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Simple Summary: To optimize animal performance, pig diets need the right amount of all
essential amino acids. Usually, the ideal amino acid profile is used: If the dietary
concentration of one particular amino acid is too low, other amino acids will not be used
efficiently. In this experiment it was shown that amino acids that stimulate the feed intake
may improve the performance of pigs, even if other amino acids are not at the optimal level.

Abstract: Four experimental diets for newly weaned pigs were formulated: (1) low valine
and low tryptophan; (2) low valine and high tryptophan; (3) high valine and low
tryptophan and (4) high valine and high tryptophan. Dietary standardized ileal digestible
(SID) lysine content was 1.06 g/kg. The SID valine to SID lysine ratio was 0.58 and 0.67
for the low and high valine diets, respectively, and SID tryptophan to SID lysine ratios
were 0.19 and 0.22 for the low and high tryptophan diets, respectively. In total, 64 pens of
6 pigs (3 barrows and 3 gilts) were divided over the four experimental treatments. No
interaction between dietary supply of valine and tryptophan was observed (P > 0.1 for all
parameters). Increasing the dietary valine content increased the daily feed intake, daily
gain and gain:feed (P < 0.001 for all three parameters). Increasing the dietary tryptophan
content improved gain:feed during the first 2 weeks (P < 0.05) and overall (P < 0.05).
Valine supply had a greater effect on performance results than tryptophan supply. It may
thus be beneficial to provide a diet with an optimal dietary concentration of valine even if
other amino acids are at suboptimal dietary levels.
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1. Introduction

The nutrient content of a diet may affect the voluntary feed intake of piglets. Feed intake depends
largely on energy density [1,2], so that the daily energy intake remains relatively constant across diets
with different energy densities, as long as the density is not too low. On the other hand, feed intake is
depressed both by a severe deficiency in the limiting amino acid or an excessive supply of some
essential amino acids [2].

When pigs consume energy above maintenance, this will be used for protein and fat deposition [3].
With increasing energy intake, the protein deposition will increase until a maximum (PDmax). Once
energy intake leads to PDmax, this protein deposition will stay at that absolute maximum and a further
increase in energy intake will not affect protein deposition [4]. In young pigs, feed intake capacity
appears to be the main factor limiting protein deposition [4]. Still, increased energy intake will only
lead to protein deposition if the composing amino acids are not limiting. While some amino acids can
be synthesized by the pigs, other amino acids need to be supplied by the diet. Protein synthesis
requires that all necessary amino acids are available to the tissues [5]. For this, the dietary intake of
essential and non-essential amino acids needs to meet the requirements. The ideal protein concept is
commonly used in feed formulation for pig diets. This concept is defined as the perfect ratio among
individual essential amino acids and N required for optimal performance [6]. Amino acid requirements
are determined by both the need for maintenance and for protein accretion [6]. It is assumed that, with
a sufficient supply of energy and nitrogen, increasing the dietary concentration of a deficient amino
acid will only improve performance if the dietary concentration of no other amino acid is limiting
growth. If one or more amino acid limits growth, other essential amino acids that are in surplus of the
ideal pattern will be catabolized and used as sources of energy and nitrogen for non-essential amino
acids [5]. In practice, amino acids are expressed relative to lysine.

Feed conversion is affected by the growth rate and the composition of this growth [7]. Since lean is
composed of protein plus water and some lipids, its energetic costs are lower than the costs for fat
deposition [8]. With a faster growth rate, the energetic cost for maintenance needs per kg of growth
will be lower. Thus, faster growing animals will have a higher feed efficiency and better performance,
as long as this faster growth does not lead to fatter animals.

