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RESEARCH ARTICLE                                         

Energy and SID lysine partitioning in pigs weighing 32–196 kg, voluntarily 
fed diets differing in SID lysine content

Stefano Schiavona , Alessandro Toscanoa , Diana Giannuzzia , Gregorio Dona , Veronica Tonoa ,  
Luca Rapettib , Gianluca Galassib , Marco Battellib , Sara Pegoloa , Alessio Cecchinatoa and 
Luigi Galloa 

aDipartimento di Agronomia, Animali, Alimenti, Risorse naturali e Ambiente, University of Padova, Legnaro, PD, Italy; bDipartimento 
di Scienze Agrarie e Ambientali, University of Milano, Milano, Italy 

ABSTRACT 
This study investigated the partitioning of metabolisable energy (ME) and standardised ileal 
digestible (SID) lysine in 96 Goland-C21�Camborough-43 pigs, raised from 32 to 196 kg of 
body weight (BW) and fed voluntarily diets containing low (L), medium-low (ML), medium-high 
(MH), and high (H) SID lysine levels. Diets were formulated to provide decreasing SID lysine con
centrations with increasing ages: early (90–118 d), late growing (119–146 d), and finishing (147– 
251 d). Individual feed intake was recorded using automated feeders, while BW and P2 backfat 
thickness were measured at the start and end of each interval to estimate protein (Pd) and lipid 
(Ld) deposition. Maintenance ME (MEm) was calculated by subtracting the energy required for 
Pd and Ld from total ME intake and scaled to BW0.60. Marginal SID lysine intake was determined 
as the difference between intake and maintenance requirements, based on the InraPorc model. 
The efficiency of SID lysine utilisation was calculated as the ratio of lysine deposited in Pd to 
marginal SID lysine intake. The L treatment provided insufficient SID lysine, resulting in lower 
final BW (p¼ 0.004), Pd (p¼ 0.003), and Ld (p¼ 0.023) compared to ML. However, ML, MH, and 
H treatments showed no significant differences. MEm averaged 0.961 MJ/kg0.60 BW, and lysine 
utilisation efficiency peaked at 0.68 in L pigs, aligning with InraPorc predictions. These findings 
support the applicability of the InraPorc model to pigs above 140 kg and offer updated SID 
lysine requirements across growth intervals.

HIGHLIGHTS
� The metabolisable energy and the SID lysine partitioning were evaluated in 96 Goland-C21 �

Camborough-43 pigs from 32 to 196 kg body weight.
� The metabolisable energy used for maintenance, calculated as the difference between ME 

intake and that used for growth, averaged 0.961 MJ/kg0.60 body weight.
� The maximum marginal efficiency of SID lysine utilisation averaged 0.68, suggesting a SID 

lysine requirement of 10.3 g/100 g protein deposition.
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Introduction 

The determination of nutrient requirements is crucial 

for improving feed resource efficiency, reducing nutri

ent excretion into the environment, minimising poten

tial ecological impacts, and enhancing farm income 

and product quality (NRC 2012; Toscano et al. 2023). 

Various research centres established energy and amino 

acid requirements for growing pigs (van Milgen et al. 

2008; NRC 2012; De Blas et al. 2013). However, over 

the past few decades, different pig populations have 

been selected to meet diverse production aims. 
Significant efforts have been made to enhance growth 
performance, leanness, and feed efficiency in most pig 
breeding lines (Knap 2009; Knap and Wang 2012; 
Davoudi et al. 2022). In the case of pig lines intended 
for typical ham production, beyond conventional 
growth traits, particular emphasis in selection goals 
has been given to the technological quality of raw 
hams, which involves an adequate fat coverage 
over the thighs, a key quality trait in determining 
the seasoning aptitude of hams (Carc�o et al. 2019; 
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Bonfatti et al. 2021). As a result, populations selected 
for such purposes, albeit showing interesting potential 
for both fat and protein accretion, are characterised 
by lower feed efficiency than leaner types (Schiavon 
et al. 2025a). Moreover, pigs involved in such produc
tion systems are raised to body weights (BW) greater 
than those (100–140 kg) covered by the current nutri
ent recommendations (NRC 2012; De Blas et al. 2013). 
Thus, there is a lack of knowledge about the energy 
and nutrient partitioning and requirements for these 
pig genotypes and BW ranges.

