2018). The ben-
efits associated with high doses or superdoses of 
phytase, particularly on feed efficiency, have been 
attributed to near complete destruction of dietary 
phytate in the gizzard (Walk et al., 2014) and ileum 
(Sommerfeld et al., 2018) and significant improve-
ments in the AID of amino acids (Beaulac, 2015) 
which resulted in improvements in BWG without 
significant increases in FI.

Muscle growth and deposition are dependent 
on lysine concentration in the diet, particularly 

breast muscle development in poultry (Bernal et al., 
2014). In the current trial, carcass weight (Fig. 3) 
and breast meat weight (Fig. 4) were influenced by 
dgLys concentration in the diets and phytase dose. 
Increasing the predicted phytase dose from 1,527, 
1,904, 2,281 to 2,658 FTU/kg resulted in maximum 
carcass weight as the dgLys requirement in the diet 
decreased from 104, 96, 88, or 80% (1.33, 1.23, 1.13. 
or 1.02% dgLys in the starter diets and 1.09, 1.01, 
0.92, or 0.84% dgLys in the grower diets), respec-
tively. Similarly, breast weight was maximized at 
3,000 FTU/kg in birds fed 96, 88, or 80% of the 
dgLys requirement (1.23, 1.13, or 1.02% dgLys in 
the starter diets and 1.01, 0.92, or 0.84% dgLys in 
the grower diets), respectively.

It is well documented that phytase supplemen-
tation improves AID of amino acids (Cowieson 
and Bedford, 2009), with a greater impact on cyst-
eine (+16%), glycine (+7%), serine (+8%), or pro-
line (+10%) compared with methionine (+1%) or 
lysine (+4%; Walk and Rama Rao, 2018). In the 
current experiment, the concentration of dgLys in 
the diet and phytase dose had a large and signifi-
cant interactive effect on the AID of amino acids. 

Table 9. Regression equations and coefficients of the influence of digestible lysine requirements of broilers 
fed different doses of phytase from hatch to 42 d posthatch (Exps. 1 and 2)

Trait ( )y Regression equation1 R2

Predicted dgLys  
requirement ( ),x

Predicted phytase  
dose ( ),v  to max y,

% FTU/kg

Experiment 1

Digestible lysine requirements ( )x  and optimum phytase dose ( )v  for broilers from hatch to 21 d posthatch

BW gain, g y = −2,154 + 62.29x  – 0.3140x 2 + 
0.0263v – 6.3727e-6v2

0.64 99.3 2,065

Feed intake, g y. = −404.3 + 32.63x  – 0.1647x 2 0.29 98.9 -

FCR, g:g y = 4.227 + 0.0593x  + 0.0003x  2 – 
4.4677e-5v + 1.1017e-8v2

0.84 98.9 2,038

Digestible lysine requirements ( )x  and optimum phytase dose ( )v  for broilers from hatch to 42 d posthatch

BW gain, g y = −2,080 + 93.71x  – 0.4768x 2 + 
0.0599v – 1.3982e-5v2

0.59 98.2 2,146

Feed intake, g y = 2,038 + 43.29x  – 0.2219x 2 0.08 97.6 -

FCR, g:g y = 3.7748 – 0.0431x  + 0.0002x 2 – 
3.5667e-5v + 7.7502e-9v2

0.69 98.9 2,308

Carcass weight3, g y = 1,465 + 7.9611x  + 0.3794v – 
2.9318e-5v2 – 0.0028xv

0.14 - -

Breast weight3, g y = 218 + 5.2906x  + 0.1405v 
– 0.0014xv

0.18 - -

Breast, % carcass y = −29.46 + 1.2472x  – 0.0062x 2 0.17 99.71 -

Experiment 2

Digestible lysine requirements ( )x  and optimum phytase dose ( )v  for broilers from hatch to 21 d posthatch

BW gain, g y = −614 + 28.06x  – 0.1326x 2 + 
0.0417v – 9.7264e-6v2

0.35  104.0 2,130

FCR, g:g y = 2.5967 – 0.0229x  + 0.0001x 2– 
6.8104e-5V + 1.7125e-8v2

0.78 104.0 1,990

AID lysine, % y = 85.699 + 0.06425x 0.07 >104.0 -

1Regression equations were determined using linear and quadratic estimates for both phytase and digestible lysine concentration in the diet as 
well as the interaction. Non-significant effects were removed from the model. - unable to predict based on the model.
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For example, phytase supplementation up to 1,500 
FTU/kg improved the AID of most amino acids 
when birds were fed diets containing 80 to 88% 
of the dgLys requirement (1.02 to 1.13% dgLys). 

