
Citation: Rocha, G.C.; Duarte, M.E.;

Kim, S.W. Advances, Implications,

and Limitations of Low-Crude-

Protein Diets in Pig Production.

Animals 2022, 12, 3478. https://

doi.org/10.3390/ani12243478

Academic Editor: Adel Pezeshki

Received: 13 November 2022

Accepted: 7 December 2022

Published: 9 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Review

Advances, Implications, and Limitations of Low-Crude-Protein
Diets in Pig Production
Gabriel Cipriano Rocha 1,2,* , Marcos Elias Duarte 2 and Sung Woo Kim 2,*

1 Department of Animal Science, Universidade Federal de Viçosa, Viçosa 36570-900, MG, Brazil
2 Department of Animal Science, North Carolina State University, Raleigh, NC 27695, USA
* Correspondence: gcrocha@ufv.br (G.C.R.); sungwoo_kim@ncsu.edu (S.W.K.)

Simple Summary: Currently, five crystalline essential amino acids (lysine, methionine, threonine,
tryptophan, and valine) are generally used, allowing animal nutritionists to formulate diets with
low crude protein levels. Moreover, isoleucine may also be used depending on its economic value
and the specific feeding program. Experimentally, it has been shown that further reduced crude
protein levels can be achieved by supplemental histidine, leucine, and phenylalanine to the diets.
However, decreasing the dietary crude protein level while maintaining optimal ratios of amino acids
has shown contradictory effects on pigs’ growth performance. Due to the divergence in the literature
and the importance for practical formulation strategies in the swine industry, a literature review
and a meta-analysis were performed to estimate the minimum crude protein level that would not
compromise pig performance. Based on the present review, there is a minimum crude protein level
after which the growth performance of pigs can be compromised, even though diets are balanced
for all essential amino acids. Considering average daily gain and the gain-to-feed ratio, respectively,
these levels were estimated to be 18.4% and 18.3% crude protein for nursery, 16.1% and 16.3% crude
protein for growing, and 11.6% and 11.4% crude protein for finishing pigs.

Abstract: Currently, five crystalline essential amino acids (Lys, Met, Thr, Trp, and Val) are gener-
ally used, allowing formulation of low-crude-protein (CP) diets. Moreover, Ile may also be used
depending on its economic value and the specific feeding program. Experimentally, it has been
shown that further reduced CP levels can be achieved by supplemental His, Leu, and Phe to the
diets. However, decreasing the dietary CP level while maintaining optimal ratios of amino acids has
shown contradictory effects on pigs’ growth performance. Due to the divergence in the literature
and the importance for practical formulation strategies in the swine industry, a literature review
and a meta-analysis were performed to estimate the minimum CP level that would not compromise
pig performance. Based on the present review, there is a minimum CP level after which the growth
performance of pigs can be compromised, even though diets are balanced for essential amino acids.
Considering average daily gain and gain to feed, respectively, these levels were estimated to be 18.4%
CP (95% confidence interval [CI]: 16.3 to 18.4) and 18.3% CP (95% CI: 17.4 to 19.2) for nursery, 16.1%
CP (95% CI: 16.0 to 16.2) and 16.3% CP (95% CI: 14.5 to 18.0) for growing, and 11.6% CP (95% CI: 10.8
to 12.3) and 11.4% CP (95% CI: 10.3 to 12.5) for finishing pigs.

Keywords: essential amino acids; functional amino acids; growth performance; lysine; non-essential
amino acids; pigs

1. Introduction

The feeding programs for commercially raised pigs can be broken down into nursery,
growing, and finishing categories [1–3]. For each category, the total dietary supply of crude
protein (CP) must be sufficient to provide the requirement for essential amino acids (EAA)
as well as the necessary nitrogen required for the synthesis of non-essential amino acids
(NEAA) [4,5]. Thus, it is generally accepted that requirements are predominately based on
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intake of a complete set of amino acids instead of CP [1,6]. However, decreasing the dietary
CP level while maintaining optimal ratios of amino acids has shown contradictory effects
on growth performance in pigs [7–9].

Currently, five crystalline essential amino acids (Lys, Met, Thr, Trp, and Val) are
generally used from the nursery through finishing phases, allowing formulation of low-CP
diets. Moreover, Ile may also be used depending on its economic value and the specific
feeding program. Experimentally, it has been shown that further reduced CP levels can be
achieved by supplemental His, Leu, and Phe to the diets. However, the resulting lower-CP
diet consequently decreases the total dietary NEAA, intact protein, and the related release
of bioactive compounds such as peptides and isoflavones, which may impair the growth
performance of pigs [10–12].

Concerning both economic and environmental perspectives, the reduction of dietary
CP coupled with supplementation of crystalline amino acids is an effective strategy for
the swine industry to reduce cost and pollution [13,14]. Although the economic efficiency
of low-CP diets may vary with the price of ingredients and pig performance [15,16], the
benefits for the environment due to lower nitrogen excretion are well established [17,18].

Notably, low-CP diets would be easily accepted by the swine industry if pig perfor-
mance is not reduced. Unfortunately, some experiments have shown that even with the
supplementation of EAA, low-CP diets may impair growth performance [8,12,19]. More-
over, under commercial conditions, CP and not amino acids may be limiting performance
capabilities [6]. Thus, the focus of the present review was to better understand the advances
and implications of reducing CP in diets balanced for all EAA and its associated effect on
growth performance in pigs. Based on the literature review, a meta-analysis was performed
to estimate the minimum CP level that would not compromise pig growth performance.

