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Abstract

Three experiments were conducted separately to estimate the digestible Lys (dig. Lys)
requirements of Cobb x Cobb 500 male broilers using different statistical models. For each
experiment, 1,200 chicks were housed in 48 floor pens in a completely randomized design
with 6 treatments and 8 replicates. Broilers were fed diets with increasing dig. Lys levels
from 1to 12d (Exp. 1), from 12 to 28 d (Exp. 2), and 28 to 42 d (Exp. 3). Increasing dig. Lys
levels were equally spaced from 0.97 to 1.37% in Exp. 1, 0.77 to 1.17% in Exp. 2, and 0.68
to 1.07% in Exp. 3. The lowest dig. Lys diets were not supplemented with L-Lysine and all
other essential AA met or exceeded recommendations. In Exp. 3, six birds per pen were ran-
domly selected from each replication to evaluate carcass and breast yields. Digestible Lys
requirements were estimated by quadratic polynomial (QP), linear broken-line (LBL), qua-
dratic broken-line (QBL), and exponential asymptotic (EA) models. Overall, dig. Lys require-
ments varied among response variables and statistical models. Increasing dietary dig. Lys
had a positive effect on BW, carcass and breast yields. Levels of dig. Lys that optimized per-
formance using QP, LBL, QBL, and EA models were 1.207, 1.036, 1.113, and 1.204% for
BWG and 1.190, 1.027, 1.100, and 1.172% for FCR in Exp. 1; 1.019, 0.853, 0.944; 1.025%
for BWG and 1.050, 0.879, 1.032, and 1.167% for FCR in Exp. 2; and 0.960, 0.835, 0.933,
and 1.077% for BWG, 0.981, 0.857, 0.963, and 1.146% for FCR in Exp. 3. The QP, LBL,
QBL, and EA also estimated dig. Lys requirements as 0.941, 0.846, 0.925, and 1.070% for
breast meat yield in Exp. 3. In conclusion, Lys requirements vary greatly according to the
statistical analysis utilized; therefore, the origin of requirement estimation must be taken into
account in order to allow adequate comparisons between references.

Introduction

Lysine (Lys) is the second limiting amino acid (AA) in practical corn-soybean meal diets.
Growth performance and proper muscle development of broiler chickens is highly dependent
of an adequate dietary supply of Lys. Although all AA coded in the nucleic acid sequence are
required for muscle protein synthesis, also depending on its frequency and dietary supply, Lys
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is the main essential AA required for muscle building for broilers [1]. Lysine has also gained
importance in the expression of essential AA requirements as its ratio, which is the basis of the
popularly known ideal protein concept [2]. Estimation of accurate Lys requirements can
greatly affect broiler performance and meat yields because minor deviations lead to the inade-
quate inclusions of all other indispensable AA [3].

Nutrient recommendations for broilers intend to optimize growth performance as well as
the proportions of individual carcass components, especially breast meat, to a point that best
economic returns are obtained. It has been reported that Lys can increase carcass yields and
alter its composition by increasing meat yield and reducing carcass fat [1,4]. This trend has
been exacerbated in the last years since breast muscles, and therefore, meat yields, have been
steadily grown as a proportion of the other body components of broiler chickens.

Dietary Lys also plays an important role in breast muscle protein turnover by modulating
protein synthesis and breakdown rates [5]. Furthermore, Lys deficiency results in reduced pro-
tein mass, especially in the Pectoralis major, which is more sensitive to Lys than wings and
thigh muscles [6]. The breast muscles are particularly sensitive to dietary concentration of Lys
since it represents approximately 7% of the total body protein content [7]. In contrast to leg
muscles, breast muscles are a direct product of genetic selection, have minor functional pur-
pose, and represent a considerable protein storage during periods of nutrient deficiency [6].

Usual determinations of AA requirements target the optimization of growth performance,
feed conversion ratio (FCR), and breast meat yields; however, AA concentrations that optimize
breast meat yields have shown to be higher than for the other responses [8,9,10]. Improve-
ments in broiler growth performance could indicate a greater AA requirement than deter-
mined with previous researches. The last edition of the NRC (1994) [11] is obviously outdated
now, but just as a matter of comparison, it suggests 1.10% total Lys from 0 to 21 d and 1.00%
total Lys from 21 to 42 d. Recent research [12-14] has demonstrated that the Lys requirements
of modern broilers are higher than those previously recommended, although many factors
such as strain, sex, age, type of diet, levels of other nutrients, environment, response criteria,
and statistical model are capable of influencing the requirements obtained from different stud-
ies [3].

Diverse regression methods have been used to estimate Lys requirements for broilers. Pesti
et al. (2009) [15] tested different statistical models using the same data set and observed that
Lys requirement estimates ranged from 0.90% to 1.28% depending on the model used (qua-
dratic broken-line, quadratic polynomial, linear broken-line, and exponential asymptotic).
Other authors recently presented digestible Lys (dig. Lys) requirements from 1 to 14 d using
the quadratic broken-line model (QBL) as 1.180% for body weight gain (BWG) and 1.261%
for FCR [14], 1.07% for BWG and 1.10% for FCR, respectively, using quadratic polynomial
(QP) regression, and as 1.09% for BWG and 1.15% for FCR, respectively, based on QBL model
[16] from 14 to 28 d. An older study [12], determined requirements for BWG as 1.13% total
Lys from 14 to 28 d and 0.94% for BWG and 0.95% for FCR from 28 to 42 d using linear bro-
ken-line (LBL) model.

An adequate statistical model is essential to correctly interpret the requirements [12,14,17-
19]. Multiple-range tests are not suitable to estimate requirements because their outcome is
between two tested concentrations of the AA, hence no precise requirement prediction is
possible [15,20]. There are many models that relate performance variables with feed composi-
tion, such as QP, LBL, QBL, and exponential asymptotic (EA), which have been thoroughly
reviewed by Pesti et al. (2009) [15] and were used in the present study. The objective of the
present research was to estimate the dig. Lys requirements of Cobb x Cobb 500 male broilers
from 1to 12 d, 12 to 28 d, and 28 to 42 d-of-age using different statistical regression models
such that further comparisons regarding this nutrient can be performed.
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Materials and methods

All procedures utilized in the present study were approved by the Ethics and Research Com-
mittee of the Federal University of Rio Grande do Sul, Porto Alegre, Brazil. The Ethics Com-
mittee approved this study (approval number 216/2015).