However, there was no effect of phytase supple-
mentation at any dose on the AID of amino acids 
in birds fed diets containing 96 to 104% of the 
dgLys requirement (1.23 to 1.33% dgLys). Previous 
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Figure  1. Predicted effect of phytase dose and digestible lysine 
requirement on body weight gain (grams) of broilers from hatch to 42 d 
posthatch (Exp. 1). The model was determined as:y = −2,080 + 93.71x

– 0.4768x2+0.0599v– 1.3982e-5v2. R2 = 0.59. P < 0.0001. Diets were for-
mulated to contain digestible lysine at ● 80%, ■ 88%, ▲ 96%, or × 104% 
of the requirement according to Cobb 400 breed guidelines (VenCobb 
400 Broiler Management Guide, Cobb-Vantress Inc., Siloam Spring, 
AR); this corresponds to 1.02, 1.13, 1.23 and 1.33% dgLys, respectively, 
in the starter diets and 0.84, 0.92, 1.01 and 1.09% dgLys, respectively, 
in the grower diets. The digestible lysine concentration to maximize 
body weight gain was predicted at 98.2% of the requirement (1.23% 
dgLys in the starter diet and 1.03% dgLys in the grower diet), regard-
less of the dose of phytase supplied in the diet. The dose of phytase 
to maximize body weight gain was predicted at 2,146 FTU/kg of diet, 
regardless of the digestible lysine concentration of the diet.
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Figure  2. Predicted effect of phytase dose and digestible lysine 
requirement on feed conversion ratio of broilers from hatch to 42 d post-
hatch (Exp. 1). The model was determined as: y = 3.7748– 0.0431x  +  
0.0002x2 – 3.5667e-5v+ 7.7502e-9v2. R2 = 0.69. P < 0.0001. Diets were 
formulated to contain digestible lysine at ● 80%, ■ 88%, ▲ 96%, or 
× 104% of the requirement according to Cobb 400 breed guidelines 
(VenCobb 400 Broiler Management Guide, Cobb-Vantress Inc., 
Siloam Spring, AR); this corresponds to 1.02, 1.13, 1.23, and 1.33% 
dgLys, respectively, in the starter diets and 0.84, 0.92, 1.01, and 1.09% 
dgLys, respectively, in the grower diets. The digestible lysine concentra-
tion to maximize (reduce) feed conversion ratio was predicted at 98.9% 
of the requirement (1.24% dgLys in the starter diet and 1.04% dgLys in 
the grower diet), regardless of the dose of phytase supplied in the diet. 
The dose of phytase to minimize feed conversion ratio was predicted at 
2,308 FTU/kg of diet, regardless of the digestible lysine concentration 
of the diet.
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Figure 3. Predicted effect of phytase dose × digestible lysine con-
centration on carcass weight (grams) of broilers at 42 d posthatch 
(Exp. 1). The model was determined as y = 1,465 + 7.9611x  + 0.3794v 
– 2.9318e-5v2 – 0.0028xv. R2 = 0.14. P < 0.0001. Diets were formulated 
to contain digestible lysine at ● 80%, ■ 88%, ▲ 96%, or × 104% of the 
requirement according to Cobb 400 breed guidelines (VenCobb 400 
Broiler Management Guide, Cobb-Vantress Inc., Siloam Spring, AR); 
this corresponds to 1.02, 1.13, 1.23 and 1.33% dgLys, respectively, in the 
starter diets and 0.84, 0.92, 1.01, and 1.09% dgLys, respectively, in the 
grower diets. Carcass weight was greatest (maximum) in birds fed 104% 
of the digestible lysine requirement (1.33% dgLys in the starter diet and 
1.09% dgLys in the grower diet) with 1,527 FTU of phytase/kg diet. At 
80, 88, or 96% of the digestible lysine requirement (1.02 or 0.84% dgLys, 
1.13 or 0.92% dgLys, or 1.23 or 1.01% dgLys in the starter or grower, 
respectively) the predicted dose of phytase required to maximize carcass 
weight was 2,658, 2,281, or 1,904 FTU/kg of diet, respectively.
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Figure 4. Predicted effect of phytase dose × digestible lysine con-
centration on breast meat weight of broilers at 42 d posthatch (Exp. 1). 
The model was determined as: y = 218 + 5.2906x  + 0.1405v – 0.0014xv. 
R2  =  0.18. P  <  0.0001. Diets were formulated to contain digestible 
lysine at ● 80%, ■ 88%, ▲ 96%, or × 104% of the requirement accord-
ing to Cobb 400 breed guidelines (VenCobb 400 Broiler Management 
Guide, Cobb-Vantress Inc., Siloam Spring, AR); this corresponds to 
1.02, 1.13, 1.23, and 1.33% dgLys, respectively, in the starter diets and 
0.84, 0.92, 1.01, and 1.09% dgLys, respectively, in the grower diets. The 
predicted optimum breast weight was achieved at ≥ 104% of the digest-
ible lysine requirement (> 1.33% dgLy in the starter and > 1.09% dgLys 
in the grower) with 0 FTU of phytase/kg diet. At 80, 88 or 96% of 
the digestible lysine requirement (1.02 or 0.84% dgLys, 1.13 or 0.92% 
dgLys, or 1.23 or 1.01% dgLys in the starter or grower, respectively) 
the predicted dose of phytase to maximize breast weight was ≥ 3,000 
FTU/kg of diet.