Tryptophan supplementation to a diet that was limiting in tryptophan has been shown to increase
piglets’ feed intake [9-11]. Also, in studies on valine requirements, suboptimal levels were associated
with a lower feed intake [12,13]. Therefore, the hypothesis was tested that adding either valine or
tryptophan to a diet short in both valine and tryptophan will lead to an increased feed intake and

improved performance.
2. Experimental Section
2.1. Experimental Design

In 4 batches, 96 pigs (Piétrain boar x hybrid sow) were divided over 16 pens of 6 pigs (3 barrows
and 3 gilts per pen) at weaning. Half of the experiment (2 batches) was conducted in spring and the
other half in autumn. Each pen was randomly assigned to one of four treatments, with a total of 16
pens per treatment. One pen measured 1 m x 1.8 m (1.8 m?), with 0.3 m? per piglet. The slatted floor
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was covered with a synthetic coating. The temperature in the compartments ranged from 26 °C at the
start to 22 °C at the end of the experiments; the light schedule was natural daylight and supplemental
artificial light between 7 h 30 and 15 h 30. The pigs had free access to water and were fed ad libitum.
The pigs received a standard feed (11.5 g lys/kg, 9.8 MJ net energy per kg) the first week after
weaning (at 4 weeks of age) and the experimental feeds between 5 and 9 weeks of age. Four
experimental diets were formulated: (1) low valine and low tryptophan (LL); (2) low valine and high
tryptophan (LH); (3) high valine and low tryptophan (HL); (4) high valine and high tryptophan (HH).
The standardized ileal digestible (SID) lysine concentration was 1.06 g/kg. The dietary lysine
concentration was slightly limiting according to the nutrient requirements of pigs from this
genotype [14], so that lysine would be limiting and the other amino acids could be formulated relative
to lysine. Dietary SID methionine + cystine, threonine, isoleucine, and leucine contents expressed as a
percentage of SID lysine were 57, 62, 51, and 96%, respectively (Tables 1 and 2). The intended SID
tryptophan: lysine ratio and SID valine: lysine ratio were 22 and 70, respectively. These were based on
optima determined during ILVO research concerning dietary valine concentration (unpublished
results) and recent literature on dietary tryptophan content [8]. The intended degree of limitation in the
low tryptophan and valine diets were 15% for both amino acids. For valine, a preliminary test at our
institute (unpublished data) showed that this degree of restriction would lead to a measurable
difference in performance results. For tryptophan, a similar degree of restriction was taken. First, the
LL diet was produced and then free L-valine or L-tryptophan were added to yield the intended amount
for the different experimental diets. Based on amino acid analysis (Table 2), the eventual ratio of SID
tryptophan to SID lysine was 19% in the low tryptophan diets and 22% in the high tryptophan diets.
The ratio of SID valine to SID lysine was 58% in the low valine diets and 67% in the high valine diets.

2.2. Measurements

All diets were subject to proximate analysis [15-18]. Analysis of amino acids in the diets
was performed by Ajinomoto Eurolysine SAS using a JLC-500/V AminoTac AA Analyzer (Jeol,
Croissy-sur-Seine, France) after hydrolysis with 6 N HCl at 110 °C for 23 h under reflux. The Met and
Cys contents in diets were determined after performic oxidation before hydrolysis. The Trp content in
diets was determined after hydrolysis at 120 °C for 16 h with barium hydroxide and separation by
reverse-phase HPLC and fluorometric detection.

All pigs were weighed individually three times: at the beginning of the experiment, 2 weeks into
the experiment, and at the end. Average daily gain was calculated as weight gain divided by the
number of days. For further analysis, the average per pen was used. Feed consumption per pen was
recorded and average daily feed intake was calculated per pen for each period. Feed efficiency per pen
was calculated as the total amount of feed consumed by the pen divided by the total gain of all pigs in
the pen.

2.3. Statistical Analysis

Performance results were analyzed with variance analysis (Statistica 9.0, Statsoft, Tulsa, OK,
USA), with tryptophan content, valine content and their interaction as fixed factors and batch as
random factor. Results were considered significant if P < 0.05. The pen was the experimental unit.
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Table 1. Ingredient composition of experimental diets (%, as-fed basis).

Item Low Valine High Valine
Low tryptophan High tryptophan  Low tryptophan High tryptophan