2. Meta-Analysis

In this review, a database was constructed from indexed publications that addressed
the effect of dietary CP level on the growth performance of pigs. Data from peer-reviewed
papers were obtained from different digital databases (Google Scholar, Science Direct,
Scopus, Scielo, and PubMed). The prospective papers were then selected based on specific
criteria to evaluate their inclusion or exclusion from the present review. The main criteria
for the selection of papers were that they (1) evaluated different CP levels; (2) had similar
standardized ileal digestible (SID) Lys and metabolizable energy (ME) between control
and low-CP treatments; (3) had all EAA in experimental diets meeting or exceeding the
EAA-to-Lys ratio (NRC, 2012) (when not presented, it was estimated after reformulating
the diets based on the NRC [1]); and (4) clearly reported performance responses. There
were 46 papers that fulfilled all selection criteria. Data from papers were subsequently
divided into three groups: nursery (17 papers with 23 experiments); growing (17 papers
with 24 experiments); and finishing (12 papers with 13 experiments). Within each selected
study, the respective data of each CP level were entered in a separate row. Similarly, if
more than one experiment (or phase) was reported in the same study, the data of each
experiment were entered separately as different studies.

The NLIMIXED procedure of SAS (SAS. Inc., Cary, NC, USA) was used to conduct
the meta-analysis using a nonlinear model [20–22]. The meta-analysis models included the
levels of CP, SID Lys:CP ratio, and L-lysine supplementation as the independent variables
(X axis) and the average daily feed intake (ADFI), average daily gain (ADG), and gain
to feed (G:F) as dependent variables (Y axis). The studies were used in the model as
random component for the asymptote. The broken-line model used for the meta-analysis
was: Y = a + b × (R − X) + STU + e. Where ‘Y’ is the dependent variable; ‘a’ is the asymptote;
‘b’ is the slope; ‘X’ is the independent variable; ‘R’ is the breakpoint in which ‘(R − X)’ is defined
as zero when X ≥ R for variable CP and ‘(R − X)’ is defined as zero when X ≤ R for variables
L-lysine, and SID Lys:CP; STU is the random effect of studies; and ‘e’ is a the residual error.

The fitted models were selected when p < 0.05 for the asymptote, slope, and breakpoint.
When more than one model (linear or broken-line) was fitted with the same variables, the
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greater R2 and the least 2-log likelihood were defined as the criteria to select the best
fitting model. The broken-line models had the greater R2 and the least 2-log likelihood
compared with linear models. It was not possible to fit a model (linear or broken-line) for
ADFI considering the independent variables (X axis) used, levels of CP, SID Lys:CP ratio,
and L-lysine.

3. Low-CP Formulations
3.1. Nursery Phase

According to the NRC [1] and the Brazilian Tables [3], a corn- soybean meal (SBM)
diet for 7 kg pigs contain around 20.5% CP. At this CP level containing 1.35% SID Lys, at
least five EAA (Lys, Met, Thr, Trp, and Val) must be supplemented to achieve the amino
acids requirements for nursery pigs based on the ideal protein concept. In line, lower-CP
diets could be formulated with the addition of others EAA to effectively meet the amino
acid requirements.

A CP level of 17.0% or lower supplemented with crystalline amino acid was not
sufficient to maintain the growth performance of nursery pigs [23–25]. However, in those
studies, the next limiting amino acid was not appropriately supplied in the diet. For
example, Deng et al. [24] and Spring et al. [25] supplemented low-CP diets with Lys, Met,
Thr, Trp, and branched chain amino acids (BCAA). Still, the calculated ratio of His and Phe
to Lys on their lower-CP level diets were below the requirements suggested by NRC [1],
and thus those EAA may have limited the pig performance.

In collaboration, some studies showed that reducing CP content from approximately
20.0 to 17.0% without balancing the amino acids impaired the growth of nursery pigs, which
was restored to the level of the control after supplementation with BCAA and maintaining
the proper ratio of His and Phe to Lys [26,27]. Other studies have also proposed that dietary
CP could be reduced to approximately 17.0% if the concentrations of EAA were maintained
within the recommended range through the supplementation of amino acids [28–30].

Low-CP diets balanced with EAA have been used as part of an overall strategy to
maintain intestinal health in pigs [23,31]. Low-CP diets have lower indigestible carbo-
hydrates (stachyose and raffinose) and antigenic protein (glycinin and β-conglycinin),
which are considered antinutritional factors [32,33]. Moreover, it may reduce proliferation
of pathogenic bacteria and their potential toxins to the gastrointestinal tract such as am-
monia, polyamine, and others [34]. Altogether, low-CP diets result in improved growth
performance of nursery pigs through enhancing intestinal health, as demonstrated by
Zhao et al. [31], when CP was reduced from 22.5 to 18.5%.

On the other hand, Yue and Qiao [35] reported detrimental effects on ADG and ADFI
of pigs when evaluating the reduction of CP (from 23.1 to 17.2%), even with the inclusion of
Val, Ile, His, and Phe. Gloaguen et al. [36] evaluated low-CP diets with supplemental EAA
and performance was still reduced when pigs were fed 14.0 and 12.7% CP diets compared
to 19.7 and 16.8% CP diets. Similarly, Millet et al. [6] found that decreasing CP levels (from
19.0 to 14.0%) linearly decreased ADG, even with supplementation of BCAA, His, Phe, and
Tyr. The former authors suggested that not amino acids but rather the CP may be limiting
the growth performance in lower-CP diets.