711High doses of phytase and lysine in broilers

authors have also reported greater effects of 500 
FTU/kg of phytase in lysine-deficient diets when 
compared with lysine-sufficient diets (Ravindran 
et  al., 2001; Selle et  al., 2007). The binding of 
phytate or phytate esters specifically to dietary 
lysine, whether supplemental lysine or lysine as a 
component of proteins and peptides within feed-
stuffs, is not clear. It is thought lysine, as a polar 
and basic amino acid, will form strong complexes 
with the negatively charged phytate molecule, par-
ticularly at low pH (Selle and Ravindran, 2007). 
However, Onyango et al. (2008) reported no signif-
icant effect of phytate on the rate of absorption of 
L-lysine HCl from the jejunum of 3-wk-old broiler 
chicks. In an in vitro evaluation of free amino acid 
binding to phytate in feedstuffs, Rutherfurd et  al. 
(2004) reported very little effects of phytate from 
corn or soybean meal on the binding of lysine at pH 
2.5 or 5.5. In addition, the lysine concentration of 
endogenous secretions in the gastrointestinal tract 
of broilers is low compared with threonine or leu-
cine (Adedokun et al., 2011). Therefore, the antinu-
trient effects of phytate or lower phytate esters on 
lysine uptake and utilization are most likely asso-
ciated with reductions in endogenous protease 
activity (Liu et al., 2009; Yu et al., 2012). An effect 
that is magnified in lysine-deficient diets where the 
majority of the dietary lysine is coming from the 
less digestible plant-based ingredients when com-
pared with those containing lysine HCl.

Oven drying of the ileal digesta prior to amino 
acid analysis, using methods similar to those previ-
ously described when evaluating amino acid digest-
ibility (Ravindran et  al., 2001; Coweison et  al., 
2006), may have influenced the AID of amino acids 
(Dale et  al., 1985; Lagos and Stein, 2018). Lagos 
and Stein (2018) reported the standardized ileal 
digestibility of amino acids and crude protein by 
pigs fed 3 sources of soybean meal or 2 sources 
of distillers dried grains with solubles was signifi-
cantly greater in oven dried (60 °C) samples when 
compared with freeze dried samples. The authors 
concluded oven drying of ileal digesta samples 
results in loss of nitrogen and amino acids and 
therefore greater standardized ileal digestibility val-
ues. Oven drying increased the SID of leucine by 
3.1% or lysine by 8.7% in soybean meal and trypto-
phan by 2.2% or lysine by 13.5% in distillers dried 
grains with solubles when compared with the freeze 
dried samples (Lagos and Stein, 2018). Dale et al. 
(1985) reported no effect of drying method (freeze 
dried vs. oven dried at 60  °C) on the true amino 
acid availability values for soybean meal or poultry 
offal meal fed to White Leghorn roosters, except 

