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Abstract

The digestible lysine requirements for fattening pigs have not been established clearly. The objective
of this trial was to determine a level of protected lysine in pig diets that was adequate for growth
performance, carcass characteristics, and plasma urea nitrogen concentration. Fifty crossbred pigs (29.55 +
1.80 kg initial bodyweight) were used in a completely randomized design with a 3 x 2 factorial arrangement
of treatments. Treatments were 0.90%, 1.00% and 1.10% lysine in the growing phase, followed by diets with
0.75%, 0.85% and 0.95% lysine in finishing stage I, and 0.83%, 0.93% and 1.03% lysine in finishing stage II.
The lysine was provided in its conventional form and as protected lysine. For growing pigs, the highest
average daily feed intake (ADFI) and final bodyweight were obtained with 1.1% and 1.0% lysine,
respectively. The average daily gain, ADFI, final bodyweight, fat free lean gain and longissimus muscle area
(LMA) were reduced with protected lysine. In finishing | stage, pigs fed 0.95% lysine had greater final
bodyweight, LMA, and lean meat percentage than pigs fed with 1% unprotected lysine. For finishing Il pigs,
ADFI and final bodyweight were the greatest when 1.03% lysine was provided, regardless the type of lysine
that was fed. The plasma urea nitrogen increased with the 1.03% lysine diet and was reduced with protected
lysine. Results indicate that the digestible lysine requirement for the fattening pig diets might be 0.10%
higher than in current recommendations. The use of protected lysine affected growth negatively during the
growing stage.
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Introduction

The probable deficits of amino acids in feedstuffs, feed costs, and nitrogen excretion may be overcome by
replacing a portion of the dietary crude protein with crystalline amino acids (Gloaguen et al., 2014; Wang et
al., 2020) in the diet for pigs. For fattening pigs, lysine is the first limiting amino acid in diets formulated from
conventional ingredients, which may lead to lysine deficiency or excess, reduce its availability for protein
synthesis, and limit growth (NRC, 2012). Increasing the efficiency of lysine use for protein synthesis would
lower the dietary requirement in swine, thus decreasing the need for supplemental lysine, and decrease
production costs (Gatrell et al., 2017). Reducing lysine catabolism has been shown to reduce the
requirement for it (Cleveland et al., 2008).

Levels of lysine that are higher than NRC (2012) recommendations improve productive performance
(Figueroa et al., 2012; Zhang et al., 2013; Goncalves et al., 2017; Soto et al., 2019). This may imply that the
digestible lysine requirement is higher than that suggested by NRC (2012), or that the dietary lysine is not
used completely. Synthetic-free lysine is more sensitive to acidic conditions and more rapidly absorbed in the
digestive tract than the protein-bound amino acid (Kondos & Adri, 1982; Sato et al., 1984; Stein et al., 2007).
The pronounced, but transient postprandial increase of plasma amino acid and peptide concentrations might
adversely affect metabolic efficiency and amino acid oxidation (Dangin et al., 2001). In addition, rapid
absorption of supplemented free amino acids in the small intestine of pigs relative to those derived from
dietary protein could lead to an asynchrony in their availability to organs and tissues (Chen, 2017). Improved
nutrient synchronization may increase nitrogen retention in growing pigs (Van den Borne et al., 2007).
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Therefore, it is necessary to find ways to increase lysine bio-efficacy and nutrient synchronization in pig
diets.

The use of protected amino acids that can resist degradation in the stomach, allowing for absorption
from the intestines, could help overcome these limitations (Piva et al., 2007) and has been reported in
ruminant animals with resultant improvements in their productive performance (Lee et al., 2012; Zanton et
al., 2014; Awawdeh, 2016). In pigs, replacing HCI-Lysine with protected lysine improves the bio-efficacy of
this amino acid, without affecting growth and carcass characteristics negatively (Prandini et al., 2013).
Incorporating protected methionine in pig diets also produces favourable changes in daily weight gain, feed
intake, and backfat thickness (Figueroa-Velasco et al., 2020). Sun et al. (2020a) suggested supplemental
levels of crystalline lysine and DL-methionine for broiler chickens could be reduced effectively by
approximately 20% with an encapsulated form with resulting improvements in amino acid utilization
efficiency, with no detrimental effects on production. Prandini et al. (2013) stated that microencapsulated
lysine, in comparison with unprotected synthetic lysine, improved the efficiency with which pigs used crude
protein and amino acids. This improvement is a result of slower rates of release and absorption
microencapsulated lysine compared with unprotected synthetic lysine and lysine that is bound to dietary
protein. Sun et al. (2020b) observed that feeding encapsulated lysine and methionine in laying hens may
improve the post-absorptive amino acid balance and allow for reduced levels of supplemental amino acids.

Because increased lysine bio-efficacy can improve growth in pigs, it was hypothesized that the dietary
addition of protected lysine would represent an alternative source of this amino acid compared with
traditional synthetic lysine. Additionally, it was hypothesized that the dietary concentration of lysine could be
changed when protected lysine is incorporated into the diet. Therefore, the aim of this research was to
determine the optimum level of protected lysine in fattening pig diets based on their growth, carcass
characteristics, and plasma urea nitrogen concentration.

Material and Methods

The experimental procedures were performed following the recommendations of the CIOMS (2012)
and the Mexican law (SAGARPA, 1999) for the use of animals in experimentation. The experiment was
conducted at the Swine Unit of the Experimental Farm, Colegio de Postgraduados, located in Montecillo,
State of Mexico (98° 48' 27" W, 19° 48' 23" N). The climate is temperate, semi-arid, with an average annual
temperature of 15.9 °C, infrequent frosts, an average annual rainfall of 686 mm and an altitude of 2,241 m
above sea level (Garcia, 2004).