The diversity in pig populations has encouraged 
the development of mechanistic mathematical models 
to predict energy and nutrient requirements based on 
growth characteristics (van Milgen et al. 2008; NRC 
2012; van Milgen and Dourmad 2015). Although vari
ous assumptions and equations are employed by dif
ferent research centres, energy and amino acid 
requirements are generally estimated based on animal 
size (metabolic weight or body protein mass) and 
daily body protein (Pd) and lipid (Ld) deposition with 
increasing age or weight.

Amino acid requirements are often expressed in 
terms of standardised ileal digestible (SID) lysine, pro
vided that lysine is the first limiting factor (van Milgen 
and Dourmad 2015). Aside from the small amounts 
required for maintenance, the largest quantities of SID 
lysine are needed for Pd. Thus, Pd and the marginal effi
ciency of SID lysine deposition are key predictors (van 
Milgen and Dourmad 2015). Potential protein depos
ition depends on the pig’s genetic background and age 
(Schiavon et al. 2025b), and this determination requires 
specific investigation to characterise the needs of a par
ticular pig population under no limiting circumstances. 
There is a poor consensus about the marginal efficiency 
of SID lysine utilisation. The NRC (2012) suggests a 
decrease in efficiency with increasing BW, while the 
InraPorc model (van Milgen and Dourmad 2015) indi
cates a constant efficiency. Experiments conducted with 
pigs fed ad libitum diets providing SID lysine above and 
below the requirements are required to study the 
growth characteristics of a pig population and to evalu
ate the hypothesis that the marginal efficiency of SID 
lysine utilisation can be considered constant, even 
above the 140 kg BW threshold currently covered by 
nutrient recommendations.

Based on previous feeding research (Schiavon et al. 
2025a), this study aimed to assess the energy and SID 
lysine partitioning across body functions (maintenance, 
protein gain, and lipid gain) of a pig population fed vol
untarily in response to decreasing dietary SID lysine 

concentrations at increasing age intervals from approxi
mately 40 to 200 kg BW.

Materials and methods

Ethics statements

The experiment was approved by the Animal Ethics 
Committee of the University of Padova (document #37/ 
2023) and complied with the European Union Directive 
on animal experimentation (European Union 2010). The 
required sample size was calculated a priori using the 
PROC GLMPOWER in SAS software (SAS Inst. Inc., Cary, 
NC, USA). An average daily gain of 805 g/d with a stand
ard deviation of 190 g/d was assumed as a representa
tive parameter. This information was taken from our 
previous experiment with purebred Goland-C21 bar
rows and gilts fed ad libitum (Malgwi et al. 2021). A 
two-tailed test was performed with an a of 0.05 and a 
power (1 – b) of 0.90. Under these conditions, the min
imum required sample size to detect a difference of 
64 g/d between groups was 92 pigs (23 pigs/treatment). 
Therefore, 96 animals were enrolled to account for a 
potential 5% mortality rate and an equal distribution of 
pigs among treatments and pens.