In fact, it has been suggested that the generation of NEAA from EAA may become a
limiting factor for normal growth performance in pigs fed low-CP diets [11,36]. Nursery
pigs fed a lower-CP diet present a reduction in blood concentration of NEAA, in particular,
Arg, Gln, Glu, and Pro [24,35,37]. Thus, some of the NEAA can become functionally
deficient in low-CP diets and their supplementation may be necessary to maintain the health
and growth of nursery pigs. Considering the functional roles of selected NEAA [38,39],
lack of Arg and Gln could cause negative impacts on the health, intestinal development,
and growth of nursery pigs [40–43]. Moreover, lower-CP diets supplemented with EAA
may have a deficiency of intact proteins and the related bioactive peptides [10,24]. In
light of this, a drastic reduction in CP must be accompanied by other precautions, such
as observing the relationship between EAA and NEAA, total nitrogen in the diet, and
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possible lack of bioactive peptides, nucleotides, and non-nitrogen compounds, including
isoflavones [6,10,44].

Recently, Batson et al. [19] observed decreased ADG in pigs fed 18.0% CP diets com-
pared with 21.0% CP diets, although all EAA were balanced in the diets. Interestingly,
these authors and others [9,35,45,46] reported that low-CP diets improved gut health and
fecal consistency of nursery pigs, while still presenting depressed growth performance.
The resulting impairment of growth may be related to the reduction of protein synthesis in
multiple tissues, such as the liver, pancreas, and longissimus muscle in pigs fed low-CP
diets [24]. It has been suggested that NEAA and peptides may increase lean deposition
through the activation of the protein synthesis pathway [47,48] and may partially explain
the lower growth performance observed by those authors in the low-CP diets.

Due to the divergence in the literature and the importance and implications for practi-
cal formulation strategies on the swine industry, a meta-analysis was performed to estimate
the minimum CP level that would not compromise pig performance. The model estimated
18.4% CP (95% confidence interval [CI]: 16.3–18.4) as the breakpoint below which the ADG
would be reduced (Figure 1A; Table 1). When considering the G:F, the estimated level was
18.3% CP (95% CI: 17.4–19.2) (Figure 1B). The proposed minimum CP level for nursery
diets is below the level presented in the NRC [1] and the Brazilian Tables [3], indicating that
lower CP levels than those proposed in the tables might be used to formulate nursery diets.

Table 1. Summary of the studies included in the meta-analysis to estimate changes in average daily
gain and gain to feed in the nursery phase.

BW, kg
CP Level, %

SID Lys, % Supplemental L-lysine 1, % Additional Amino Acids 2 Reference 3
Control Lower

6–12 23.0 19.0 1.40 0.67 Ile Nyachoti et al. [23]

13–19 19.5 16.0 1.10 0.46 - Cho et al. [49]

6–8 23.1 17.2 1.30 0.36 Val, Ile, His, Phe Yue and Qiao [35] (P1)

6–10 23.1 17.2 1.30 0.36 Val, Ile, His, Phe Yue and Qiao [35] (P1–2)

8–11 20.7 16.7 1.07 0.22 Val, Ile, Leu Deng et al. [24]

9–21 18.7 17.3 1.00 0.39 Val, Ile Nørgaard et al. [26]

8–11 * 20.9 17.9 1.30 0.65 Val, Ile, Leu Zhang et al. [37]

12–16 19.7 12.7 1.15 0.82 Val, Ile, His, Phe, Leu Gloaguen et al. [36] (Exp.1)

6–16 21.0 18.0 1.33 0.31 Val, Ile Toledo et al. [50]

9–36 20.0 17.0 0.98 * 0.63 Val, Ile, Leu Duan et al. [29]

13–18 20.0 13.9 1.23 0.70 Val, Ile, His, Phe, Leu Peng et al. [11]

8–9 19.5 16.7 1.23 0.38 Val, Ile, Leu Zheng et al. [27] (P1)

8–18 19.5 16.7 1.23 0.38 Val, Ile, Leu Zheng et al. [27] (P2)

8–21 * 19.0 14.0 1.00 0.65 Val, Ile, His, Phe, Leu, Tyr Millet et al. [6]

8–22 * 19.0 14.0 1.10 0.80 Val, Ile, His, Phe, Leu, Tyr Millet et al. [6]

8–13 20.0 18.5 1.23 0.41 Val, Ile Zhou et al. [51] (P1)

8–21 20.0 18.5 1.23 0.41 Val, Ile Zhou et al. [51] (P1–2)

7–11 20.5 18.0 1.43 0.55 Val Tang et al. [52]

6–25 * 21.0 18.0 1.29 0.49 Val Rattigan et al. [30] (Exp.1)

7–24 * 21.0 18.0 1.29 0.49 Val Rattigan et al. [30] (Exp.2)

6–12 21.0 18.0 1.40 0.58 Val, Ile, His Batson et al. [19] (Exp.2)

5–7 22.0 19.0 1.50 * 0.45 Ile, His, Phe Limbach et al. [9] (P1)

5–12 22.0 19.0 1.35 * 0.40 His, Phe Limbach et al. [9] (P2)