The treatments consisted of three levels of digestible lysine from two sources (conventional and
protected) in three stages between weaning and harvest. The lysine levels were 0.90%, 1.00%, and 1.10%
in the growing stage, 0.75%, 0.85%, and 0.95% in finishing stage I, and 0.83%, 0.93%, and 1.03% in
finishing stage Il. These levels corresponded to a control treatment, a level below those recommended by
the NRC (2012) and a level above. The diet formulations for the growing stage, finishing stage | and finishing
stage Il and their nutritional contents are provided in supplemental tables S1, S2 and S3.

Fifty crossbred terminal line (Duroc x Yorkshire x Landrace) barrows were used in a completely
randomized design in a 3 x 2 factorial arrangement of treatments with three levels of digestible lysine
provided in two forms. There were eight or nine replicates of each treatment. The average initial bodyweight
was 29.55 £ 2.22 kg. The experiment was conducted in three stages: growing for 35 days, finishing | for 28
days, and finishing Il for 29 days. The pigs were housed individually in 1.2 x 1.5 m pens with concrete and
plastic slat floors that were equipped with a single feeder and a nipple drinker. Feed and water were provided
ad libitum.

The digestible lysine levels were obtained by adding synthetic lysine or protected lysine to the control
diet to increase the concentration of this amino acid. The protected lysine contained 50% encapsulated L-
lysine HCL (AjiproTM-L, Ajinomoto, Chicago, lllinois, USA). Basal diets were based on sorghum-soybean
meal supplemented with crystalline amino acids (L-Lysine-HCIl, DL-Methionine (Evonik Industries,
Parsippany, NJ, USA), L-threonine (Jefo Nutrition Inc, Saint-Hyacinthe, Québec, Canada) and L-Tryptophan
(CPB Aurum, Mexico City)) to meet or exceed the nutritional requirements for each stage of growth (NRC,
2012). In the diet for finishing stage Il feed, 5 ppm of ractopamine (Paylean, Elanco, Mexico) was added and
the requirements were adjusted following the recommendations of the NRC (2012) when this beta-agonist is
fed.

Average daily gain (ADG), average daily feed intake (ADFI), and feed to gain ratio (FGR) were
calculated from the recorded measures of bodyweight and feed intake. On the first and last days of the
experiment, backfat thickness and longissimus muscle area (LMA) were measured using the Sonovet 600
real time ultrasound system with a 3.5 MHz transducer (Medison, Inc., Cypress, California, USA). These
data, along with initial bodyweight and final bodyweight, were used to determine the fat-free lean gain
(FFLG) and the lean meat percentage using the NPPC equations (Burson & Berg, 2001). A blood sample
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collected on the last day of each experimental stage was used to determine plasma urea nitrogen (plasma
urea nitrogen) concentration.

The crude protein contents of the diets were established with the macro Kjeldahl method (AOAC,
2005). Their calcium and phosphorus were ascertained with atomic absorption spectrophotometry (Karl et
al., 1979) with a Perkin Elmer 4000 model instrument (Series Lambda 2, Perkin Elmer Inc., Norwalk, CT,
USA). Blood samples (5 mL) were collected on the last day of each experimental stage using vacutainer
tubes without anticoagulant, and were immediately refrigerated at 4 °C. Blood samples were centrifuged
(Sigma 2-16k, Germany) at 3500 rpm for 20 min to obtain the serum, which was stored in Eppendorf tubes
and kept in a freezer (EUR251P7W Tappan, Electrolux Home Products North America, Augusta, GA, 30907
EUA) at -20 °C until the plasma urea nitrogen concentration (Chaney & Marbach, 1962) was established with
a spectrophotometer (Vary Cary UV, Victoria, Australia).

Shapiro-Wilk and Levene's tests were used to check the normality and homogeneity of variance of all
variables. The data were subjected to analysis of covariance variance using the GLM procedure of SAS
(SAS Institute Inc., Cary, North Carolina, USA) with initial bodyweight being used as the covariate. Tukey's
test (P <0.10) was used to compare treatment means.

Results and Discussion

The highest ADFI (P =0.02) was obtained with 1.10% lysine in the diet and reduced (P =0.07) with the
addition of protected lysine to the diets of growing pigs (Table 1). Average daily gain was reduced (P =0.10)
when the protected lysine was used and the level of protected lysine did not affect it (P >0.10). Final
bodyweight was also reduced by the addition of protected lysine (P =0.01). The heaviest final bodyweight
was observed (P =0.09) with 1.00% of regular lysine. The FFLG and LMA were affected (P <0.05) by
protected lysine. The other variables were not influenced (P >0.10) by the level or source of lysine. In the
finishing | stage, pigs fed with 0.95% digestible lysine had heavier final bodyweight, larger LMA and higher
lean meat percentage than those fed with the control diet (P <0.05) (Table 2). The other variables were not
affected (P >0.10) by the level or source of lysine. In finishing stage I, the pigs fed 1.03% digestible lysine
had the highest ADFI (P =0.08), although the source of lysine did not influence this variable (P >0.10). The
final bodyweight was also increased (P =0.009) when feeding 1.03% digestible lysine compared with lower
levels, regardless of the source of lysine. The plasma urea nitrogen increased (P =0.03) with 1.03%
digestible lysine and was reduced when feeding protected lysine (P =0.06). No effect (P >0.10) of the level or
source of lysine was observed on the ADG, FGR, FFLG, backfat thickness and LMA. Thus, the heaviest final
bodyweight was observed in all three stage, ADFI was higher in the growing and finishing stage I, and LMA
and lean meat percentage were greatest in finishing stage | when the concentration of dietary digestible
lysine was greater than the recommendations of the NRC (2012) and Brazilian tables (Rostagno et al.,
2017).