Experimental design

The data used in this study originated from previous 
research aimed at evaluating the SID lysine intakes that 
maximise growth performance and minimise feeding 
costs and N excretion (Schiavon et al. 2025a). Briefly, 96 
barrows and gilts (Goland-C21�Camborough-43) with 
an initial BW of 32.0 ± 3.1 kg were housed in 8 pens, 
based on sex and individual BW to have pens character
ised by similar average BW (range: 31.8 to 32.2 kg) and 
coefficient of variation of BW (range: 9.8 to 11.3%) with 
6 barrows plus 6 gilts per pen (1.8 m2/pig). Each pen 
was equipped with a fully slatted floor and an auto
mated feeding station (Compident Pig-MLP, Schauer 
Agrotronic, Prambachkirchen, Austria) able to record 
individual daily feed intake. Drinking water was pro
vided ad libitum via two water dispensers per pen. 
During a 2–week acclimatation period, all pigs were fed 
the same commercial diet, which contained 1.25 g/kg 
DM SID lysine, intended as the first limiting amino acid.

At the end of the transition period, when the pigs 
averaged 44.5 ± 3.8 kg BW, each pen was assigned to 
one of four feeding treatments (2 pens/treatment) dif
fering in the dietary SID lysine contents: low (L), 
medium-low (ML), medium-high (MH) and high (H). 
Seven different feed formulations were prepared with 
SID lysine contents ranging from 4.6 to 10.4 g/kg DM, 
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achieved by progressively increasing the soybean 
meal content and reducing the barley grain. Detailed 
feed formulations are provided in the Supplementary 
Table S1. Pigs in each treatment received diets with 
progressively decreasing SID lysine levels as they 
aged, distributed over three feeding phases: early 
growing (90–118 days), late growing (119–146 days), 
and finishing (147–251 days). Specifically, during the 
early growing phase, pigs in the L, ML, MH, and H 
received a diet containing 7.7, 8.7, 9.20, and 10.40 g 
SID lysine/kg DM, respectively. In the late growing 
phase, the SID lysine contents were 6.6, 7.7, 8.7, and 
9.20 g/kg DM for the L, ML, MH, and H groups, 
respectively, and in the finishing phase, the corre
sponding SID lysine contents were 4.6, 5.7, 6.6, and 
7.7 g/kg DM. Feeds were formulated to be isoenergetic 
and to ensure that lysine was the first limiting amino 
acid (Table 1). The sequence of the feeds used in each 
feeding treatment as the pigs aged is shown in 
Table 2. Feeds were manufactured by Neviani s.r.l. 
(Montecchio Emilia, RE, Italy) using the same batches 
of ingredients, to reduce undesired causes of 
variation.

At the beginning of the trial, every two weeks, and on 
the day before slaughter, BW was measured using a scale, 
and backfat depth was assessed using an A-mode ultra
sonic device (Renco Lean-Meater Series 12, Renco 
Corporation, Minneapolis, MN, USA). This measure was 
taken at the last rib, approximately 50 to 90 mm from the 
midline, with the distance increasing as BW increased, fol
lowing Schiavon et al. (2007). Two pigs were removed 
from the trial due to health issues, and their correspond
ing data were excluded from the statistical analysis.

When the pigs reached the average target BW, they 
were fasted for 24 h, sent to a commercial 
abattoir, and slaughtered according to commercial 
practices. A section of longissimus lumborum, including 
the last two lumbar vertebrae, was collected from the 
left loin of each carcase, placed in individual plastic 
bags, refrigerated for 24 h, and vacuum-packed at 
20 �C to be analysed.

Chemical analysis

Ten samples from each feed were collected online 
during feed manufacturing. These samples were 

Table 1. Nutrient content of the experimental feeds (g/kg DM, unless different specified).
Lys-4.6 Lys-5.7 Lys-6.6 Lys-7.7 Lys-8.7 Lys-9.2 Lys-10.4

Dry matter, g/kg DM 916 921 907 902 901 902 894
Metabolisable energya (ME), MJ/kg DM 13.80 13.60 13.80 13.80 13.80 13.60 13.80
Net energya (NE), MJ/kg DM 10.00 10.00 10.30 10.30 10.40 10.40 10.60
Starch, g/kg DM 587 561 545 522 498 472 452
Ether extractm g/kg DM 36.00 34.70 34.20 33.30 32.20 31.00 30.20
Ash, g/kg DM 40.40 42.40 44.10 46.60 48.80 51.00 53.70
NDF, g/kg DM 207 201 196 191 184 177 171
Crude protein, g/kg DM 120 131 146 159 178 200 214