Bird husbandry

Three experiments (Exp.) were conducted using 1,200 one-d-old male, slow-feathering Cobb
500 x Cobb broilers. Chicks were vaccinated for Marek’s and infectious bursal diseases at the
hatchery (BRF, Lajeado, Brazil) and then randomly distributed into 48 pens of 1.65 x 1.65 m
(9.2 birds/m?, 25 birds per pen). Experimental pens had rice hulls as bedding, one 15 kg capac-
ity tube feeder, and 3 nipple drinkers. Mash feeds and water were available for ad libitum con-
sumption. Mortality was recorded daily. Initial temperature was set to 32°C being reduced to
maintain bird comfort throughout the studies. A continuous lighting schedule was used until 7
d-of-age, whereas a 20L:4D cycle with constant intensity was used thereafter.

Experiments 1, 2, and 3 were designed to estimate Lys requirement from 1 to 12 d, 12 to 28
d, and 28 to 42 d-of-age, respectively. In Exp. 1, birds were fed the experimental diets from
placement to 12 d whereas in Exp. 2 and 3, birds received common standard commercial diets
based on corn and soybean meal until the start of the experimental period (Table 1). The stan-
dard common diets from 1 to 12, 12 to 28, and 28 to 42 d had 24.2, 21.4, and 20.0% CP; 1.05,
0.80, and 0.66% Ca, and 0.52, 0.40, and 0.33% Auv. P, respectively (Table 2). Birds and feeds
were weighed on d 1 and 12 in Exp. 1, d 12 and 28 in Exp. 2, and d 28 and 42 in Exp. 3 when
BWG, feed intake (FI), and FCR corrected for the weight of dead birds were calculated.

In the Exp. 3, six birds per pen (n = 288) were selected within the upper and lower 5% of
each pen average at 43 d of age for processing to carcass and breast yields evaluation. Birds
were fasted for 6 h, individually weighed before electrical stunning (45 V for 3 s), bled for 3
min after carotid and jugular veins cut, scalded at 60°C for 45 s, and mechanically defeathered.
Carcasses were manually eviscerated and then statically chilled in slush ice for 3 h before pro-
cessing. Breast fillets were manually deboned from the carcasses. Carcass yield was expressed
as a percentage of live weight and breast yield was expressed as a percentage of the eviscerated
carcass weight.

Experimental diets

Dietary treatments in Exp. 1 were provided from 1 to 12 d-of-age, in Exp. 2 from 12 to 28 d-of-
age and in Exp. 3 from 28 to 42 d-of-age. Diets in the experiments were based on corn, soybean
meal, and corn gluten meal [21]. Basal diets were formulated without supplemental L-Lysine
(L-Lys) (0.97% dig. Lys in Exp. 1, 0.77% dig. Lys in Exp. 2 and 0.68% of dig. Lys in Exp. 3,
respectively), and contained all other essential AA that meet or exceed commercial recommen-
dations to ensure dietary adequacy such that responses were only limited by dig. Lys.
Treatments were structured with the addition of increasing levels of dig. Lys in 0.08% incre-
ments from 0.97% to 1.37% in Exp. 1, from 0.77 to 1.17% in Exp. 2, and from 0.68 to 1.07% in
Exp. 3 by adding L-Lysine HCI at the expense of an inert filler (kaolin). Standard corn-SBM-
based broiler diets were provided to all treatments in the periods after (grower diet grower from
12 to 28 d-of-age; finisher from 28 to 42 d-of-age) the experimental phase of Exp. 1, before
(starter diet from 1 to 12 d-of-age) and after (finisher diet from 28 to 35 d-of-age) experimental
phases of Exp. 2, and before (starter diet from 1 to 12 d-of-age; grower from 12 to 28 d-of-age)
the experimental phase of Exp. 3 (Table 2). Before diets formulation, near infrared reflectance
spectroscopy was used to analyze the ingredients for crude protein (CP) and AA contents
[22,23] and analyzed values were used to determine diet formulation applying digestibility
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Table 1. Ingredient and nutrient composition of experimental diets.

Item Experiment 1 Experiment 2 Experiment 3

Ingredient, %
Corn 7.8% CP 57.31 67.97 75.54
Soybean meal 45% CP 30.34 21.54 14.32
Corn gluten meal 5.00 5.50 5.80
Soybean oil 2.49 0.94 0.80
Dicalcium phosphate 1.39 0.94 0.52
Limestone 1.34 1.06 0.91
Salt 0.29 0.14 0.05
Sodium bicarbonate 0.32 0.39 0.57
DL-Met 99% 0.32 0.26 0.27
L-Thr 98.5% 0.14 0.14 0.09
L-Arg 98% 0.12 0.14 0.20
L-lle 98.5% 0.08 0.08 0.06
L-Val 96.5% 0.13 0.11 0.07
L-Trp 98% - 0.01 0.01
L-Leu 98.5% - 0.03 -
Vitamin and mineral mix’ 0.15 0.15 0.15
Choline chloride 60% 0.08 0.10 0.14
Kaolin 0.50 0.50 0.50

Nutritional composition, % or as noted?
AME,, kcal’kg 3,035 3,108 3,180
Crude protein 22.82 (22.45) 19.48 (19.90) 18.85 (19.00)
Ca, % 1.05 0.84 0.68
Available P, % 0.52 0.42 0.33
Na, % 0.24 0.19 0.20
DEB®, mEq/kg 220 190 180
Choline, mg/kg 1,600 1,550 1,500
dig. TSAA 0.97 (1.02) 0.83(0.87) 0.80 (0.81)
dig. Lys 0.97 (1.12) 0.77 (0.85) 0.68 (0.77)
dig. Thr 0.84 (0.97) 0.73(0.81) 0.72(0.79)
dig. Val 1.05(1.17) 0.89 (0.98) 0.87 (1.03)
dig. lle 0.92 (1.03) 0.78 (0.82) 0.74 (0.75)
dig. Leu 1.97 (2.20) 1.79 (1.91) 1.77 (1.89)
dig. Arg 1.38 (1.52) 1.16 (1.25) 1.12(1.24)

1 Composition per kg of feed: vit. A, 8,000 UI; vit. D3, 2,000 UI; vit. E, 30 Ul; vit. K3, 2 mg; thiamine, 2 mg; riboflavin, 6 mg; pyridoxine, 2.5 mg;
cyanocobalamine, 0.012 mg, panthothenic acid, 15 mg; niacin, 35 mg; folic acid, 1 mg; biotin; iron, 40 mg; zinc, 80 mg; manganese, 80 mg; copper, 10 mg;

iodine, 0.7 mg; selenium, 0.3 mg; phytase, 100 mg; monensin sodium, 100 mg.
2 Values in parenthesis are analyzed and AA digestibility followed Rostagno et al. (2011) [21].
3 Dietary electrolyte balance represents dietary Na + K—Cl in mEq/kg of diet.

https://doi.org/10.1371/journal.pone.0179665.t001

coefficients [24] to analyzed total AA content. Diets were manufactured in mash form and rep-
resentative samples of each complete feed were obtained to validate Lys concentrations.