Too low a level of dietary lysine compromises the growth of pigs. The lack of lysine, as a constituent of
protein, could be the primary reason for its reduced and consequently compromised FGR and ADG (Hasan
et al., 2020). There is conflicting information about the performance of pigs when the digestible lysine level is
increased in their diets. Increasing lysine levels above NRC (2012) and Brazilian tables (Rostagno et al.,
2017) recommendations improved some growth performance variables (backfat thickness, LMA, lean meat
percentage, FFLG, ADG and ADFI) (Figueroa et al., 2012; Zhang et al., 2013; Goncalves et al., 2017). Ma et
al. (2015) also found that higher dietary lysine concentration improved ADG, FGR and FFLG. The results of
the present trial agree closely with those of Shelton et al. (2011) in growing and finishing | pigs, and with
those obtained by Webster et al. (2007) in finishing 1l phase when ractopamine was fed at 5 ppm. In a meta-
analysis (Goncalves et al., 2017) concluded that the digestible lysine requirements for barrows, gilts and
boars, after adjusting for feed intake, were 106%, 103%, and 132% of the NRC (2012) recommendations,
respectively. However, in other studies (Cu et al., 2012; Rivero et al., 2013; Gutiérrez-Hernandez et al.,
2016), no effect was observed for an increased concentration of dietary lysine on growth and carcass
characteristics. This inconsistency in reports about higher levels of lysine in fattening pig diets on growth may
be because of different productive conditions, genetic potential of pigs, and level of inclusion (Palma-
Granados et al., 2019; Soto et al., 2019; Remus et al., 2020).

Supplementing the diets for finishing pigs in stage Il with protected lysine produced no effect in the
present trial (Table 3). However, in the growing stage, protected lysine altered ADFI, ADG, final bodyweight,
FFLG and LMA. The seemingly conflicting results might be attributed to the lower ability of smaller pigs to
digest the protective layer resulting in less availability and absorption of lysine. However, Prandini et al.
(2013) observed better metabolic efficiency for protected amino acids compared with their conventional
counterparts when used in pig feed. In laying hens and broilers, there were indications that the addition of
protected lysine and methionine reduced the post-absorptive concentration of these amino acids, improving
bio-efficiency and contributing to reduced dietary requirements for these nutrients (Sun et al., 2020a, b).
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Table 1 Performance of pigs fed diets that contained three levels lysine in either the protected or conventional form during the growing phase

Lysine level, % Form ADFI, kgd* ADG, kg d* FGR FBW,kg FFLG,kgd®* LMP, % BT, mm LMA, cm?  PUN, mg dL™
0.90 Conventional 1.99% 0.68 2.91 54.71% 0.25 29.01 9.29 21.50 21.64
0.90 Protected 1.76° 0.66 2.75 53.18° 0.23 28.71 8.63 19.69 21.98
1.00 Conventional 2.10% 0.74 2.83 57.71° 0.27 28.77 9.14 21.49 23.21
1.00 Protected 1.88% 0.68 2.78 54.92% 0.24 28.96 9.33 21.29 19.15
1.10 Conventional 2.16° 0.73 2.94 56.26% 0.26 29.52 9.13 22.46 22.05
1.10 Protected 2.13% 0.68 3.07 53.79% 0.24 28.88 8.86 20.39 21.41
SE 0.09 0.03 0.13 1.11 0.013 0.35 0.29 0.78 2.63
0.90 1.86% 0.67 2.82 53.90% 0.24 28.85 8.93 20.53 21.83
1.00 2.00% 0.70 2.80 56.42" 0.25 28.86 9.23 21.40 21.18
1.10 2.15° 0.71 3.00 55.10% 0.25 29.22 9.00 21.49 21.77
SE 0.07 0.02 0.09 0.79 0.01 0.24 0.21 55.39 1.86
Conventional 2.08° 0.71% 2.89 56.23% 0.26% 29.11 9.18 21.842 22.27
Protected 1.91° 0.67° 2.86 53.88° 0.23" 28.84 8.90 20.38° 20.95
SE 0.05 0.03 0.03 0.64 0.03 0.20 0.16 0.44 1.51
P-values
Level 0.02 0.29 0.30 0.09 0.50 0.49 0.58 0.39 0.96
Form 0.07 0.10 0.82 0.01 0.05 0.36 0.27 0.03 0.53
Interaction 0.05 0.35 0.58 0.06 0.38 0.61 0.50 0.16 0.93

ADFI: average daily feed intake, ADG: average daily gain, FGR: feed togain ratio, FBW: final bodyweight, FFLG: Fat free lean gain, LMP: lean meat percentage,
BT: backfat thickness, LMA: longissimus muscle area, PUN: plasma urea nitrogen concentration
2P \ithin a column and effect, means with a common superscript were not different with probability P <0.1
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Table 2 Performance of pigs fed diets that contained three levels lysine in protected or conventional forms during finishing | phase
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Lysine level, % Form ADFI, kgd®  ADG, kg d™ FGR FBW,kg  FFLG,kgd®  LMP, % BT, mm LMA, cm®  PUN, mgdL™”
0.75 Conventional 2.88 0.84 3.54 75.83% 0.31 28.39 11.83 26.73° 11.78
0.75 Protected 3.13 0.95 3.36 80.80%" 0.33 27.72 10.80 25.81° 11.92
0.85 Conventional 3.13 0.91 3.46 82.76" 0.34 27.88 10.60 27.02° 9.61
0.85 Protected 2.77 0.90 3.11 79.86%" 0.35 28.84 10.71 28.86%" 13.48
0.95 Conventional 3.32 0.93 3.58 83.42° 0.35 29.07 11.83 31.24° 11.92
0.95 Protected 3.02 0.92 3.32 81.71% 0.36 28.96 11.00 29.46% 13.27

SE 0.17 0.06 0.24 1.62 0.01 0.40 0.59 1.06 2.84

0.75 2.99 0.89 3.46 78.1° 0.32 28.09° 10.82 26.31° 11.85
0.85 2.92 0.90 3.25 81.1% 0.34 28.47% 10.67 28.09%° 11.87
0.95 3.16 0.92 3.44 82.5" 0.35 29.01° 11.38 30.28" 13.74
SE 0.12 0.04 0.18 1.15 0.01 0.28 0.42 75.29 2.01