Lysine, g/kg DM 5.35 6.51 7.50 8.65 9.66 10.31 11.63
SID Lysineb 4.59 5.65 6.62 7.65 8.66 9.20 10.40

Relative to SID lysine: Minimum ratiosc

Methionine 0.44 0.35 0.34 0.31 0.29 0.28 0.28 0.29
Methionineþ Cysteine 0.97 0.82 0.74 0.69 0.65 0.63 0.60 0.56
Threonine 0.90 0.78 0.76 0.72 0.71 0.69 0.67 0.61
Tryptophan 0.26 0.24 0.23 0.22 0.22 0.22 0.21 0.17
Histidine 0.67 0.59 0.55 0.53 0.51 0.50 0.49 0.34
Isoleucine 0.85 0.78 0.77 0.76 0.75 0.75 0.75 0.52
Leucine 2.05 1.78 1.68 1.58 1.53 1.49 1.46 1.01
Valine 1.23 1.08 1.00 0.95 0.92 0.90 0.87 0.68
Arginine 1.33 1.25 1.24 1.22 1.21 1.21 1.21 0.46
Phenylalanineþ tyrosine 1.87 1.69 1.61 1.55 1.52 1.49 1.48 0.94

aThe energy values of the feeds were computed from the tabular values of the ingredients reported by NRC (2012).
bEstimated from the analysed total lysine content and the SID:total lysine ratio as reported by NRC (2012).
cAccording to NRC (2012).

Table 2. Feeds distributed to the pigs of the high, medium-high, medium-low, and low lysine 
treatments with increasing ages.

Dietary treatmentsa

Age interval, d Low lysine Medium-low lysine Medium-high lysine High lysine

90–118 Lys-7.7 Lys-8.7 Lys-9.2 Lys-10.4
119–146 Lys-6.6 Lys-7.7 Lys-8.7 Lys-9.2
146–202 Lys-4.6 Lys-5.7 Lys-6.6 Lys-7.7
203–251 Lys-4.6 Lys-5.7 Lys-6.6 Lys-7.7
aThe number in the feed names represents the dietary SID lysine contents.
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pooled and mixed to form a 1–kg composite sample 
for each feed type. The feeds were analysed for dry 
matter (DM; AOAC 2003; #934.01), nitrogen (N; AOAC 
2003; #976.05), ether extract (EE; AOAC 2003; #920.29), 
ash (AOAC 2003; #942.05), and neutral detergent fibre 
(NDF) with amylase treatment, including residual ash 
(Van Soest et al. 1991). Starch content was determined 
by liquid chromatography (HPLC 1260 Infinity, Agilent 
Technologies, Santa Clara, CA, USA) following glucose 
hydrolysis (Bouchard et al. 1988). Amino acid content 
was analysed according to the Council of Europe 
(2005) and Slump et al. (1991). The amino acids were 
separated and quantified using an HPLC (1260 Infinity, 
Agilent Technologies, Santa Clara, CA, USA). 
Separation was obtained on a Zorbax Eclipse-AAA 
(4.6� 150 mm, 3.5 lm) operating at 40 �C and a flow 
rate of 2 mL/min. Further details are reported in 
Schiavon et al. (2018).

The standardised ileal digestible amino acid con
tents were calculated by multiplying the total amino 
acid content of each feed by the ratio of SID to total 
amino acid, as derived from the ingredient compos
ition of the feed according to the tabular values of 
NRC (2012). Similarly, the metabolisable energy (ME) 
and net energy (NE) contents of each feed were calcu
lated based on the feed ingredient composition and 
the ingredient tabular values, adjusted for the actual 
feed DM content (NRC 2012).