1 Supplemented feed grade L-lysine based on the purity of L-lysine HCl or L-lysine sulfate in the lower-CP
diet. 2 Additional supplemented feed grade amino acids in low-CP diets in addition to Lys, Met, Tre, and Trp.
3 References listed in year order, only studies and treatments balanced for all essential amino acids were used.
When necessary, amino acids were estimated after reformulating the diets [1]. * Estimated levels.
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Figure 1. Changes in ADG (A) and G:F (B) in response to dietary CP in the nursery phase using
a broken-line analysis. The equation for ADG was ADG = 0.379 − 0.016 × zl (R2 = 0.98) and the
breakpoint was CP level at 18.4% (95% CI: 16.3–18.4) when ADG was 0.379 kg/d. The p-value for
the asymptote was <0.001, for the slope it was <0.001, and for the breaking point it was <0.001. The
equation for G:F was G:F = 0.679 − 0.023 × z1 (R2 = 0.91) and breakpoint was CP level at 18.3% (95%
CI: 17.4–19.2) when G:F was 0.679. The p-value for the asymptote was <0.001, for the slope it was
<0.001, and for the breaking point it was <0.001. Where, if CP is ≥breakpoint, then z1 = 0; if CP is
<breakpoint, then z1 = CP − breakpoint [6,9,11,19,23,24,26,27,29,30,35–37,49–52].

Additionally, we also estimated the higher levels of crystalline lysine that could be
supplemented before compromising ADG and G:F, which were 0.42% (95% CI: 0.30–0.53)
and 0.43% (95% CI: 0.35–0.50), (Figure 2A,B), respectively. Using an average of 0.425%, this
is equivalent to 0.54% of L-lysine HCl (78.8% purity) or 0.71% of L-lysine sulfate (60.0%
purity). To our knowledge, this is the first study to propose a maximum level of crystalline
lysine supplementation and thus could be used as a starting point for future studies.
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Figure 2. Changes in ADG (A) and G:F (B) in response to L-lysine supplementation in the nursery phase
using a broken-line analysis. The L-lysine axis is based on 100% purity, calculated from L-lysine HCl
(78.8% purity) or L-lysine sulfate (60.0% purity). The equation for ADG was ADG = 0.378 + 0.202 × zl
(R2 = 0.97) and the breakpoint was L-lysine level at 0.42% (95% CI: 0.30–0.53) when ADG was 0.378 kg/d.
The p-value for the asymptote was <0.001, for the slope it was <0.001, and for the breaking point it was
<0.001. The equation for G:F was G:F = 0.678 + 0.301 × z1 (R2 = 0.91) and breakpoint was CP level at
0.43% (95% CI: 0.35–0.50) when G:F was 0.678. The p-value for the asymptote was <0.001, for the slope
it was <0.001, and for the breaking point it was <0.001. Where, if L-lysine is ≤breakpoint, then z1 = 0;
if L-lysine is >breakpoint, then z1 = L-lysine − breakpoint [6,9,11,19,23,24,26,27,29,30,35–37,49–52].

The use of a SID Lys:CP ratio may also prove to be a good estimator of to what extent
CP could be lowered [6,53,54]. In this way, it was obtained that 6.6% (95% CI: 5.9–7.2) of
SID Lys:CP is the breakpoint above which the ADG is compromised (Figure 3A). When
considering the G:F, the estimated level was the same, 6.6% (95% CI: 6.1–7.0) (Figure 3B).
These levels are quite similar to the 6.4% SIDLys:CP proposed by Millet et al. [6]. The use
of the SID Lys:CP can be used as a reference to maintain sufficient EAA to meet the pigs’
need for NEAA.
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Figure 3. Changes in ADG (A) and G:F (B) in response to the ratio between standard ilea digestible
Lys to crude protein (SID Lys:CP) in the nursery phase using a broken-line analysis. The equation for
ADG was ADG = 0.393 + 0.035 × zl (R2 = 0.98) and the breakpoint was SID Lys:CP ratio at 6.6% (95%
CI: 5.9–7.2) when ADG was 0.393 kg/d. The p-value for the asymptote was <0.001, for the slope it was
<0.001, and for the breaking point it was <0.001. The equation for G:F was G:F = 0.682 + 0.041 × z1
(R2 = 0.91) and breakpoint was SID Lys:CP ratio at 6.6% (95% CI: 6.1–7.0 ) when G:F was 0.682. The
p-value for the asymptote was <0.001, for the slope it was <0.001, and for the breaking point it was
<0.001. Where, if SID Lys:CP is ≤breakpoint, then z1 = 0; if SID Lys:CP is >breakpoint, then z1 = SID
Lys:CP − breakpoint [6,9,11,19,23,24,26,27,29,30,35–37,49–52].

In summary, low-CP diets should be formulated by assuming a minimum CP level to
avoid the limitation of other nutrients that may be deficient when reducing the CP below a
certain level. Based on the present review, the minimum CP level is 18.3% for nursery diets
with the concentration of EAA being maintained as recommended (NRC, 2012). Moreover,
0.54% of L-lysine HCl or 0.71% of L-lysine sulfate were estimated to be the maximum
supplementation levels above which growth performance might be compromised. Finally,
6.6% SID Lys:CP was estimated to be the breakpoint for growth performance.
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3.2. Growing Phase

Compared to the nursery, growing phase diets are formulated to a lower CP level. At
the beginning of the growing phase, a corn-SBM diet with 17.5% CP could be formulated,
supplementing only Lys, Met, Tre, and Trp to achieve the suggested amino acid require-
ments [1,3]. Lower CP levels can be obtained with the additional supplementation of the
next limiting amino acids.