Statistical analysis

The experiments had a gradient treatment structure in a completely randomized design.
Treatments had 8 replications in every experiment. Four mathematical models were used to
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Table 2. Ingredient and nutrient composition of the common diets'.

Item

Ingredients, %
Corn
Soybean meal
Soybean oil
Sodium bicarbonate
Dicalcium phosphate
Limestone
Salt

Vitamin and mineral mix?

DL-Methionine, 99%
L-Lysine HCI, 78%
L-Threonine, 98.5%
Choline chloride, 60%

Energy and nutrients, % or unless noted

AME,, kcal’kg
Crude protein
Ca

Av. P

Choline, mg/kg
dig. Lys

dig. Met + Cys
dig. Thr

dig. Val

Starter Grower Finisher
47.48 54.73 59.39
44.45 36.98 33.07

4.04 5.33 5.11
0.08 0.01 0.02
1.33 0.74 0.40
1.35 1.03 0.85
0.50 0.45 0.42
0.15 0.15 0.15
0.40 0.34 0.31
0.14 0.16 0.18
0.05 0.04 0.04
0.03 0.04 0.06
2,960 3,150 3,200
24.20 21.40 20.00
1.05 0.80 0.66
0.52 0.40 0.33
1,600 1,500 1,500
1.34 1.18 1.10
1.03 0.91 0.85
0.87 0.77 0.72
1.03 0.91 0.85

T Exp. 1: grower and finisher provided after the experimental phase (1 to 12 d); Exp. 2: starter and finisher provided before and after the experimental phase
(12 to 28 d), respectively; Exp. 3: starter and grower provided before the experimental phase (28 to 42 d).

2 Composition per kg of feed: vit. A, 8,000 UI; vit. D3, 2,000 Ul; vit. E, 30 Ul; vit. K3, 2 mg; thiamine, 2 mg; riboflavin, 6 mg; pyridoxine, 2.5 mg;
cyanocobalamine, 0.012 mg, panthothenic acid, 15 mg; niacin, 35 mg; folic acid, 1 mg; biotin, 0.08 mg; iron, 40 mg; zinc, 80 mg; manganese, 80 mg;
copper, 10 mg; iodine, 0.7 mg; selenium, 0.3 mg; phytase, 100 mg, monensin sodium, 100 mg.

https://doi.org/10.1371/journal.pone.0179665.t002

estimate the optimal level of dig. Lys inclusion to maximize broiler responses based on a gradi-
ent treatment structure [15,25-27]. Body weight gain, FCR, and carcass traits were selected as
broiler responses. Linear broken-line, QBL, and EA models were estimated using a nonlinear
procedure, whereas the QP regression model was estimated using a regression procedure [28].
Models were summarized as follows: the QP regression model was expressed as Y = B + ; X
X + B, x X,, where Y is the dependent variable, X is the dietary Lys concentration, and 3, is the
intercept, B; and S, are the linear and quadratic coefficients, respectively; maximum response
concentration was obtained by:—f; + (2 % 3,). The LBL model was expressed as Y = o + 3; x
(B2—X), where (8,—X) = 0 for X > f,, Y is the dependent variable, X is the dietary Lys con-
centration, 3, is the value at the plateau, j, is the slope and 3, is the Lys concentration at the
break point. Quadratic broken-line model is Y = 5, + 31 x (B,—X)?, where (8,—X) = 0 for X >
Bo, Y is the dependent variable, X is the dietary Lys concentration, S, is the value at the plateau,
B is the slope and 3, is the Lys concentration at the break point. The EA was expressed as Y =
Bo+ P1 % (1 ~=EXP(- B, x (X~ B5), where Y is the dependent variable, X is the dietary Lys con-
centration, 3, is the response for the dependent variable estimated for the feed with the lower
Lys, B, is the difference estimated between the minimum and maximum response obtained

by the increasing Lys, f, is the slope of the exponential curve, f; is the Lys at the lower level;
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requirement were estimated by calculating (In(0.05) + - 3,) + 5 for 95% of the requirement
and (In(0.01) = - 3,) + B5 for 99%.

Results

Overall, there were no statistical differences between % mortality in any of the experiments
(P > 0.05). Overal means for the period mortality in the 3 studies were 0.37%, 0.64% and
0.52% in Exp. 1, 2, and 3, respectively.

Experiment 1—1 to 12 d of age

Feeding Cobb x Cobb 500 birds with increasing levels of dig. Lys resulted in a positive linear
response (P < 0.01) for dig. Lys intake and quadratic responses (P < 0.01) for BWG and FCR
(Table 3). Digestible Lys requirements estimates based on 100 and 99% of optimal responses
were calculated and are shown in Table 4. The QP regression equations estimated 95% of dig.
Lys requirement at 1.207% and 1.190% for BWG and FCR, respectively; the LBL model esti-
mates were the lowest at 1.036% and 1.027% for BWG and FCR, respectively; the QBL model
estimated at 1.113% for BWG and 1.100% for FCR; and the EA model estimated as 1.204% for
BWG and 1.172% for FCR. When averaged across variables, 95% of dig. Lys requirement was
estimated as 1.199% using the QP regression, 1.032% using LBL model, 1.107% using QBL
model, and 1.188% using the EA model. The best fit was provided by the QBL for both BWG
and FCR since its R was the highest (0.88 for BWG and 0.74 for FCR).

Experiment 2—12 to 28 d of age

Significant quadratic responses (P < 0.01) were observed for BWG, FCR, feed intake, and dig.
Lys intake in the period from 12 to 28 d (Table 5). Digestible Lys requirements estimates based
on 100, 99%, and 95% of optimal responses were calculated and are presented in Table 6.
Digestible Lys requirements were estimated at 1.019% for BWG and 1.050% for FCR using the
QP regression whereas the LBL model estimates were 0.853% for BWG and 0.879% for FCR.
As in Exp. 1, the QBL model provided the best fit, which, at 95% of maximum response were
0.944% and 1.032% for BWG and FCR, respectively. The EA model estimated dig. Lys require-
ments as 1.025% for BWG and 1.167% for FCR. When averaged across variables, dig. Lys
requirement were estimated as 1.035% using QP regression, 0.866% using LBL model, 0.988%
using QBL model, and 1.096% using the exponential model.