Conventional 3.11 0.89 3.52 80.54 0.33 28.61 11.12 28.41 12.03

Protected 2.96 0.92 3.25 80.79 0.35 28.48 10.84 28.28 12.99

SE 0.10 0.03 0.14 0.94 0.01 0.23 0.35 0.62 1.65

P—value
Level 0.33 0.77 0.65 0.03 0.23 0.07 0.42 0.003 0.73
Form 0.27 0.62 0.19 0.97 0.32 0.79 0.56 0.70 0.68
Interaction 0.22 0.80 0.74 0.03 0.53 0.12 0.72 0.10 0.88

ADFI: average daily feed intake, ADG: average daily gain, FGR: feed togain ratio, FBW: final bodyweight, FFLG: Fat free lean gain, LMP: lean meat percentage, BT: backfat

thickness, LMA: longissimus muscle area, PUN: plasma urea nitrogen concentration

2P Within a column and effect, means with a common superscript were not different with probability P <0.1
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Table 3 Performance of pigs fed diets that contained three levels lysine in protected or conventional forms during finishing Il phase

Lysine level, % Form ADFI, kgd* ADG, kg d* FGR FBW,kg  FFLG,kgd®  LMP, % BT, mm LMA.cm?  PUN, mgdL™
0.83 Conventional 2.84 0.84 3.48 96.9% 0.31 27.82 14.50 32.90 12.84
0.83 Protected 3.22 0.96 3.42 104.0%® 0.32 26.73 15.29 31.11 10.16
0.93 Conventional 3.13 0.88 357 104.9% 0.26 26.81 15.20 31.00 12.09
0.93 Protected 2.79 0.84 3.33 100.9% 0.29 27.58 15.33 33.49 10.47
1.03 Conventional 3.48 0.85 4.10 106.5° 0.29 28.05 15.40 36.51 14.22
1.03 Protected 3.31 0.91 3.67 108.2° 0.31 27.06 16.43 31.55 13.66

SE 0.21 0.06 0.24 2.18 0.02 0.36 0.87 3.16 1.08
0.83 3.03% 0.90 3.44 100.7° 0.31 27.23 14.92 31.93 11.40°
0.93 2.94% 0.86 3.44 102.7% 0.27 27.23 15.27 32.36 11.21%
1.03 3.38" 0.89 3.85 107.5° 0.30 27.82 16.00 33.61 13.90°
SE 0.14 0.04 0.17 1.56 0.02 0.25 0.62 2.26 0.78
Conventional 3.13 0.86 3.70 102.41 0.29 25.57 15.00 33.43 13.04%
Protected 3.12 0.90 3.48 104.61 0.30 27.31 15.70 31.97 11.48°
SE 0.01 0.06 0.14 1.26 0.01 0.21 0.50 1.83 0.63
P —value
Level 0.08 0.81 0.14 0.009 0.40 0.16 0.43 0.85 0.03
Form 0.86 0.34 0.22 0.28 0.40 0.32 0.34 0.55 0.06
Interaction 0.15 0.73 0.31 0.009 0.75 0.11 0.71 0.84 0.11

ADFI: average daily feed intake, ADG: average daily gain, FGR: feed to gain ratio, FBW: final bodyweight, FFLG: fat free lean gain, LMP: lean meat percentage, BT: backfat
thickness, LMA: longissimus muscle area, PUN: plasma urea nitrogen concentration
2P \within a column and effect, means with a common superscript were not different with probability P <0.1
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In finishing Il stage, the plasma urea nitrogen was reduced in pigs fed with protected lysine and
increased with the highest concentration of lysine. However, in the other stages, there was no effect of lysine
level and source on this variable. The lower values of plasma urea nitrogen with protected lysine confirm its
lower bio-efficiency and availability and lower plasma urea nitrogen was not reflected in higher ADG and lean
meat percentage. Although other studies reported that the increase of lysine levels minimized plasma urea
nitrogen (Zhang et al., 2011; Martinez-Aispuro et al., 2014; Ma et al., 2015), in this study, higher lysine level
increased plasma urea nitrogen, possibly because of its relationship with other amino acids, and since this
was not constant when increasing lysine, an imbalance between them could be produced (Abreu et al.,
2007ab). Hasan et al. (2017) observed that a dietary lysine restriction in pigs is responsible for reduced
plasma lysine, methionine, leucine, arginine, tyrosine, and total protein, and growth performance. In addition,
higher ADFI combined with a high concentration of lysine could cause the plasma urea nitrogen to be
elevated. In growing and finishing | stages of the present study there was no effect on plasma urea nitrogen
that would indicate an adequate balance of amino acids (Qin et al., 2015; Figueroa-Velasco et al., 2020).

Conclusion

The lysine level that is needed in the diets of pigs may be 0.10% higher than recommended levels.
The use of protected lysine did not improve the growth performance and carcass characteristics of finishing
pigs. Further, the use of protected lysine affected some growth performance variables in growing pigs in a
negative way. In addition, the lower values of plasma urea nitrogen observed with protected lysine could
indicate that this type of amino acid has lower bioefficiency and availability.

Authors’ Contributions

JLFV, DTSL, JAMA, TSTE, JLCM, ARF, MMCG were responsible for the design and execution of the proposal
research. All co-authors participated in the management and discussion of the results, statistical analyss and writing of
the manuscript.

Conflict of Interest Declaration
Authors declare that there is no conflict of interest regarding the publication of this article.

References

Abreu, M.L.T.D.U., Donzele, J.L.U., Miranda, O.R.F., Oliveira, A.L.S., Santos, F. & Pereira, A.A., 2007a. Niveis de lisina
digestivel em racg@es, utilizadose o conceito de proteina ideal, para suinos machos castrados de alto potencial
genético para deposicdo de carne magra na carcaca dos 60 aos 95 kg. Rev. Bras. Zoot. 36(1), 54-61.
https://doi.org/10.1590/S1516-35982007000100008

Abreu, M.L.T.D.U., Donzele, J.L.U., Oliveira, R.F.M.D.U., Oliveira, A.L.S.D., Haese, D.U. & Pereira, A.A.U., 2007b.
Niveis de lisina digestivel em rag6es, utilizando-se o conceito de proteina ideal, para suinos machos castrados
de alto potencial genético, dos 30 aos 60 kg. Rev. Bras. Zoot. 36(1), 62-67. https://doi.org/10.1590/S1516-
35982007000100008

AOAC, 2005. Official methods of analysis. 18th edition. Association of Official Analytical Chemists, Inc., Washington DC,
USA.