Madrid et al. [55] demonstrated that diets formulated using the ideal protein concept
and supplemented with amino acids did not affect performance when dietary CP decreased
from 16.0 to 14.0%. Supplementing all the EAA except Leu, Qiu et al. [56] demonstrated
that CP could be decreased from 18.0 to 14.0% without compromising growth performance.
According to Powell et al. [57], the growth performance of pigs was maintained when the
dietary CP level was reduced from 18.2 to 13.4% while keeping the proper ratio of amino
acids. In agreement, Zhao et al. [14] also found that a reduction in dietary CP from 17.4 to
13.5% with all EAAs balanced had no negative effect on pig growth performance.

Contrary to the previous studies, Li et al. [58], showed that decreasing the CP level
from 18.3% to 15.1% resulted in decreased ADG and G:F although the calculated ratio of all
EAA to Lys was in agreement with the NRC [1]. In this way, others have balanced diets for
all the EAA but also failed to lower CP while maintaining similar growth performance. For
example, Peng et al. [11] showed that pig growth performance was similar when dietary CP
level was reduced from 20.0 to 15.3%; however, a further decrease to 13.9% resulted in lower
ADG and G:F compared with pigs receiving a 20.0% CP diet. According to Che et al. [8], a
moderate reduction in CP from 16.7 to 14.7% maintained the growth performance of pigs;
however, a reduction to 12.9% markedly decreased growth performance. Additionally,
Roux et al. [59] also failed to show similar growth performance with the supplementation
of EAA in low-CP diets (18.2 vs. 13.4%).

The discrepancies among studies could be due to the variation in CP levels designed
for the positive control diets [8]. A dietary CP level of 16.0 or 20.0% as a positive control
are different concerning intact protein, peptides, and NEAA content. In this way, a fur-
ther reduction of CP level may differentially affect animal growth performance. Similarly,
Peng et al. [11] and Lynegaard et al. [46] also report that their positive control diets were
already a lower CP level for pigs, and therefore, the lower-CP treatments may have com-
promised the growth performance of growing pigs. Moreover, it has been suggested that
the energy content of SBM proposed in the tables [1,3] might be underestimated [60,61].
Thus, the ME of SBM can also affect the results of studies aiming at lower CP levels.

Similar to the nursery phase, the extent to which the CP content of the diets can be re-
duced without affecting the growth performance has been conflicting in the growing phase.
Based on the model from the meta-analysis, CP content can be decreased to 16.1% (95%
CI: 16.0–16.2) and 16.3% (95% CI: 14.5–18.0) when formulating for optimal ADG and G:F, as
long as EAA meet the requirements of pigs (Figure 4A,B). For a similar phase, the NRC [1]
and Brazilian Tables [3] suggest 15.7% and 18.9% CP, respectively. The discrepancies among
CP levels could be due to the variation in genotypes as the efficiency of utilization of
dietary protein for body protein deposition is strongly related to pig genotype [1,3]. The
present results are in between those suggestions. However, when below those levels of CP,
other factors should be considered, such as the level of other nutrients (NEAA, peptides,
and others).

For the growing phase, it was not possible to estimate a breakpoint for L-lysine
supplementation on growth performance. However, the average maximum level of L-lysine
supplementation in the growing trials was 0.42 ± 0.14% (Table 2), which is equivalent
to 0.53% of L-lysine HCl (78,8% purity) or 0.70% of L-lysine sulfate (60% purity). This
maximum level of feed-grade lysine supplementation is quite similar to the level estimated
for the nursery phase. Over-feeding crystalline lysine and other amino acids can be
costly, and therefore, the knowledge of a maximum level above which performance is
compromised is important.
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Figure 4. Changes in ADG (A) and G:F (B) in response to dietary CP in the growing phase using
a broken-line analysis. The equation for ADG was ADG = 0.787 − 0.010 × zl (R2 = 0.93) and the
breakpoint was CP level at 16.1% (95% CI: 16.0–16.2) when ADG was 0.787 kg/d. The p-value for
the asymptote was <0.001, for the slope it was 0.050, and for the breaking point it was <0.001. The
equation for G:F was G:F = 0.482 − 0.008 × z1 (R2 = 0.93) and breakpoint was CP level at 16.3% (95%
CI: 14.5–18.0) when G:F was 0.482. The p-value for the asymptote was <0.001, for the slope it was
0.008, and for the breaking point it was <0.001. Where, if CP is ≥breakpoint, then z1 = 0; if CP is
<breakpoint, then z1 = CP − breakpoint [7,8,11,13,14,18,55–59,62–67].

Considering the studies in the meta-analysis, it was not possible to estimate a break-
point for SID Lys:CP ratio on growth performance of growing pigs. As mentioned before,
this is a relatively new estimator, recently proposed by Millet et al. [6] working with
nursery pigs.
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Table 2. Summary of the studies included in the meta-analysis to estimate changes in average daily
gain and gain to feed in the growing phase.