oven drying increased digestibility of alanine, argi-
nine, or lysine. The previous results from Dale et al. 
(1985) and Lagos and Stein (2018) indicate the AID 
of amino acids reported in the current trial may be 
greater than what would have been reported if  the 
samples were freeze dried. However, in the current 
experiment, the digesta samples were all exposed to 
the same drying conditions and any denaturation of 
amino acids, particularly lysine, arginine, or alanine 
would have occurred equally between the experi-
mental diets. Therefore, the effect of treatment on 
the AID of amino acids can still be described as 
reported because the magnitude of the response to 
phytase would be the same, regardless of the dry-
ing conditions. In addition, the AID coefficients for 
amino acids in the current trial are similar to the 
AID of amino acids reported by Cowieson et  al. 
(2006) and Olojede et al. (2018) using similar dry-
ing conditions or greater than those reported by 
Ravindran et al. (2001), also using digesta samples 
dried at 80 °C. The absolute amino acid digestibil-
ity coefficients obtained from any experiment are an 
estimate of the average amino acid digestibility over 
the duration of the trial and reported as a point in 
time measurement. Differences in the digestibility 
coefficients between the experiments may be asso-
ciated with numerous factors, such as age of birds, 
diet composition, marker type, assay method, dry-
ing method, and nutrient intake (Dale et al., 1985; 
Fan et al., 1994; Ravindran et al., 2005; Bryden and 
Li, 2010; Lagos and Stein, 2018). Therefore, while 
oven drying the samples in the current experiment 
may have increased the reported AID coefficients, 
the most important factor was the relative effect 
phytase dose and dgLys on AID which was sup-
ported by growth performance data. In this regard, 
the use of digestibility coefficients alone and com-
parisons between experiments to describe the effect 
of phytase (or enzymes in general) needs careful 
consideration, regardless of method employed, due 
to the previously described factors that can have 
great influence on digestibility coefficients.

In the current set of trials, in addition to graded 
concentrations of dgLys, the diets were margin-
ally deficient in both Ca and P. This was done to 
mimic typical dietary conditions of phytase supple-
mentation and cannot be ignored when discussing 
the effects of phytase dose on the predicted dgLys 
requirements. However, in P-deficient diets, FI is 
generally reduced and phytase supplementation 
improves BWG through provision of P and an 
increase in intake. The lack of an effect of phytase 
on FI and the significant effect of dgLys on all 
parameters evaluated indicate the most limiting 
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nutrient in the experimental diets was lysine rather 
than P or Ca.

In conclusion, the predicted concentration of 
dgLys to maximize performance, carcass weight, 
breast meat weight, or AID was different depend-
ing on the parameter evaluated and the dose of 
phytase employed. Maximum BWG and minimum 
FCR were achieved at 1,990 to 2,308 FTU/kg of 
diet, regardless of  the concentration of  dgLys. 
These results confirm previously reported benefits 
of  superdoses of  phytase on growth performance 
and FCR, presumably through nearly complete 
destruction of  phytate and more efficient postab-
sorptive utilization of  amino acids. In contrast, 
the phytase dose required to maximize AID of 
all amino acids was between 750 and 1,500 FTU/
kg of  diet and only in diets containing 80 to 88% 
of  the dgLys requirement (1.02 to 1.13% dgLys). 
Whereas, for carcass parameters, as dgLys in the 
diet decreased from 104 to 80% of  the requirement 
(1.33 to 1.02% dgLys in the starter diet to 1.09 to 
0.84% dgLys in the grower diet) the amount of 
phytase required to maximize carcass weight or 
breast meat weight increased from 1,527 FTU/
kg to 3,000 FTU/kg. The effect of  phytase dose 
on lysine sparing, at least for carcass parameters 
and growth performance, appears to be quite 
substantial. These benefits may be attributed 
to improvements in endogenous protease effi-
cacy and postabsorptive improvements in amino 
acid utilization, greater than those reported with 
AID alone, rather than a direct effect of  phytate 
destruction on endogenous losses or binding of 
phytate to lysine.
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