Wheat 25.00 24.99 24.97 24.96
Barley 19.76 19.75 19.74 19.73
Corn 18.00 17.99 17.98 17.97
Full fat soybeans 16.00 15.99 15.98 15.98
Soybean meal 5.76 5.76 5.75 5.75
Rapeseed meal 1.91 1.91 1.91 1.91
Beet molasses 4.00 4.00 4.00 3.99
Soy oil 0.20 0.20 0.20 0.20
Mono calcium phosphate 0.78 0.78 0.78 0.78
Salt 0.36 0.36 0.36 0.36
Limestone 0.30 0.30 0.30 0.30
Premix' 6.00 6.00 5.99 5.99
Nutrisure” 1.00 1.00 1.00 1.00
L-Lysine HCL, 78% 0.49 0.49 0.49 0.49
DIl-methionine, 99% 0.21 0.21 0.21 0.21
L-threonine, 98% 0.20 0.20 0.20 0.20
L-tryptophan, 98% 0.03 0.07 0.03 0.07
L-Valine, 96.5% - - 0.11 0.11
Phytase (5,000 1U/g) 0.01 0.01 0.01 0.01

! The premix contained 80% dairy products and 20% vitamin and mineral premix, providing the following
quantities of vitamins and minerals per kilogram of basal diet: vitamin A, 15,000 IU; vitamin D3, 2,000 IU;
vitamin E, 100 mg; vitamin K, 2 mg; vitamin B1, 2.5 mg; vitamin B2, 7.5 mg; vitamin BS5, 20 mg; vitamin
B6, 5 mg; vitamin B12, 0.04 mg; vitamin C, 100 mg; vitamin PP, 30 mg; choline, 324 mg; folic acid, 3 mg;
biotine, 0.15 mg; Ca, 516 mg; P, 419 mg; Mg, 165 mg; Na, 353 mg; Cl, 1,375 mg; K, 1,227 mg; S, 234 mg;
Fe, 100 mg; Cu, 160 mg; Mn, 60 mg; Zn, 100 mg; I, 2 mg; Se, 0.4 mg.

2 DSM nutritonal products: A mixture of calcium salts of the following organic acids: Lactic acid, Formic

acid, Citric acid monohydrate, Orthophosphoric acid, Propionic acid.

Table 2. Analyzed and calculated nutritional composition of the basal diet (as-fed basis) ".

Net energy, MJ/kg ' 9.8

Dry matter, % 89.77
Crude ash, % 5.01

Crude fibre, % 3.32
Crude protein, % 17.50
Crude fat, % 4.97
Starches, % 35.09
Sugars, % 8.62
Lactose, % 3.35

ADF, % 4.47
NDF, % 10.81

ADL, % 0.93

79
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Table 2. Cont.

Ca,% 0.60
P, % 0.60
Digestible P, % 0.40
Cu, mg/kg 165
Lysine, % 1.19
Methionine + cysteine, % 0.68
Methionine, % 043
Threonine, % 0.76
Tryptophan, % 0.24
Isoleucine, % 0.65
Leucine, % 1.22
Valine, % 0.75
Arginine, % 0.95
Histidine, % 0.39
Phenylalanine, % 0.77
SID LYS'? 1.06
SID MET' 0.39
SID M+C'? 0.60
SID THR'* 0.65
SID TRP'*? 0.20
SID ILE'* 0.55
SID LEU'? 1.02
SID VAL'? 0.62

" This is the low valine and low tryptophan diet. Other diets were produced by adding individual amino acids
to this diet. ' Values were calculated according to CVB, 2007 [19].

2 SID = Standardized ileal digestible, LYS = lysine, Met= methioninse, M+C = methionine + cysteine,
THR = threonine, TRP = tryptophan, ILE= isoleucine, LEU = leucine, VAL = valine.

3. Results and Discussion

It has been shown that amino acids may affect feed intake. This increased feed intake will lead to an
extra amount of amino acids available for protein deposition, even though they are not perfectly
balanced. Therefore, the hypothesis was tested that adding either valine or tryptophan to a diet short in
both valine and tryptophan will lead to increased feed intake and improved performance.

No interactions between dietary valine and tryptophan content could be observed (P > 0.05 for all
parameters, Table 3). However, while valine had a strong effect on feed intake and consequently daily
gain (P < 0.001 for all parameters), an effect of tryptophan content on daily feed intake or daily gain
was not observed (P > 0.05).



Animals 2012, 2 81

Table 3. Influence of valine and tryptophan concentration on performances of the piglets .