BW, kg
CP Level, %

SID Lys, % Supplemental L-lysine 1, % Additional Amino Acids 2 Reference 3
Control Lower

20–46 * 16.0 12.0 0.77 * 0.45 Val, Ile Figueroa et al. [7] (Exp. 1)

21–46 * 16.0 12.0 0.77 * 0.45 Val, Ile Figueroa et al. [7] (Exp. 3)

44–65 * 20.7 15.0 1.03 * 0.49 - Carpenter et al. [13]

19–39 18.2 13.4 0.83 0.33 Val, Ile Powell et al. [57] (Exp. 1)

21–40 18.2 13.4 0.83 0.33 Val, Ile Powell et al. [57] (Exp. 2)

19–38 18.2 13.4 0.83 0.33 Val, Ile Powell et al. [57] (Exp. 3)

23–45 18.2 13.4 0.83 0.33 Val, Ile Powell et al. [57] (Exp. 4)

23–44 18.2 13.4 0.83 0.33 Val, Ile Powell et al. [57] (Exp. 5)

24–44 18.2 14.3 0.83 0.26 - Roux et al. [59] (Exp. 3)

20–40 18.2 13.4 0.83 0.33 Val Roux et al. [59] (Exp. 4)

37–65 * 18.0 15.5 0.90 0.17 - Wolp et al. [62]

23–59 16.0 14.0 0.83 0.46 - Madrid et al. [55]

15–30 16.0 14.0 1.14 0.36 Val, Ile Toledo et al. [63]

24–40 22.0 14.0 0.98 0.63 Val, Ile, His, Phe, Leu Morales et al. [64]

14–34 20.0 13.9 1.23 0.70 Val, Ile, His, Phe, Leu Peng et al. [11]

16–33 17.0 15.0 1.23 0.62 Val, Ile, His, Phe, Leu Che et al. [8]

36–60 18.3 15.2 0.96 0.36 - Li et al. [58]

30–67 18.0 14.0 0.98 0.50 Val Qiu et al. [56]

31–42 16.3 14.3 0.83 * 0.16 - Fang et al. [65]

29–63 17.0 15.0 1.01 0.54 Val Wang et al. [66] (Exp. 1)

25–60 17.0 15.0 0.98 0.47 Val Wang et al. [66] (Exp. 2)

25–51 17.5 13.5 0.98 0.54 Val, Ile, His, Phe Zhao et al. [67]

24–53 17.0 13.5 0.98 0.39 Val, Ile, His, Phe Zhao et al. [14]

30–50 18.1 15.1 1.07 0.47 Val, Ile Esteves et al. [18]

1 Supplemented feed grade L-lysine based on the purity of L-lysine HCl or L-lysine sulfate in the lower-CP
diet. 2 Additional supplemented feed grade amino acids in low-CP diets in addition to Lys, Met, Tre, and Trp.
3 References listed in year order, and only studies and treatments balanced for all essential amino acids were used.
When necessary, amino acids were estimated after reformulating the diets [1]. * Estimated levels.

3.3. Finishing Phase

Protein is a relatively expensive nutrient and due to the increase in feed intake during
the finishing phases, the efficiency of nutrient use greatly impacts the costs incurred by
the production system [4]. An early-finishing (70 to 100 kg) diet may be formulated with
approximately 12.3% CP and a late-finishing (100 kg to slaughter) diet with approximately
11.0% CP while maintaining the concentration of EAA as recommended [1,3].

In agreement, Xie et al. [68] and Zhou et al. [69] found that the CP levels could be
reduced from 15.3 to 12.0% and from 14.1 to 10.1% CP, respectively, without affecting
growth performance in the early-finishing phase. In addition to similar performance,
Norgaard et al. [70] observed that a reduction in CP from 15.9 to 13.6% did not affect carcass
characteristics. Qin et al. [17] also demonstrated no effect on the growth performance,
carcass characteristics, and meat quality of late-finishing pigs when CP was reduced from
14.3 to 12.3%.

However, some studies evaluating low-CP diets have reported decreases in growth
performance, even when diets are balanced for the limiting EAA. Li et al. [71] showed
that decreasing the CP level from 16.3% to 13.2% resulted in decreased ADG and G:F.
It is interesting and worthwhile to note that the lower-CP diet improved meat quality.
Soto et al. [12] evaluated the effect of CP levels for early- (from 13.1 to 9.0% CP) and late-
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(from 12.9 to 8.9% CP) finishing pigs. They observed that reduction in CP negatively
affected growth performance in both trials. However, carcass yield, backfat, and loin depth
were not affected by CP levels. Comparing 16.0 and 12.0% CP diets, Zhou et al. [72] showed
that pigs fed a low-CP diet had lower ADG and G:F, with no effect on body fat content.

Considering that all EAA were properly supplied in the cited papers, there are some
explanations in the literature for the negative effects on growth when low-CP diets are fed.
As previously mentioned, a deficiency of NEAA in low-CP diets may affect pig growth
performance. Moreover, supplementing EAA leads to a reduction in the supplementation
of protein sources, such as soybean meal. These ingredients contain biologically active
compounds, such as isoflavones, saponins, and bioactive peptides, that may also be impor-
tant to maintain growth performance [10,12,44]. Diet-derived peptides can exert actions
at the level of the small intestine, with the resulting intestinally-generated signals having
impacts on the whole body. Bioactive peptides have been suggested to possess antimicro-
bial, antioxidant, and immunomodulatory activities [73]. Furthermore, it is noteworthy
that a significant amount of small peptides are absorbed intact [74,75], and the specificity
of protein hydrolysis and the related release of peptides differ between feed ingredients,
causing different effects on animal physiology [76]. Thus, reducing the protein sources to
achieve a lower CP level may affect animal growth performance.