Table 3. Growth performance of broilers fed gradient levels of dig. Lys from 1 to 12 d of age' (Experiment 1).

Item BW gain, g FCR2?, g/g Feed intake, g Lys intake, g/d
Digestible Lys, %
0.97% 295.4 1.377 406.8 0.329
1.05% 340.8 1.241 423.0 0.370
1.13% 359.7 1.206 433.5 0.408
1.21% 361.2 1.181 426.3 0.430
1.29% 366.5 1.178 431.7 0.464
1.37% 367.1 1.192 437.5 0.500
SEM 3.92 0.012 2.69 0.008
P-value
Linear response 0.0001 0.0001 0.1332 0.0001
Quadratic response 0.0001 0.0001 0.1819 0.3285

1 Values are least square means of 8 replicates with 25 birds each for 0.97% digestible Lys and 16 replicates with 25 birds each for all other treatments.
2 Feed conversion ratio corrected for mortality weight.

https://doi.org/10.1371/journal.pone.0179665.t003
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Table 4. Digestible Lys requirements from 1 to 12 d of age (Experiment 1).

Model Response variable | Equation Estimated requirement (100, 99, P-value |R?
95%)
Quadratic polynomial’ | BW gain y =-882.2 + 1972.3x — 776.2x° 1.271,1.258, 1.207 0.0001 |0.8404
FCR® y = 5.022-6.156x + 2.457x> 1.253, 1.240, 1.190 0.0001 |0.7135
Linear broken-line? BW gain y = 363.6-568.0 x (1.090 —x) 1.090, 1.079, 1.036 0.0001 |0.8732
FCR y=1.189 + 1.696 x (1.081 —x) 1.081, 1.070, 1.027 0.0001 |0.7428
Quadratic broken-line® | BW gain y = 364.6-1685.8 x (1.172 —x)? 1.172,1.160, 1.113 0.0001 |0.8765
FCR y=1.187 + 5.315 x (1.158 —x)? 1.158, 1.146, 1.100 0.0001 |0.7441
Exponential BW gain Y =261+106 x (1 -EXP(-12.829 x (X— - 1.329, 1.204 0.0001 |0.8743
asymptotic* 0.97)))
FCR Y =1.524-342 x (1 —-EXP(— 14.825 x (X— - 1.281,1.172 0.0001 |0.7437
0.97)))

' Quadratic polynomial regression model (QP): Y = B, + 81 * X + B2 x X2, where Y is the dependent variable, X is the dietary Lys concentration, and 8, is the
intercept, 81 and B, are the linear and quadratic coefficients, respectively; maximum response concentration was obtained by:—f; + (2 x 8,).

2 Linear broken-line model (LBL): Y = B + 81 * (B2—X), where (82—X) = 0 for X > B, Y is the dependent variable, X is the dietary Lys concentration, B, is
the value at the plateau, B4 is the slope and 3, is the Lys concentration at the break point.

8 Quadratic broken-line model (QBL): Y = B, + 81 * (B—X)?, where (B,—X) = 0 for X > B, Y is the dependent variable, X is the dietary Lys concentration, 8o
is the value at the plateau, B is the slope and 3, is the Lys concentration at the break point.

4 Exponential asymptotic (EA): Y = Bg + 81 % (1 =EXP(= B> x (X—Bs), where Y is the dependent variable, X is the dietary Lys concentration, B, is the
response for the dependent variable estimated for the feed with the lower Lys, B, is the difference estimated between the minimum and maximum response
obtained by the increasing Lys, B, is the slope of the exponential curve, 3 is the Lys at the lower level; requirement were estimated by calculating (In(0.05)/
— B2) + B3 for 95% of the requirement and (In(0.01)/- B5) + B3 for 99%.

5 Feed conversion ratio corrected for mortality weight.

https://doi.org/10.1371/journal.pone.0179665.t1004

Experiment 3-28 to 42 d of age

Growth performance and broiler processing data from 28 to 42 d are presented in Table 7.
Providing broilers gradient concentrations of dig. Lys resulted in a linear response (P < 0.01)
for dig. Lys intake, and quadratic responses (P < 0.05) for BWG, FCR, feed intake, dig. Lys
intake, carcass yield, and breast meat yield from 28 to 42 d. Digestible Lys requirements esti-
mates based on 100, 99%, and 95% of optimal responses were calculated and are represented

Table 5. Growth performance of broilers fed gradient levels of dig. Lys from 12 to 28 d of age' (Experiment 2).

Item BW gain, g FCRZ, g/g Feed intake, g Lys intake, g/d
Digestible Lys, %
0.77% 1,040 1.734 1,803 1.16
0.85% 1,186 1.626 1,928 1.37
0.93% 1,255 1.564 1,964 1.52
1.01% 1,282 1.522 1,951 1.64
1.09% 1,271 1.505 1,913 1.74
1.17% 1,290 1.507 1,943 1.90
SEM 13.14 0.012 9.10 0.04
P-value
Linear response 0.0001 0.0001 0.0001 0.0001
Quadratic response 0.0001 0.0001 0.0001 0.0001

" Values are least square means of 8 replicates with 25 birds each for 0.77% digestible Lys and 16 replicates with 25 birds each for all other treatments.
2 Feed conversion ratio corrected for mortality weight.

https://doi.org/10.1371/journal.pone.0179665.t005
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Table 6. Digestible Lys requirement from 12 to 28 d of age (Experiment 2).

Model Response variable | Equation Estimated requirement (100, 99, P-value |R?
95%)

Quadratic polynomial' | BW gain Y =-1777.1 + 5726.0x — 2670.0x° 1.072,1.062, 1.019 0.0001 |0.9107
FCR® Y = 3.983-4.490x + 2.031x? 1.105, 1.094, 1.050 0.0001 | 0.9568

Linear broken-ling? BW gain Y =1274.5-1830.3 x (0.898 —x) 0.898, 0.889, 0.853 0.0001 | 0.9329
FCR Y =1.525 + 1.352 x (0.925 —x) 0.925, 0.916, 0.879 0.0001 | 0.9043

Quadratic broken-line® | BW gain Y = 1280.2-4757.2 x (0.994 —x)? 0.994, 0.984, 0.944 0.0001 |0.9418
FCR Y =1.507 + 2.247 x (1.086 —x)? 1.086, 1.075, 1.032 0.0001 | 0.9578

Exponential BW gain Y =960 + 329 x (1 —EXP(- 11.741 x (X 0.77))) | -, 1.162, 1.025 0.0001 | 0.9411

asymptotic* FCR Y =1.809-0.321 x (1 —=EXP(—7.544 x (X— -, 1.380,1.167 0.0001 | 0.9560

0.77)))

" Quadratic polynomial regression model (QP): Y = B, + 8; X X + B2 * X2, where Y is the dependent variable, X is the dietary Lys concentration, and 8, is the
intercept, 81 and B, are the linear and quadratic coefficients, respectively; maximum response concentration was obtained by:—f; <+ (2 x o).