Awawdeh, M.S., 2016. Rumen-protected methionine and lysine: Effects on milk production and plasma amino acids of
dairy cows with reference to metabolisable protein status. J. Dairy Res. 83(2), 151-155.
https://doi.org/10.1017/S0022029916000108

Burson, D. & Berg, E., 2001. Procedures for estimating pork carcass composition. Pork quality facts. National Pork
Producers Council, Des Moines 1A, USA.

Chaney, A.L. & Marbach, E.P., 1962. Modified reagents for determination of urea and ammonia. Clin. Chem. 8(2), 130-
132. https://doi.org/10.1093/clinchem/8.2.130

Chen, H., 2017. Protein digestion kinetics in pigs and poultry. PhD dissertation, Wageningen University, The
Netherlands. http://dx.doi.org/10.18174/423753

CIOMS, 2012. International guiding principles for biomedical research involving animals. Council for International
Organizations of Medical Sciences. http://www.cioms

Cleveland, B.M., Kiess, A.S. & Blemings, K.P., 2008. a-Aminoadipate &-semialdehyde synthase mRNA knockdown
reduces the Ilysine requirement of a mouse hepatic cell line. J. Nutr. 138(11), 2143-2147.
https://doi.org/10.1093/jn/138.11.2143

Cu, R.K.S., Acda, S.P., Agbist, E.A., Carandang, J.N.F., Centeno, J.R. & Merca, F.E., 2012. Efficacy of L- lysine sulfate
as supplement in swine diets. Philipp. J. Vet. Anim. Sci. 38(1), 11-22.

Dangin, M., Boirie, Y., Garcia-Rodenas, C., Gachon, P., Fauquant, J., Callier, P., Ballevre, O. & Beaufrere, B., 2001. The
digestion rate of protein is an independent regulating factor of postprandial protein retention. Am. J. Physiol.
Endocrinol. Metab. 280, 340-348. https://doi.org/10.1152/ajpendo.2001.280.2.E340



Figueroa-Velasco et al., 2022. S. Afr. J. Anim. Sci. vol. 52 209

Figueroa, J.L., Estrada, J., Zamora, V., Cordero, J.L., Sanchez-Torres, M.T., Nieto, R. & Copado, J.M.F., 2012.
Digestible lysine levels in low-protein diets supplemented with synthetic amino acids for nursery, growing, and
finishing barrows. Irish J. Agr. Food Res. 51(1), 33-44. https://www.jstor.org/stable/41756844

Figueroa-Velasco, J.L., Trujano-San Luis, D., Martinez-Aispuro, J.A., Sanchez-Torres, M.T., Crosby-Galvan, M.M., Ruiz-
Flores, A. & Cordero-Mora, J.L., 2020. Effectiveness and optimum level of protected methionine in fattening pig
diets. Rev. Colomb. Cienc. Pecu. 33(4), 217-227. https://doi.org/10.17533/udea.rccp.v33n4a02

Garcia, E., 2004. Modifications to the system Kdppen climate classification. 5th ed. Book series number 6. Institute of
Geography, Autonomous University of Mexico.

Gatrell, S.K., Berg, L.E., Grimmett, J.G., Moritz, J.S. & Blemings, K.P., 2017. Effect of moderate alterations of dietary
protein or lysine on indices of lysine metabolism in liver, kidney, and heart of growing pigs. Can. J. Anim. Sci.
98(1), 9-17. https://doi.org/10.1139/cjas-2016-0186

Gloaguen, M., Le Floch, N., Corrent, E., Primot, Y. & Van Milgen, J., 2014. The use of free amino acid allows formulating
very low crude protein diets for piglets. J. Anim. Sci. 92(2), 637-644. https://doi.org/10.2527/jas.2013-6514

Goncalves, M., Orlando, U., Cast, W. & Culbertson, M., 2017. Standardized ileal digestible lysine requirements for
finishing PIC pigs under commercial conditions: a meta-ana lysineis. J. Anim. Sci. 95(2), 131-132.
https://doi.org/10.2527/asasmw.2017.273

Gutiérrez-Hernandez, S., Figueroa-Velasco, J.L., Sadnchez, M.T., Hernandez-Cazarez, A.S., Cordero-Mora, J.L. &
Martinez-Aispuro, J.A., 2016. Lisina y treonina digestible en dietas para cerdos en crecimiento. Ecos. Recur.
Agrop. 3(7), 33-41. http://ri.ujat. mx//handle/20.500.12107/1087

Hasan, M.S., Crenshaw, M.A. & Liao, S.F., 2020. Dietary lysine affects amino acid metabolism and growth performance,
which may not involve the GH/IGF-1 axis, in young growing pigs. J. Anim. Sci. 98(1), sk amino acid004.
https://doi.org/10.1093/jas/sk amino acid004

Hasan, M.S., Crenshaw, M.A., Feugang, J.M. & Liao, S.F., 2017. Effects of dietary lysine restriction on the
concentrations of free amino acids and other selected metabolites in the blood plasma of growing pigs. J. Anim.
Sci. 95, 49. https://doi.org/10.2527/asasann.2017.099

Karl, R.F., McDowell, L.R., Miles, P.H., Wilkinson, N.S., Funk, J.D. & Conrad, J.H., 1979. Methods of mineral analysis of
plant and animal tissues. 2nd ed. University of Florida, Gainesville, USA.