Apart from improvements in growth performance and carcass characteristics, the
swine feed industry has been pushed to reduce dietary CP and simultaneously the excretion
of nitrogen, which can contribute to greenhouse gas emissions [14,17,18]. In this way, it is
well established the benefits of reduced CP diets on lowering the environmental impact of
pig production [14,17,70]. However, the relationship between low CP and the environment
was not the focus of the present review and may be found elsewhere [18,77]. Meanwhile,
new research should continue to focus on strategies utilizing low-CP diets while not
compromising growth performance and pig profitability.

Similar to the finishing phase, contradictory results have been reported when con-
sidering the entire growing to finishing phases. Working with growing-finishing pigs
(25–110 kg) in two climatic conditions, Wang et al. [66] evaluated the effect of low and
high CP diets. In both experiments, pigs fed low-CP diets supplemented with EAA had
similar growth performance, carcass characteristics, and meat quality to pigs fed high CP
diets. In the same way, Zhao et al. [14] showed no effects of decreasing CP in the diets
on growth performance and carcass characteristics of growing-finishing pigs (25–125 kg).
Recently, Le Dinh et al. [77] found that reducing CP with EAA supplementation increased
ADG and ADFI but also reduced muscle thickness. Conversely, Fang et al. [65] found that
growing/finishing pigs (30–105 kg) fed low-CP diets supplemented with EAA resulted in
reduced growth performance.

In agreement, the model from the meta-analysis suggested that the CP level below
11.6% (95% CI: 10.8–12.3) and 11.4% (95% CI: 10.3–12.5) can compromise the ADG and
G:F, respectively (Figure 5). These levels are in between the levels suggested in NRC [1]
for early-(12.1% CP) and late-(10.5% CP) finishing pigs, probably because we considered
both phases together in our model. On the other side, the proposed levels are below the
average recommendations in Brazilian Tables [3] for early- (13.3% CP) and late- (11.9% CP)
finishing pigs. Thus, CP levels lower than the Brazilian Tables [3] recommendations might
be used without compromising pig growth performance.
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Figure 5. Changes in ADG (A) and G:F (B) in response to dietary CP in the finishing phase using
a broken-line analysis. The equation for ADG was ADG = 0.924 − 0.048 × zl (R2 = 0.98) and the
breakpoint was CP level at 11.6% (95% CI: 10.8–12.3) when ADG was 0.924 kg/d. The p-value for
the asymptote was <0.001, for the slope it was 0.050, and for the breaking point it was <0.001. The
equation for G:F was G:F = 0.327 − 0.014 × z1 (R2 = 0.96) and breakpoint was CP level at 11.4% (95%
CI: 10.3–12.5) when G:F was 0.327. The p-value for the asymptote was <0.001, for the slope it was
0.006, and for the breaking point it was <0.001. Where, if CP is ≥breakpoint, then z1 = 0; if CP is
<breakpoint, then z1 = CP − breakpoint [12,17,68–72,78–82].

Concerning feed grade lysine, the breakpoint for ADG was 0.24% L-lysine (95% CI:
0.10–0.37; Figure 6), which is equivalent to the supplementation of 0.30% L-lysine-HCl or
0.40% L-lysine sulfate. The proposed level of L-lysine is lower than that for nursery and
growing phases because lysine supplementation in finishing diets is notably lower than in
the initial phases (Table 3). Considering the studies in the meta-analysis, a breakpoint for
G:F was not found (a model was not fit). Additionally, a breakpoint for SIDLys:CP ratio on
growth performance was not found.



Animals 2022, 12, 3478 13 of 17

Animals 2022, 12, x FOR PEER REVIEW  13  of  18 
 

0.40% L‐lysine sulfate. The proposed level of L‐lysine is lower than that for nursery and 

growing phases because lysine supplementation in finishing diets is notably lower than 

in the initial phases (Table 3). Considering the studies in the meta‐analysis, a breakpoint 

for G:F was not found (a model was not fit). Additionally, a breakpoint for SIDLys:CP 

ratio on growth performance was not found. 

 

Figure 6. Changes in ADG in response to L‐lysine supplementation in the finishing phase using a 

broken‐line analysis. The L‐lysine axis is based on 100% purity, calculated from L‐lysine HCl (78.8% 

purity) or L‐lysine sulfate (60.0% purity). The equation was ADG = 0.926 + 0.314 × zl (R2 = 0.97) and 

the breakpoint was L‐lysine level at 0.24% (95% CI: 0.10–0.37) when ADG was 0.926 kg/d. The p‐

value  for  the asymptote was <0.001,  for  the slope  it was 0.033, and  for  the breaking point  it was 

0.002. Where, if L‐lysine is ≤breakpoint, then z1 = 0; if L‐lysine is >breakpoint, then z1 = L‐lysine – 

breakpoint. [12,17,68,69,70–72,78–82]. 

Table 3. Summary of the studies included in the meta‐analysis to estimate changes in average daily 

gain and gain to feed in the finishing phase. 