2 Linear broken-line model (LBL): Y = B + 81 * (B2—X), where (82—X) = 0 for X > B, Y is the dependent variable, X is the dietary Lys concentration, B, is
the value at the plateau, B, is the slope and f3; is the Lys concentration at the break point.

8 Quadratic broken-line model (QBL): Y = By + 81  (82—X)?, where (8.—X) = 0 for X > B, Y is the dependent variable, X is the dietary Lys concentration, 8o
is the value at the plateau, B, is the slope and 3, is the Lys concentration at the break point.

4 Exponential asymptotic (EA): Y = Bg + 81 % (1 =EXP(= B, x (X—Bs), where Y is the dependent variable, X is the dietary Lys concentration, B, is the
response for the dependent variable estimated for the feed with the lower Lys, B4 is the difference estimated between the minimum and maximum response
obtained by the increasing Lys, 3. is the slope of the exponential curve, B3 is the Lys at the lower level; requirement were estimated by calculating (In(0.05)/
— B2) + B3 for 95% of the requirement and (In(0.01)/— B) + B3 for 99%.

5 Feed conversion ratio corrected for mortality weight.

https://doi.org/10.1371/journal.pone.0179665.t006

in Table 8. The QP equations estimated dig. Lys requirements at 0.960, 0.981, 0.903, and
0.941% for BWG, FCR, carcass yield, and breast meat yield, respectively. The LBL model esti-
mates were the lowest at 0.835% for BWG, 0.857% for FCR, 0.834 for carcass yield, and 0.846%
for breast meat yield. The QBL model estimated dig. Lys requirements at 0.933, 0.963, 0.911,
and 0.925% for BWG, FCR, carcass yield, and breast meat yield, respectively. The EA model

Table 7. Growth performance and processing yields of broilers fed gradient levels of dig. Lys from 28 to 42 d of age' (Experiment 3).

Item BW gain, g FCR?, g/g Feed intake, g Lys intake, g/d Carcass yield®, % Breast meat yield®, %
Digestible Lys, %
0.68% 1,457 2.039 2,970 1.44 78.60 21.66
0.76% 1,594 1.899 3,029 1.64 78.89 23.01
0.84% 1,709 1.809 3,090 1.85 80.07 24.44
0.92% 1,769 1.716 3,036 1.99 80.64 25.65
1.00% 1,769 1.721 3,042 217 80.34 25.17
1.08% 1,782 1.700 3,030 2.34 79.82 25.15
SEM 18.54 0.018 11.91 0.05 0.16 0.23
P-value
Linear response 0.0001 0.0001 0.0250 0.0001 0.0006 0.0001
Quadratic response 0.0001 0.0001 0.0298 0.0706 0.0013 0.0001

" Values are least square means of 8 replicates with 25 birds each for 0.68% digestible Lys and 16 replicates with 25 birds each for all other treatments.
2 Feed conversion ratio corrected for mortality weight.

3 Means from 8 replicates of 6 birds each (n = 288); carcass yield as a percentage of live weight.

“ Breast meat yield expressed as a percentage of carcass weight.

https://doi.org/10.1371/journal.pone.0179665.t007
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Table 8. Digestible Lys requirement from 28 to 42 d of age (Experiment 3).

Model Response variable | Equation Estimated requirement (100, 99, P-value |R?
95%)
Quadratic polynomial' | BW gain Y =-1295.9 + 6102.9x — 3019.3x> 1.011, 1.001, 0.960 0.0001 |0.8632
FCR® Y = 4.605-5.629x + 2.727x% 1.032, 1.022, 0.981 0.0001 | 0.9500
Carcass yield Y = 55.32 + 52.72x — 27.72x> 0.951, 0.941, 0.903 0.0001 |0.3930
Breast meatyield | Y =-14.43 + 80.51x — 40.64x> 0.990, 0.981, 0.941 0.0001 | 0.7599
Linear broken-line? BW gain Y =1773.4-1572.7 % (0.879 —x) 0.879, 0.870, 0.835 0.0001 |0.8564
FCR Y =1.712 + 1.437 x (0.902 —x) 0.902, 0.893, 0.857 0.0001 |0.9417
Carcass yield Y =80.27-9.13 x (0.878 —x) 0.878, 0.869, 0.834 0.0001 | 0.3815
Breast meatyield |Y =25.32-17.42 x (0.891 —x) 0.891, 0.882, 0.846 0.0001 |0.7713
Quadratic broken-line® | BW gain Y =1777.3-3561.5 x (0.982 —x)? 0.982, 0.972,0.933 0.0001 | 0.8664
FCR Y =1.707 + 3.002 x (1.014 —x)? 1.014, 1.004, 0.963 0.0001 |0.9511
Carcass yield Y =80.25-23.51 x (0.959 —x)? 0.959, 0.949, 0.911 0.0001 |0.3627
Breast meatyield | Y =25.30-43.83 x (0.974 —x)? 0.974, 0.964, 0.925 0.0001 |0.7574
Exponential BW gain Y =1335 + 472 x (1 —-EXP(— 7.544 x (X—0.68))) | —,1.290, 1.077 0.0001 |0.8588
asymptotic* FCR Y =2.079-0.415 x (1 —-EXP(— 6.433 x (X— -,1.396, 1.146 0.0001 |0.9456
0.68)))
Carcass yield Y =76.39 + 3.97 x (1 —-EXP(— 8.499 x (X— —-1.222,1.032 0.0001 | 0.3332
0.68)))
Breast meatyield |Y =19.88+5.75 x (1 -EXP(-7.687 x (X— —-1.279,1.070 0.0001 |0.7344
0.68)))

' Quadratic polynomial regression model (QP): Y = B, + B1 x X + B> * X2, where Y is the dependent variable, X is the dietary Lys concentration, and B, is the
intercept, 81 and B, are the linear and quadratic coefficients, respectively; maximum response concentration was obtained by:—g; <+ (2 x o).