Kondos, A.C. & Adri, R.M., 1982. Nutritional value of protected lysine in pig production. Proc. Aust. Soc. Anim. Prod. 14,
561-564. http://livestocklibrary.com.au/handle/1234/7351

Lee, C., Hristov, A.N., Cassidy, T.W., Heyler, K.S., Lapierre, H., Varga, G.A., Veth, M.J., Patton, R.A. & Parys, C., 2012.
Rumen-protected lysine, methionine, and histidine increase milk protein yield in dairy cows fed a metabolizable
protein-deficient diet. J. Dairy Sci. 95(10), 6042-6056. https://doi.org/10.3168/jds.2012-5581

Ma, W.F., Zeng, X.F., Liu, X.T., Xie, C.Y., Zhang, G.J., Zhang, S.H. & Qiao, S.Y., 2015. Estimation of the standardized
ileal digestible lysine requirement and the ideal ration of treonine to lysine for late finishing gilts fed low crude
protein diets supplemented with crystalline animo acids. Anim. Feed Sci. Technol. 201, 46-56.
https://doi.org/10.1016/j.anifeedsci.2014.09.025

Martinez-Aispuro, J.A., Figueroa-Velasco, J.L., Cordero-Mora, J.L., Ruiz-Flores, A., Sanchez-Torres, M.T., Ortega-
Cerrilla, M.E. & Narciso-Gaytan, C., 2014. Niveles 6ptimos biolégicos de lisina para cerdos en crecimiento-
finalizacion. Rev. Cient. FCV LUZ. 24(1), 64-72.
https://produccioncientificaluz.org/index.php/cientifica/article/view/15848

NRC (National Research Council), 2012. Nutrient requirements of swine. 11th ed. National Academy Press, Washington
DC, USA.

Palma-Granados, P., Lara, L., Seiquer, I., Aguilera, J.F. & Nieto, R., 2019. Genotype and dietary lysine deficiency affect
carcass and muscle amino acid composition of pigs growing from 10 to 25 kg body weight. J. Anim. Physiol.
Anim. Nutr. 103(6), 1857-1865. https://doi.org/10.1111/jpn.13176

Piva, A., Pizzamiglio, V., Morlacchini, M., Tedeschi, M. & Piva, G., 2007. Lipid microencapsulation allows slow release of
organic acids and natural identical flavor along the swine intestine. J. Anim. Sci. 85(2), 486-493.
https://doi.org/10.2527/jas.2006-323

Prandini, A., Sigolo, S., Morlacchini, M., Grilli, E. & Fiorentini, L., 2013. Microencapsulated lysine and low-protein diets:
effects on performance, carcass, characteristics and nitrogen excretion in heavy growing—finishing pigs. J. Anim.
Sci. 91(9), 4226-4234. https://doi.org/10.2527/jas.2013-6412

Qin, C., Huang, P., Qiu, K., Sun, W., Xu, L., Zhang, X. & Yin, J., 2015. Influences of dietary protein sources and crude
protein levels on intracellular free amino acid profile in the longissimus dorsi muscle of finishing gilts. J. Anim. Sci.
Biotechnol. 6, 52. https://doi.org/10.1186/s40104-015-0052-x

Remus, A., Del Castillo, J. & Pomar, C., 2020. Improving the estimation of amino acid requirements to maximize nitrogen
retention in precision  feeding for  growing-finishing pigs. Animal. 14(10), 2032-2041.
10.1017/S1751731120000798

Rivero, J.J.C., Diaz, M.E., Manzanilla, L.E., Araque, H.E., Mora, F.E. & Martinez, G.E., 2013. Effects of lysine to
metabolizable energy ratio in the diet on growth performance and carcass characteristics of growing pigs. Arch.
Latinoam. Prod. Anim. 21(4), 193-200.



210 Figueroa-Velasco et al., 2022. S. Afr. J. Anim. Sci. vol. 52

Rostagno, H.S., Albino, L.F.T., Hannas, M.l., Donzele, J.L., Sakomura, N.K., Perazzo, F.G., Saraiva, A., Abreu, M.L.T.,
Rodriguez, P.B., Oliveira, R.F., Barreto, S.L.T. & Brito, C.O., 2017. Brazilian tables for poultry and swine.
Composition of feedstuffs and nutritional requirements. 4th ed. Universidade Federal de Vicosa- Departamento de
Zootecnia. Vicosa, Minas Gerais., Brasil.

SAGARPA, 2001. Norma Oficial Mexicana NOM-062-Z0O0-1999, Especificaciones técnicas para la produccion, cuidado
y uso de los animales de laboratorio. Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y
Alimentacion. Diario Oficial de la Federacion 75, 113-160.

Sato, H., Seino, T., Korayashi, A., Murai. A. & Yugari, Y., 1984. Determination of the tryptophan content of feed and
feedstuffs by ion exchange liquid chromatography. Agric. Biol. Chem. 48(12), 2961-2969.
https://doi.org/10.1080/00021369.1984.10866621

Shelton, N.W., Tokach, M.D., Dritz, S.S., Goodland, R.D. & Nelssen, J.L., 2011. Effects of increasing dietary
standardized ileal digestible lysine for gilts grown in a commercial finishing environment. J. Anim. Sci. 89(11),
3587-3595. https://doi.org/10.2527/jas.2010-3030

Soto, J.A., Tokach, M.D., Dritz, S.S., Woodworth, J.C., DeRouchey, J.M., Goodband, R.D. & Wu, F., 2019. Optimal
dietary standardized ileal digestible lysine and crude protein concentration for growth and carcass performance in
finishing pigs weighing greater than 100 kg. J. Anim. Sci. 97(4), 1701-1711. https://doi.org/10.1093/jas/skz052

Stein, H.H., Seve, B., Fuller, M.F., Moughan, P.J. & De Lange, C.F.M., 2007. Invited review: Amino acid bioavailability
and digestibility in pig feed ingredients: Terminology and application. J. Anim. Sci. 85(1), 172-180.
https://doi.org/10.2527/jas.2005-742