Low Valine High Valine P
Low High Low High SID SID  SID VAL
Tryptophan Tryptophan Tryptophan Tryptophan SEM VAL TRP x SID TRP

Bodyweight, kg

5 weeks of age 9.45 9.48 9.40 9.44 0.04 0.514 0.616 0.993

7 weeks of age 14.09 14.41 15.29 15.35 0.12 <0.001 0.185 0.374

9 weeks of age 20.88 21.47 23.51 23.58 0.21 <0.001 0.157 0.267
Daily feed intake, g

5-7 weeks 565 571 648 636 9 <0.001 0.776 0.430

7-9 weeks 897 899 1004 1008 13 <0.001 0.871 0.952

5-9 weeks 731 735 826 822 11 <0.001 0.871 0.952
Daily weight gain, g

5-7 weeks 332 352 421 423 60 <0.001 0.194 0.287

7-9 weeks 485 504 587 588 8  <0.001 0.326 0.382

5-9 weeks 408 428 504 505 7  <0.001 0.136 0.215
Feed efficiency, g/g

5-7 weeks 0.587 0.619 0.652 0.665  0.007 <0.001 0.034 0.377

7-9 weeks 0.544 0.563 0.585 0.584  0.005 0.001 0.313 0.266

5-9 weeks 0.560 0.585 0.610 0.616  0.004 <0.001 0.031 0.159

! Data are means of 16 pens per treatment.
? SID = standardized ileal digestible, VAL= valine, TRP = tryptopan.

The pigs consuming the low valine diets showed a lower feed intake and daily gain. While this has
also been observed in some other studies [9,10,20,21], no clear reason has been given. Recent research
[22] on mice showed that somatostatin may play a role in anorexia induced by a valine-deficient diet.
Central administration of ghrelin and neuropeptide Y restored feed intake in rats on a valine-deficient
diet [23]. Systemic administration of ghrelin did not affect the feed intake in these rats [23].

For tryptophan, the stimulating effect on feed intake has been reported [9-11]. Tryptophan
competes with large neutral amino acids (LNAA) such as leucine, isoleucine and valine for its passage
through the blood-brain barrier by sharing a common transport system [24]. Therefore, the ratio of
tryptophan to LNAA affects the feed intake [9]. Henry et al. [9] assumed that the negative effect of
LNAA on feed intake could be explained by a decrease in the tryptophan and consequently serotonin
concentration in the brain. However, it cannot be excluded that the assumed positive effect of
tryptophan on feed intake is mediated by an inhibition of the L-Leucine uptake to the brain and
consequently diminished mTOR-signaling. L-Leucine depresses feed intake through a stimulation of
mTOR-signaling [25]. This might explain why an effect of dietary tryptophan on feed intake was not
obvious in the present experiment, despite being clear in the experiments of Jansman et al. [11] and
Henry et al. [9]. In their experiments, the leucine: lysine ratio was above 1.5, while in the present
experiment, this was around 1. In addition to this, in the study of Henry et al. [9], it is possible that
the effect they observed was solely caused by the tryptophan:leucine ratio instead of the
tryptophan:LNAA concentration, as the leucine concentration varied together with the LNAA
concentration.
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Dietary tryptophan content did affect the feed efficiency between 5 and 7 weeks of age and between
5 and 9 weeks of age (P < 0.05). Also, between 5 and 7 weeks as well as between 7 and 9 weeks of
age, the feed efficiency was worse in the groups receiving the low valine diets (P < 0.001 for all
parameters). This shows that the LL diet was indeed limiting for both tryptophan and valine.

Despite the absence of an effect of tryptophan on feed intake, it was possible to confirm the
hypothesis that the addition of either valine or tryptophan to a diet limiting in both valine and
tryptophan may improve performance, even if the other amino acid was limiting growth. Indeed, feed
efficiency was improved either by adding tryptophan or by adding valine to the LL diet.

Feed intake may have a role in this. When considering the ideal protein concept, one can assume
that the first limiting amino acid determines the amount of protein deposition when sufficient energy is
available. The excess amino acids will be catabolized. Therefore, one would expect that only one diet
(either HL or LH) would be able to elicit positive growth performance, until the level that the second
amino acid becomes limiting. With addition of this second limiting amino acid (the HH diet), further
improvement can be expected. However, as valine stimulated the uptake of an extra amount of feed,
this provided extra amino acids (including tryptophan) that could be retained as protein tissue.
Therefore, it is logical to assume that the energy needs for maintenance were relatively smaller per kg
of body weight gain and the feed efficiency improved in the HL versus the LL diet, although
tryptophan was still limiting maximal protein deposition.