2 Linear broken-line model (LBL): Y = B + 81 * (B2—X), where (82—X) = 0 for X > ,, Y is the dependent variable, X is the dietary Lys concentration, B, is
the value at the plateau, B4 is the slope and f3; is the Lys concentration at the break point.

8 Quadratic broken-line model (QBL): Y = o + 81  (82—X)?, where (8,—X) = 0 for X > 85, Y is the dependent variable, X is the dietary Lys concentration, 8o
is the value at the plateau, B is the slope and f3; is the Lys concentration at the break point.

4 Exponential asymptotic (EA): Y = Bg + 81 % (1 =EXP(= B> x (X—Bs), where Y is the dependent variable, X is the dietary Lys concentration, 8, is the
response for the dependent variable estimated for the feed with the lower Lys, B4 is the difference estimated between the minimum and maximum response
obtained by the increasing Lys, B, is the slope of the exponential curve, 3 is the Lys at the lower level; requirement were estimated by calculating (In(0.05)/
—By) + B3 for 95% of the requirement and (In(0.01)/— B5) + B3 for 99%.

5 Feed conversion ratio corrected for mortality weight.

https://doi.org/10.1371/journal.pone.0179665.t008

estimated dig. Lys requirements as 1.077% for BWG, 1.146% for FCR, 1.032% for carcass yield,
and 1.070% for breast meat yield. When averaged across variables, dig. Lys requirements were
calculated as 0.946% using QP regression analysis, 0.843% using LBL model, 0.933% using
QBL model, and 1.081% using the EA model. As in Exp. 1 and 2, QBL model provided the best
fit for BWG and FCR. However, for the carcass yield, the LBL provided the best fit.

Discussion

Basal experimental diets utilized in the present research were based on corn, soybean meal, and
corn gluten meal, and were formulated to contain CP and energy levels comparable to usual
commercial diets in Brazil and US. It is crucial that requirement studies use a basal diet that

is deficient in the tested AA to produce accurate estimates. Amino acid analysis determined
that the basal diets in Exp. 1, 2, and 3 contained 1.12, 0.85, and 0.77% total Lys, respectively.
Moreover, in these 3 experiments, broilers fed the basal diets presented poor performance com-
pared with broilers fed the dose-response diets with increasing Lys levels, demonstrating that
Lys was deficient in the basal diets.
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In the present research, dig. Lys requirements varied depending upon the response crite-
rion. Requirements for FCR was higher than BWG in Exp. 2 and 3, similar as observed in pre-
vious researches [12-14,16,29]. Apparently, as dig. Lys exceeds the concentration required for
optimal BWG, growth rate is maintained while feed intake decreases, thus resulting in a higher
requirement for FCR than BWG [3]. Furthermore, Lys increments produce more pronounced
increases in BWG than feed intake and this is a consequence of FCR being a ratio between
these variables. Therefore, as BWG increases, FCR is reduced thus increasing its requirement.

In parallel to results from the present study, previous research with broilers fed diets with
progressive additions of dig. Lys had have shown quadratic increases in BWG and decreases in
FCR in all studied ages [13,14,29,30]. Garcia and Batal (2005) [30] using the LBL model, esti-
mated dig. Lys requirements ranging from 1.01 to 1.10% from 1 to 7 d, which is in agreement
with our results from Exp. 1. Labadan et al. (2001) [12] estimated total Lys requirements from
1to 14 d as 1.28% for BWG and 1.21% for FCR using the LBL model. Using the same model,
Sklan and Noy (2003) [17] estimated lower dig. Lys requirements (0.92 to 0.96%) from 1 to 7
d. Digestible Lys requirements, from 1 to 14 d, using the QBL model was reported as 1.180%
for BWG, which is in close agreement to our findings [14].

Dozier et al. (2009b) [16] estimated dig. Lys requirements from 14 to 28 d as 1.07% for
BWG and 1.10% for FCR, respectively, using QP regression analysis, and as 1.09% for BWG
and 1.15% for FCR, respectively, based on the QBL model. Although slightly lower, require-
ments from 12 to 28 d in Exp. 2 are similar to those previously reported. Furthermore, the QP
regression demonstrated by Baker et al. (2002) [3] estimated dig. Lys requirements from 8 to
21 d as 0.97% for BWG and 1.03% for FCR using 90% of the maximal responses, which is in
close agreement to the observed in Exp. 2. Labadan et al. (2001) [12] observed higher require-
ment estimate for BWG as 1.13% total Lys from 14 to 28 d using the LBL model.

Dozier et al. (2010) [13] estimated dig. Lys requirements from 28 to 42 d as 0.965% for
BWG, 1.012% for FCR, 0.963% for carcass yield, and 0.981% for breast meat yield using QBL
model, which are comparable to results in the present study. Similarly, Labadan et al. (2001)
[12] using LBL model determined total Lys requirements as 0.94% for BWG and 0.95% for
FCR. In contrast to our findings, Garcia et al. (2006) [18] estimated high dig. Lys requirements
as 0.97, 0.96, 0.94, and 0.98% for BWG, FCR, and carcass yield, respectively, using the LBL
model.

In the present study, 4 statistical models were generated in order to estimate dig. Lys
requirements. Comparisons with previous research are valid; however, as breast muscles con-
sistently increase as proportions of the total broiler due to genetic selection, the demand for
Lys consumed also is expected to increase. Since genetic improvements also affect body weight
gain and, therefore, feed intake, it could be questioned that the increased feed intake with the
modern broiler would provide the increased Lys to sustain maximum breast yield. However,
the breast muscle mass of the Ross 708 of 2009 broiler was 18% whereas the one from a heri-
tage chicken of 1962 was 9% of the total body mass at 5 weeks [31]. Havenstein et al. (2003)
[32] also concluded that genetics, nutrition and other management changes over the last 44
year have resulted in a 2001 broiler that required approximately one-third the time and over a
threefold decrease in the amount of feed consumed to produce an 1,815 g Arbor Acres broiler.
Additionally, Dozier et al. (2010) [13], using Cobb 700 broilers, also observed in two studies
that the accelerated growth rate of broilers resulted in 10 to 12% higher digestible Lys require-
ments when expressed as a percentage of the diet than birds used in previous research.