Sun, M., Jiao, H., Wang, X., Uyanga, V. A, Zhao, J. & Lin, H., 2020a. Encapsulated crystalline lysine and DL-methionine
have higher efficiency than the crystaline form in broilers. Poult. Sci. 99(12), 6914-6924.
https://doi.org/10.1016/j.psj.2020.09.023

Sun, M., Zhao, J., Wang, X., Jiao, H. & Lin, H., 2020b. Use of encapsulated L- lysine-HCI and DL-methionine improves
postprandial amino acid balance in laying hens. J. Anim. Sci. 98(10), 315. https://doi.org/10.1093/jas/sk amino
acid315

Van den Borne, J.J.G.C., Schrama, J.W., Heetkamp, M.J.W., Verstegen, MW.A. & Gerrits, W.J.J., 2007. Synchronising
the availability of amino acids and glucose increases protein retention in pigs. Anim. 1(5), 666-674.
https://d0i.org/10.1017/S1751731107736741

Wang, H., Long, W., Chadwick, D., Velthof, G.L., Oenema, O., Ma, W., Wang, J., Qin, W., Hou, Y. & Zhang, F., 2020.
Can dietary manipulations improve the productivity of pigs with lower environmental and economic cost? A global
meta-ana lysineis. Agric. Ecosyst. Environ. 289, 106748. https://doi.org/10.1016/j.agee.2019.106748

Webster, M.J., Goodband, R.D., Tokach, M.D., Nelssen, J.L., Dritz, S.S., Unruh, J.A., Brown, K.R., Real, D.E.,
Derouchey, J.M., Woodworth, J.C., Groesbeck, C.N. & Marsteller, T. A., 2007. Interactive effects between
ractopamine hydrochloride and dietary lysine on finishing pig growth performance, carcass characteristics, pork
quality, and tissue accretion. Prof. Anim. Sci. 23(6), 597-611. https://doi.org/10.15232/S1080-7446(15)31029-9

Zanton, G.l., Bowman, G.R., Vazquez-Afion, M. & Rode, L.M., 2014. Meta-analysis of lactation performance in dairy
cows receiving supplemental dietary methionine sources or post-ruminal infusion of methionine. J. Dairy Sci.
97(11), 7085-7101. https://doi.org/10.3168/jds.2014-8220

Zhang, G.J., Xie, C.Y., Thacker P.A., Htoo, J.K. & Qiao, S.Y., 2013. Estimation of the ideal ratio of standardized ileal
digestible threonine to lysine for growing pigs (22-50 kg) fed low crude protein diets supplemented with crystalline
amino acids. Anim. Feed Sci. Technol. 180(4), 83-91. https://doi.org/10.1016/j.anifeedsci.2013.01.006

Zhang, G.J., Xue, Y.l., Li, C., Ning, L., John, H. & Shi, Q., 2011. Effects of Dietary net energy density and standardized
ileal digestible lysine: net energy ratio on the performance and carcass characteristic of growing-finishing pigs fed
low crude protein supplemented with crystalline animo acids diets. Agr. Sci. China. 10(4), 602-610.
https://doi.org/10.1016/S1671-2927(11)60042-4



https://doi.org/10.1093/jas/skaa315
https://doi.org/10.1093/jas/skaa315
https://doi.org/10.1017/S1751731107736741

Figueroa-Velasco et al., 2022. S. Afr. J. Anim. Sci. vol. 52 21

Supplemental Table S1 Composition of experimental diets for growing pigs fed with three levels and two
types of lysine

Dietary treatment

Ingredient, % 1 2 3 4 5 6
Sorghum grain 77.88 77.69 77.62 77.35 77.35 77.35
Soybean meal 18.57 18.59 18.61 18.61 18.64 18.64
Soybean oll 0.93 0.96 0.97 1.00 1.00 1.04
Bio Iysine1 0.54 0.00 0.74 0.00 0.93 0.00
DL-Methionine 0.16 0.16 0.16 0.16 0.16 0.16
L-Threonine 0.10 0.10 0.10 0.10 0.10 0.10
Vitamins® 0.18 0.18 0.18 0.18 0.18 0.18
Minerals® 0.18 0.18 0.18 0.18 0.18 0.18
Protected lysine 0.00 0.68 0.00 0.93 0.00 1.18
Common salt 0.30 0.30 0.30 0.30 0.30 0.30
Calcium carbonate 0.91 0.91 0.91 0.91 0.911 0.91
Orthophosphate 0.26 0.26 0.26 0.26 0.26 0.26

Calculated nutrient composition, %

ME, Mcal Kg™ 3.30 3.30 3.30 3.30 3.30 3.30
Crude protein 16.47 16.56 16.59 16.70 16.70 16.84
Calcium 0.67 0.67 0.67 0.67 0.67 0.67
Phosphorus 0.31 0.31 0.31 0.31 0.31 0.31
Digestible lysine 0.90 0.90 1.00 1.00 1.10 1.10
Digestible threonine 0.60 0.60 0.60 0.60 0.60 0.60
Digestible tryptophan 0.17 0.17 0.17 0.17 0.17 0.17
Digestible methionine 0.38 0.38 0.38 0.38 0.38 0.38
Digestible methionine+cysteine 0.57 0.57 0.57 0.57 0.57 0.57

Measured nutrient composition, %

Crude protein 16.75 15.86 15.88 16.71 15.90 15.95
Calcium 0.62 0.65 0.63 0.64 0.63 0.66
Phosphorus 0.30 0.28 0.28 0.27 0.29 0.30

"Bio lysine: 50.7% lysine

2(per kg feed) vitamin A: 15000 IU, vitamin D3: 2500 IU, vitamin E: 37.5 IU, vitamin K: 2.5 mg, thiamine: 2.25 mg,
riboflavin: 6.25 mg, pyridoxine: 2 mg, niacin: 50 mg, D-calcium panthotenate: 20 mg, folic acid: 1.25 mg, choline chloride:
563 mg, cyanocobalamin: 0.0375 mg, biotin: 0.13 mg