The effect of valine addition to the diet on performance was more pronounced than the effect of
tryptophan addition. The levels for the HH feed were based on optima determined during ILVO
research concerning dietary valine concentration (unpublished results) and recent literature on dietary
tryptophan content [11]. However, the analyzed valine concentration of the basal diet was lower than
originally intended, and therefore, the high valine diets might still have been slightly limiting in valine
(SID valine: SID lysine was 0.67 instead of 0.70 in the HH diet). This may explain why the 16%
increase in valine concentration had a larger effect than the 16% increase in tryptophan concentration.
A clear effect of tryptophan addition on feed efficiency was seen in the first 2 weeks of the
experiment, but not in the following 2 weeks. It is possible that the pigs responded to the lower
tryptophan content through an adaptation mechanism. This may be an improved absorption or a lower
catabolism rate of the amino acids. It has been shown that pigs use amino acids more efficiently during
a period of amino acid deficiency [26].

The results of this experiment have a direct practical consequence. Even if other amino acids are
formulated to yield suboptimal performance (e.g., because of the limited benefit in comparison to the
cost), it may be beneficial to provide the diet with an optimal amount of valine to improve feed intake
and performance.

4. Conclusions

It can be concluded that either supplementing valine or tryptophan to a diet that was limiting in both
amino acids improved performance of newly weaned piglets, without an interaction between the
dietary supply of valine and tryptophan. Valine supply had a greater effect on performance results than
tryptophan supply; providing the diet with an optimal amount of valine even if other amino acids are at
suboptimal dietary levels may improve performance.



Animals 2012, 2 83

Acknowledgments

Thanks to Myriam Audenaert, Bart de Bock, Kristof Dierkens, Roland Limpens, Jan Staels, and
Hans Uitterhaeghen for all their practical support. Thanks to Miriam Levenson for language
correction.

Conflict of Interest
The author declares no conflict of interest.
References

1. Noblet, J.; Van Milgen, J. Energy Value of Pig Feeds: Effect of Pig Body Weight and Energy
Evaluation System. J. Anim. Sci. 2004, §2, E229-E238.

2. Henry, Y. Dietary Factors Involved in Feed Intake Regulation in Growing Pigs: A Review. Livest.
Prod. Sci. 1985, 12, 339-354.

3. Bikker, P.; Karabinas, V.; Verstegen, M.W.A.; Campbell, R.G. Protein and Lipid Accretion in
Body Components of Growing Gilts (20 to 45 Kilograms) as Affected by Energy-Intake.
J. Anim. Sci. 1995, 73, 2355-2363.

4. Van Milgen, J.; Quiniou, N.; Noblet, J. Modelling the Relation between Energy Intake and
Protein and Lipid Deposition in Growing Pigs. Anim. Sci. 2000, 71, 119-130.

5. Boisen, S.; Hvelplund, T.; Weisbjerg, M.R. Ideal Amino Acid Profiles as a Basis for Feed Protein
Evaluation. Livest. Prod. Sci. 2000, 64, 239-251.

6. Fuller, M.F.; Mcwilliam, R.; Wang, T.C.; Giles, L.R. The Optimum Dietary Amino Acid Pattern
for Growing Pigs. 2. Requirements for Maintenance and for Tissue Protein Accretion. Br. J. Nutr.
1989, 62, 255-267.

7. Millet, S.; Gielkens, K.; De Brabander, D.; Janssens, G.P.J. Considerations on the Performance of
Immunocastrated Male Pigs. Animal 2011, 5, 1119-1123.

8. National Research Council. Nutrient Requirements of Swine, 11th ed.; National Academy Press:
Washington, DC, USA, 1998.

9. Henry, Y.; Seve, B.; Colleaux, Y.; Ganier, P.; Saligaut, C.; Jego, P. Interactive Effects of Dietary
Levels of Tryptophan and Protein on Voluntary Feed Intake and Growth Performance in Pigs,
in Relation to Plasma Free Amino Acids and Hypothalamic Serotonin. J. Anim. Sci. 1992, 70,
1873-1887.

10. Eder, K.; Peganova, S.; Kluge, H. Studies on the Tryptophan Requirement of Piglets. Archiv fur
Tierernaehrung 2001, 55, 281-297.