The QP, LBL, QBL, and EA models have been thoroughly reviewed by Pesti et al. (2009)
[15]. According to Pesti et al. (2009) [15], the QP regression analysis is simple to fit to data
and maximum responses are easily obtained; however, it is not able to characterize the plateau
that most nutritional responses are admitted to have. The broken-line models represent the
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concept of requirement, defined as the minimum nutrient level that result in maximum
response; however more levels of the tested nutrient are required to obtain accurate estimates.
Vedenov and Pesti (2008) [33] tested several nonlinear models, including LBL and QBL using
different data sets and observed that one particular model is not necessarily the best for all
nutritional responses and, therefore, the results of experiments should be the ones to dictate
the model choice.

It is possible to compare models through their R* and the sum of the square of residuals.
Since the latter is a linear function of R* values, the order of fit is the same. In the present
research, all models tested were statistically significant (P < 0.01). The model that provided
the best fit was the QBL for BWG and FCR and the LBL for carcass and breast meat yield. The
LBL model can underestimate requirements because response of broilers to increasing Lys lev-
els is clearly nonlinear decreasing as the AA approaches its requirement what is popularly
referred as the law of diminishing returns [25,27]. The QBL model provide a more accurate
estimate of the Lys requirement when compared to the LBL model. The later simplifies the
interpretation of growth curves if the response to a limiting AA is assumed to be sigmoidal
[27]. On the other hand, the shape of QBL response curves does not allow for the safe limit for
toxicity or growth impairment from a nutrient to be determined, which is possible with qua-
dratic regression [15]. The model of choice, however, should meet both mathematical and bio-
logical aspects.

The comparisons between the present study with previous research has to take in consider-
ation differences in studied variables such as strain, sex, age, type of diet, statistical model, and
method (factorial vs. empirical). Overall, requirement estimates observed in the present
research are notably higher than the recommended by the NRC (1994) [11]. The higher dig.
Lys requirement observed in the present research was probably affected by genetics of the
modern broiler, which allowed for less feed intake per unit of BW and greater meat accretion
[13,32].

In conclusion, estimates of Lys requirements vary among response variables and statistical
models; therefore, influencing recommendations to optimize economic performances.
Throughout the 3 studies the requirement estimates for FCR were higher than BWG. Overall,
the QBL model provided the best fit for growth performance variables and seemed adequate in
both mathematical and biological backgrounds. Regardless of the model of choice, researchers
should be familiar with the characteristics of each model to obtain precise and coherent
requirements estimates.

Acknowledgments

Authors wish to thank Coordenac¢io de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES), Fundagio de Amparo a Pesquisa do Rio Grande do Sul (FAPERGS) and Evonik
Nutrition & Care GmbH for their support.

Author Contributions
Conceptualization: SLV AH.
Data curation: HSC.

Formal analysis: CS MK.
Funding acquisition: SLV AH.
Investigation: HSC SLV.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179665 June 21, 2017 11/13


https://doi.org/10.1371/journal.pone.0179665

@° PLOS | ONE

Lysine requirements for broilers

Methodology: HSC.

Project administration: HSC SLV.

Resources: HSC SLV CS.

Supervision: LK.

Validation: HSC.

Visualization: HSC SLV.

Writing - original draft: HSC SLV CS.

Writing - review & editing: SLV CS.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Leclercq B. Lysine: specific effects of lysine on broiler production: comparison with threonine and valine.
Poult Sci. 1998; 77:118—123. PMID: 9469761

Baker DH. Ideal amino acid profiles for swine and poultry and their applications in feed formulation. Bio-
Kyowa Technol Rev. 1997; 9:1-24.

Baker DH, Batal AB, Barr TM, Augspurger NR, Parsons CM. Ideal ratio (relative to lysine) of tryptophan,
threonine, isoleucine, and valine for chicks during the second and third week posthatch. Poult Sci.
2002; 81:485-494. PMID: 11989748

Sterling KG, Pesti GM, Bakalli RI. Performance of different broiler genotypes fed diets with varying lev-
els of dietary crude protein and lysine. Poult Sci. 2006; 85:1045—-1054. PMID: 16776474

Tesseraud S, Temin S, Bihan-Duval E Le, Chagneau AM. Increased responsiveness to dietary lysine
deficiency of pectoralis major muscle protein turnover in broilers selected on breast development. J
Anim Sci. 2001; 79:927-933. PMID: 11325199

Tesseraud S, Maaa N, Peresson R, Chagneau AM. Relative responses of protein turnover in three dif-
ferent skeletal muscles to dietary lysine deficiency in chicks. Br Poult Sci. 1996; 37:641-650. https://doi.
org/10.1080/00071669608417893 PMID: 8842470

Munks B, Robinson A, Beach EF, Williams HH. Amino acids in the production of chicken egg and mus-
cle. Poult Sci. 1945; 24:459-464.

Moran ET, Bilgili SF. Processing losses, carcass quality, and meat yields of broiler-chickens receiving
diets marginally deficient to adequate in lysine prior to marketing. Poult Sci. 1990; 69:702—710.

Holsheimer JP, Veerkamp CH. Effect of dietary energy, protein, and lysine content on performance and
yields of two strains of male broiler chicks. Poult Sci. 1992; 71:872—879. PMID: 1608882

Schutte JB, Pack M. Effects of dietary sulfur-containing amino acids on performance and breast meat
deposition of broiler chicks during the growing and finishing phases. Br Poult Sci. 1995; 36:747-762.
https://doi.org/10.1080/00071669508417819 PMID: 8746976

National Research Council. Nutrient Requirements of Poultry. 9th ed. Washington, DC: Natl. Acad.
Press; 1994.

Labadan MC, Hsu KN, Austic RE. Lysine and arginine requirements of broiler chickens at two- to three-
week intervals to eight weeks of age. Poult Sci. 2001; 80:559—-606.

Dozier lll WA, Corzo A, Kidd MT, Tillman PB, McMurtry JP, Branton SL. Digestible lysine requirements
of male broilers from 28 to 42 days of age. Poult Sci. 2010; 89:2173-2182. https://doi.org/10.3382/ps.
2010-00710 PMID: 20852109

Dozier Il WA, Payne RL. Digestible lysine requirements of female broilers from 1 to 15 days of age. J
Appl Poult Res. 2012; 21:348-357.

Pesti GM, Vedenov D, Cason JA, Billard L. A comparison of methods to estimate nutritional require-
ments from experimental data. Br Poult Sci. 2009; 50:16-32. https://doi.org/10.1080/
00071660802530639 PMID: 19234926

Dozier Il WA, Corzo A, Kidd MT, Tillman PB, Branton SL. Digestible lysine requirements of male and
female broilers from fourteen to twenty-eight days of age. Poult Sci. 2009b; 88:1676—1682.