3(per kg of feed): Selenium: 0.15 mg, Chromium: 0.2 mg, lodine: 0.9 mg, Copper: 10 mg, Zinc: 150 mg, Iron: 150 mg,
Manganeese: 150 mg
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Supplemental Table S2 Composition of experimental diets for finishing | pigs fed with three levels and two
types of lysine

Dietary treatment

Ingredient, % 1 2 3 4 5 6
Sorghum grain 82.13 81.97 81.86 81.63 81.96 81.29
Soybean meal 14.53 14.57 14.57 14.57 14.60 14.65
Soybean ol 0.85 0.87 0.89 0.92 0.92 0.96
Bio lysine* 0.45 0.00 0.64 0.00 0.84 0.00
DL-Methionine 0.10 0.10 0.10 0.10 0.10 0.10
L-Threonine 0.07 0.07 0.07 0.07 0.07 0.07
Vitamins** 0.18 0.18 0.18 0.18 0.18 0.18
Minerals*** 0.18 0.18 0.18 0.18 0.18 0.18
Protected lysine 0.00 0.57 0.00 0.81 0.00 1.06
Common salt 0.30 0.30 0.30 0.30 0.30 0.30
Calcium carbonate 0.87 0.87 0.87 0.87 0.87 0.87
Orthophosphate 0.34 0.34 0.34 0.35 0.35 0.35

Nutrient composition calculated, %

ME, Mcal Kg™ 3.30 3.30 3.30 3.30 3.30 3.30
Crude protein 14.84 1491 14.95 15.05 15.06 15.19
Calcium 0.67 0.67 0.67 0.67 0.67 0.67
Phosphorus 0.31 0.31 0.31 0.31 0.31 0.31
Digestible lysine 0.75 0.75 0.85 0.85 0.95 0.95
Digestible threonine 0.52 0.52 0.52 0.52 0.52 0.52
Digestible tryptophan 0.15 0.15 0.15 0.15 0.15 0.15
Digestible methionine 0.31 0.31 0.31 0.31 0.31 0.31
Digestible methionine+cCysteine 0.48 0.48 0.48 0.48 0.48 0.48

Nutrient composition determined, %

Crude protein 14.78 14.86 14.88 14.92 14.89 14.99
Calcium 0.63 0.61 0.64 0.65 0.66 0.64
Phosphorus 0.30 0.28 0.28 0.27 0.29 0.30

'Bio lysine: 50.7% lysine

2(per kg feed) vitamin A: 15000 IU, vitamin D3: 2500 IU, vitamin E: 37.5 IU, vitamin K: 2.5 mg, thiamine: 2.25 mg,
riboflavin: 6.25 mg, pyridoxine: 2 mg, niacin: 50 mg, D-calcium panthotenate: 20 mg, folic acid: 1.25 mg, choline chloride:
563 mg, cyanocobalamin: 0.0375 mg, biotin: 0.13 mg

3per kg of feed: selenium: 0.15 mg, chromium: 0.2 mg, iodine: 0.9 mg, copper: 10 mg, zinc: 150 mg, iron: 150 mg,
manganese: 150 mg
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Supplemental Table S3 Composition of experimental diets for finishing 1l pigs fed with three levels and two
types of lysine

Dietary treatment

Ingredient, % 1 2 3 4 5 6
Sorghum grain 80.13 79.95 79.86 79.61 79.59 79.27
Soybean meal 16.53 16.56 16.57 16.61 16.61 16.65
Soybean oll 0.84 0.860 0.87 0.91 0.91 0.95
Bio Iysine1 0.50 0.00 0.70 0.00 0.90 0.0
DL-Methionine 0.13 0.13 0.13 0.13 0.13 0.13
L-Threonine 0.10 0.10 0.10 0.10 0.10 0.10
Vitamins® 0.18 0.18 0.18 0.18 0.18 0.18
Minerals® 0.18 0.18 0.18 0.18 0.18 0.18
Protected lysine 0.00 0.64 0.00 0.89 0.00 1.13
Common salt 0.30 0.30 0.30 0.30 0.30 0.30
Calcium carbonate 0.81 0.81 0.81 0.81 0.81 0.81
Orthophosphate 0.30 0.30 0.30 0.30 0.30 0.30

Nutrient composition calculated, %

ME, Mcal Kg™ 3.30 3.30 3.30 3.30 3.30 3.30
Crude protein 15.68 15.75 15.79 15.89 15.90 16.03
Calcium 0.64 0.64 0.64 0.64 0.64 0.64
Phosphorus 0.31 0.31 0.31 0.31 0.31 0.31
Digestible lysine 0.83 0.83 0.93 0.93 1.03 1.03
Digestible threonine 0.57 0.57 0.57 0.57 0.57 0.57
Digestible tryptophan 0.16 0.16 0.16 0.16 0.16 0.16
Digestible methionine 0.35 0.35 0.35 0.35 0.35 0.35
Digestible methionine+cysteine 0.53 0.53 0.53 0.53 0.53 0.53

Nutrient composition determined, %

Crude protein 14.95 15.60 15.40 15.81 15.70 15.90
Calcium 0.64 0.63 0.62 0.61 0.64 0.60
Phosphorus 0.32 0.30 0.31 0.29 0.31 0.30

'Bio lysine: 50.7% lysine

2per kg feed: vitamin A: 15000 IU, vitamin D3: 2500 IU, vitamin E: 37.5 IU, vitamin K: 2.5 mg, thiamine: 2.25 mg,
riboflavin: 6.25 mg, pyridoxine: 2 mg, niacin: 50 mg, D-calcium panthotenate: 20 mg, folic acid: 1.25 mg, choline chloride:
563 mg, cyanocobalamin: 0.0375 mg, biotin: 0.13 mg

3per kg of feed: selenium: 0.15 mg, chromium: 0.2 mg, iodine: 0.9 mg, copper: 10 mg, zinc: 150 mg, iron: 150 mg,
manganese: 150 mg