BW, kg 
CP Level, %  SID Lys, 

% 

Supplemental   

L‐lysine 1, % 

Additional   

Amino Acids 2 
Reference 3 

Control  Lower 

55–102  15.9  13.6  0.74  0.27  Val  Hansen et al. [78] 

54–98  15.9  13.6  0.74  0.27  Val  Nørgaard et al. [70] 

62–97  13.1  12.1  0.65  0.26  Val  Tous et al. [79] 

72–104  15.3  12.0  0.71  0.39  Val, Ile  Xie et al. [68] (Exp. 1) 

89–114  14.0  12.0  0.73  0.35  Val, Ile  Qin et al. [17] 

65–95  14.0  10.0  0.73  0.43  Val, Ile, Phe  Zhou et al. [69] 

59–98  15.6  11.6  0.85  0.46  Val, Ile  Jiao et al. [80] 

62–100  16.0  13.0  0.72  0.21  ‐  Li et al. [71] 

94–118  13.7  10.5  0.70  0.41  Val, Ile  Ma et al. [81] 

109–127  13.0  10.0  0.66  0.41  Val, Ile  Soto et al. [12] (Exp. 2) 

112–135  13.0  9.0  0.55  0.34  Val, Ile  Soto et al. [12] (Exp. 3) 

74–107  13.6  11.1  0.73  0.42  Val  Li et al. [82] 

59–95  16.0  12.0  0.73  0.29  ‐  Zhou et al. [72] 
1 Supplemented feed grade L‐lysine based on the purity of L‐lysine HCl or L‐lysine sulfate in the 

lower‐CP diet. 2 Additional supplemented feed grade amino acids  in  low‐CP diets  in addition to 

Lys, Met, Tre, and Trp. 3 References listed in year order, only studies and treatments balanced for 

all essential amino acids were used. When necessary estimated after reformulating the diets [1]. 

Figure 6. Changes in ADG in response to L-lysine supplementation in the finishing phase using a
broken-line analysis. The L-lysine axis is based on 100% purity, calculated from L-lysine HCl (78.8%
purity) or L-lysine sulfate (60.0% purity). The equation was ADG = 0.926 + 0.314 × zl (R2 = 0.97)
and the breakpoint was L-lysine level at 0.24% (95% CI: 0.10–0.37) when ADG was 0.926 kg/d. The
p-value for the asymptote was <0.001, for the slope it was 0.033, and for the breaking point it was
0.002. Where, if L-lysine is ≤breakpoint, then z1 = 0; if L-lysine is >breakpoint, then z1 = L-lysine −
breakpoint [12,17,68–72,78–82].

Table 3. Summary of the studies included in the meta-analysis to estimate changes in average daily
gain and gain to feed in the finishing phase.

BW, kg
CP Level, %

SID Lys, % Supplemental L-lysine 1, % Additional Amino Acids 2 Reference 3
Control Lower

55–102 15.9 13.6 0.74 0.27 Val Hansen et al. [78]

54–98 15.9 13.6 0.74 0.27 Val Nørgaard et al. [70]

62–97 13.1 12.1 0.65 0.26 Val Tous et al. [79]

72–104 15.3 12.0 0.71 0.39 Val, Ile Xie et al. [68] (Exp. 1)

89–114 14.0 12.0 0.73 0.35 Val, Ile Qin et al. [17]

65–95 14.0 10.0 0.73 0.43 Val, Ile, Phe Zhou et al. [69]

59–98 15.6 11.6 0.85 0.46 Val, Ile Jiao et al. [80]

62–100 16.0 13.0 0.72 0.21 - Li et al. [71]

94–118 13.7 10.5 0.70 0.41 Val, Ile Ma et al. [81]

109–127 13.0 10.0 0.66 0.41 Val, Ile Soto et al. [12] (Exp. 2)

112–135 13.0 9.0 0.55 0.34 Val, Ile Soto et al. [12] (Exp. 3)

74–107 13.6 11.1 0.73 0.42 Val Li et al. [82]

59–95 16.0 12.0 0.73 0.29 - Zhou et al. [72]

1 Supplemented feed grade L-lysine based on the purity of L-lysine HCl or L-lysine sulfate in the lower-CP
diet. 2 Additional supplemented feed grade amino acids in low-CP diets in addition to Lys, Met, Tre, and Trp.
3 References listed in year order, only studies and treatments balanced for all essential amino acids were used.
When necessary estimated after reformulating the diets [1].

4. Conclusions

In conclusion, there is a minimum CP level after which the growth performance of
pigs can be compromised, even though diets are balanced for all EAA. Apparently, there is
a level after which other nutrients such as NEAA, bioactive compounds, and others become
limiting. Based on the meta-analysis, considering the ADG and G:F the minimum levels of
CP were estimated at 18.4% and 18.3% for nursery, 16.1% and 16.3% for growing, and 11.6%
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and 11.4% for finishing pigs, respectively. Moreover, it was estimated the higher levels of
L-lysine (100% purity) to be supplemented before compromising growth performance were
0.42% for ADG and 0.43% for G:F in the nursery phase and 0.24% for ADG in the finishing
phase. Additionally, a level of 0.42% L-lysine supplementation is suggested for growing
pigs. Finally, it was obtained that 6.6% of SID Lys:CP is the ratio above which the ADG
and G:F of nursery pigs are compromised. Considering that feed grade L-lysine HCl is 78%
lysine, based on the meta-analysis, optimal allowances of the use of L-lysine HCl are 0.54%
in feeds for nursery and growing pigs and 0.31% in feeds for finishing pigs. Applying
these optimal levels of L-lysine HCl in swine feeds should not compromise the growth
performance of pigs if the ideal ratios of lysine to other EAA and ME are considered.
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