Sklan D, Noy Y. Crude protein and essential amino acid requirements in chicks during the first week
posthatch. Br Poult Sci. 2003; 44:266—274. https://doi.org/10.1080/0007166031000124586 PMID:
12828212

PLOS ONE | https://doi.org/10.1371/journal.pone.0179665 June 21, 2017 12/13


http://www.ncbi.nlm.nih.gov/pubmed/9469761
http://www.ncbi.nlm.nih.gov/pubmed/11989748
http://www.ncbi.nlm.nih.gov/pubmed/16776474
http://www.ncbi.nlm.nih.gov/pubmed/11325199
https://doi.org/10.1080/00071669608417893
https://doi.org/10.1080/00071669608417893
http://www.ncbi.nlm.nih.gov/pubmed/8842470
http://www.ncbi.nlm.nih.gov/pubmed/1608882
https://doi.org/10.1080/00071669508417819
http://www.ncbi.nlm.nih.gov/pubmed/8746976
https://doi.org/10.3382/ps.2010-00710
https://doi.org/10.3382/ps.2010-00710
http://www.ncbi.nlm.nih.gov/pubmed/20852109
https://doi.org/10.1080/00071660802530639
https://doi.org/10.1080/00071660802530639
http://www.ncbi.nlm.nih.gov/pubmed/19234926
https://doi.org/10.1080/0007166031000124586
http://www.ncbi.nlm.nih.gov/pubmed/12828212
https://doi.org/10.1371/journal.pone.0179665

@° PLOS | ONE

Lysine requirements for broilers

18.

19.

20.

21.

22,

23.

24.
25.

26.
27.

28.
29.

30.

31.

32.

33.

Garcia AR, Batal AB, Baker DH. Variations in the digestible lysine requirement of broiler chickens due
to sex, performance parameters, rearing environment, and processing yield characteristics. Poult Sci.
2006; 85:498-504. PMID: 16553282

Dozier Il WA, Corzo A, Kidd MT, Schilling MW. Dietary digestible lysine requirements of male and
female broilers from forty-nine to sixty-three days of age. Poult Sci. 2008; 87:1385—-1391. https://doi.
org/10.3382/ps.2007-00529 PMID: 18577620

Lowry SR. Use and misuse of multiple comparisons in animal experiments. J Anim Sci. 1992; 70:1971—
1977. PMID: 1634420

Rostagno HS, Albino LFT, Donzele JL, Gomes PC, Oliveira RF, Lopes DC, et al. Tabelas brasileiras
para aves e suinos: Composi¢do de alimentos e exigéncias nutricionais. Vicosa MG, Brazil: UFV—
Departamento de Zootecnia; 2011.

Fontaine J, Horr J, Schirmer B. Near-infrared reflectance spectroscopy enables the fast and accurate
prediction of the essential amino acid contents in soy, rapeseed meal, sunflower meal, peas, fishmeal,
meat meal products, and poultry meal. J Agric Food Chem. 2001; 49:57-66. PMID: 11170560

Fontaine J, Schirmer B, HOrr J. Near-infrared reflectance spectroscopy (NIRS) enables the fast and
accurate prediction of essential amino acid contents. Il. Results for wheat, barley, corn, triticale, wheat
bran/middlings, rice bran, and sorghum. J Agric Food Chem. 2002; 50:3902—-3911. PMID: 12083857

Evonik. AMINODat 4.0. Evonik Industries, Evonik Degussa GmbH, Hanau-Wolfgang, Germany; 2010.

Robbins KR, Saxton AM, Southern LL. Estimation of nutrient requirements using broken-line regression
analysis. J Anim Sci. 2006; 84:155—165.

Draper NR, Smith H. Applied Regression Analysis. 2nd ed. New York: John Wiley and Sons; 1981.

Rodehutscord M, Pack M. Estimates of essential amino acid requirements from dose-response studies
with rainbow trout and broiler chicken: effect of mathematical model. Arch Anim Nutr. 1999; 52:223—
244.

SAS User’s Guide: Statistics. 9th ed. Cary, NC: SAS Institute; 2009.

Dozier Il WA, Corzo A, Kidd MT, Tillman PB, Purswell JL, Kerr BJ. Digestible lysine responses of male
broilers from 14 to 28 days of age subjected to different environmental conditions. J Appl Poult Res.
2009a; 18:690-698.

Garcia A, Batal AB. Changes in the digestible lysine and sulfur amino acid needs of broiler chicks during
the first three weeks’ post hatching. Poult Sci. 2005; 84:1350-1355. PMID: 16206554

Schmidt CJ, Persia ME, Feierstein E, Kingham B, Saylor WW. Comparison of a modern broiler line and
a heritage line unselected since the 1950s. Poult Sci. 2009; 88:2610-2619. https://doi.org/10.3382/ps.
2009-00055 PMID: 19903960

Havenstein GB, Ferket PR, Qureshi MA. Growth, livability, and feed conversion of 1957 versus 2001
broilers when fed representative 1957 and 2001 broiler diets. Poult Sci. 2003; 82:1500—1508. PMID:
14601725

Vedenov D, Pesti GM. A comparison of methods of fitting several models to nutritional response data. J
Anim Sci. 2008; 86:500-507. https://doi.org/10.2527/jas.2007-0536 PMID: 17965324

PLOS ONE | https://doi.org/10.1371/journal.pone.0179665 June 21, 2017 13/13


http://www.ncbi.nlm.nih.gov/pubmed/16553282
https://doi.org/10.3382/ps.2007-00529
https://doi.org/10.3382/ps.2007-00529
http://www.ncbi.nlm.nih.gov/pubmed/18577620
http://www.ncbi.nlm.nih.gov/pubmed/1634420
http://www.ncbi.nlm.nih.gov/pubmed/11170560
http://www.ncbi.nlm.nih.gov/pubmed/12083857
http://www.ncbi.nlm.nih.gov/pubmed/16206554
https://doi.org/10.3382/ps.2009-00055
https://doi.org/10.3382/ps.2009-00055
http://www.ncbi.nlm.nih.gov/pubmed/19903960
http://www.ncbi.nlm.nih.gov/pubmed/14601725
https://doi.org/10.2527/jas.2007-0536
http://www.ncbi.nlm.nih.gov/pubmed/17965324
https://doi.org/10.1371/journal.pone.0179665