11. Jansman, A.J.M.; van Diepen, J.T.M.; Melchior, D. The Effect of Diet Composition on
Tryptophan Requirement of Young Piglets. J. Anim. Sci. 2010, 88, 1017-1027.

12. Theil, P.K.; Fernandez, J.A.; Danielsen, V. Valine Requirement for Maximal Growth Rate in
Weaned Pigs. Livest. Prod. Sci. 2004, 88, 99-106.

13. Mavromichalis, I.; Kerr, B.J.; Parr, T.M.; Albin, D.M.; Gabert, V.M.; Baker, D.H. Valine
Requirement of Nursery Pigs. J. Anim. Sci. 2001, 79, 1223-1229.



Animals 2012, 2 84

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Warnants, N.; Van Oeckel, M.J.; De Paepe, M. Response of Growing Pigs to Different Levels of
Ileal Standardised Digestible Lysine Using Diets Balanced in Threonine, Methionine and
Tryptophan. Livest. Prod. Sci. 2003, 82, 201-2009.

EEC Commission. Establishing Community Methods of Analysis for the Official Control of
Feeding Stuffs (EEC Commission Directive 71/250/EEC). Official J. Eur. Communit. 1971, L1535,
13-37.

EEC Commission. Establishing Community Methods of Analysis for the Official Control of
Feeding Stuffs (Directive 171/393/EEC). Official J. Eur. Communit. 1971, L279, 7-18.

EC Commission. Amending Annex I to Fourth Directive 73/46/EEC Establishing Community
Methods of Analysis for the Official Control of Feeding Stuffs (Directive 92/89/EEC). Official J.
Eur. Communit. 1992, L344,36-37.

EC Commission. Amending Annex I to the Third Directive 72/199/EEC Establishing Community
Methods of Analysis for the Official Control of Feedingstuffs (Directive 93/28/EEC). Official J.
Eur. Communit. 1993, L179, 8-10.

CVB Table on Feed Ingredients; Information about Chemical Composition, Digestibility and
Feeding Value; Centraal Veevoederbureau: Lelystad, The Netherlands, 2007.

Lordelo, M.M.; Gaspar, A.M.; Le Bellego, L.; Freire, J.P.B. Isoleucine and Valine
Supplementation of a Low-Protein Corn-Wheat-Soybean Meal-Based Diet for Piglets: Growth
Performance and Nitrogen Balance. J. Anim. Sci. 2008, 86, 2936-2941.

Wiltafsky, M.K.; Pfaffl, M.W.; Roth, F.X. The Effects of Branched-Chain Amino Acid
Interactions on Growth Performance, Blood Metabolites, Enzyme Kinetics and Transcriptomics in
Weaned Pigs. Br. J. Nutr. 2010, 103, 964-976.

Nakahara, K.; Takata, S.; Ishii, A.; Nagao, K.; Bannai, M.; Takahashi, M.; Murakami, N.
Somatostatin is Involved in Anorexia in Mice Fed a Valine-Deficient Diet. Amino Acids 2011,
doi: 10.1007/s00726-011-0836-z.

Goto, S.; Nagao, K.; Bannai, M.; Takahashi, M.; Nakahara, K.; Kangawa, K.; Muraikami, N.
Anorexia in Rats Caused by A Valine-Deficient Diet Is Not Ameliorated by Systemic Ghrelin
Treatment. Neuroscience 2010, 166, 333-340.

Fernstrom, J.D. and Wurtman, R.J. Brain Serotonin Content: Physiological Regulation by Plasma
Neutral Amino Acids. Science 1972, 178, 414-416.

Cota, D.; Proulx, K.; Smith, K.A.B.; Kozma, S.C.; Thomas, G.; Woods, S.C.; Seeley, R.J.
Hypothalamic MTOR Signaling Regulates Food Intake. Science 2006, 312, 927-930.

Millet, S.; Langendries, K.; Aluwé, M.; De Brabander, D.L. Effect of Amino Acid Level in the
Pig Diet during Growing and Early Finishing on Growth Response during the Late Finishing
Phase of Lean Meat Type Gilts. J. Sci. Food Agric. 2011, 91, 1254—1258.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