A subsample of longissimus lumborum was ground, 
mixed, and homogenised for 10 s at 4500 g (Grindomix 
GM200; Retsch, Haan, D€usseldorf, Germany) for chem
ical analyses. Moisture was determined by leaving 
overnight in an oven at 101–103 �C (method 950.46; 
AOAC 2003); crude protein (CP) was obtained by mul
tiplying the organic nitrogen by 6.25 (Kjeldhal method; 
AOAC 2003); fat was determined by extraction with 
petrol ether (method 991.36; AOAC 2003).

Body composition estimates

Body composition variations were estimated using 
repeated BW and backfat depth measurements, as 
described by Schiavon et al. (2022) with slight modifi
cations. Empty body weight (eBW) was estimated from 
BW using the allometric relationship proposed by 
Kloareg et al. (2006). Body lipid mass (BL) was esti
mated using the equation of Gill (2006), based on BW 
and backfat depth. Fat-free eBW (FFeBW) was calcu
lated as the difference between EBW and BL. Body 
protein mass (BP) was estimated using the allometric 
relationship between body protein, water, and ash, as 
described by Schiavon et al. (2022), with the following 

equation: BP ¼ 0.1353� BW1.1175. Daily Pd and Ld 
were calculated from changes in body protein and 
lipid masses for the following 4 age intervals: 90–118, 
119–146, 147–202, 203–251 days, and the aggregate 
one from 90 to 251 days.

Metabolisable energy partitioning

For each age interval, the ME intake for each pig was 
calculated based on feed intake, measured by the 
feeding stations, and the ME content of the consumed 
feeds. The ME used for growth was calculated using 
requirements of 44.35 MJ/kg of protein and 52.30 MJ/ 
kg of lipid retained (NRC 2012), as already applied in 
growing pigs over 140 kg in previous studies (Gallo 
et al. 2014, Schiavon et al. 2022). These values were 
fixed across BW ranges as the efficiency of energy use 
per kg of retained tissue can be considered stable 
under physiological conditions (Bikker et al. 1996, 
Whittemore et al. 2001, Kil et al. 2013). The ME used 
for maintenance (MEm) was determined as the differ
ence between total ME intake and the amount used 
for growth. The MEm was expressed per unit of meta
bolic weight (BW0.60) and compared with values result
ing from previous research (Noblet et al. 1999). The 
correspondence of the estimated MEm with the values 
proposed in the literature was taken as a partial con
firmation of the good quality of the Pd and Ld esti
mates (Schiavon et al. 2022).

SID lysine partitioning

SID lysine intake was calculated from the feed intake 
and its dietary SID lysine content. The amount of SID 
lysine used for maintenance was estimated based on 
metabolic weight (BW0.75) and DMI, according to the 
InraPorc equations (van Milgen and Dourmad 2015). 
The marginal intake of SID lysine, which is available 
for Pd, was determined as the difference between 
total SID lysine intake and that used for maintenance. 
The marginal intake of SID lysine per unit of protein 
gain was calculated as the ratio between the marginal 
SID lysine intake and the estimated Pd. The marginal 
efficiency of SID lysine utilisation for Pd was calculated 
as the ratio of lysine deposited in Pd (0.0696� Pd; van 
Milgen and Dourmad 2015) and the marginal intake of 
SID lysine.

Based on these results, the SID lysine requirement 
of the current pig population was estimated for each 
age interval. The SID lysine for maintenance 
was computed using the InraPorc equations, and the 
amount required for growth as a Pd/0.68, where 0.68 
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was the marginal efficiency of SID lysine deposition. 
The total SID lysine needs were computed as a sum of 
the amounts required for maintenance and growth, 
and they were expressed as daily amounts and as 
dietary densities.

Statistical analysis

The statistical analysis of data was completed using 
the mixed procedure of SAS (SAS Inst. Inc., Cary, NC, 
USA), adopting the following linear mixed model:

yijkl ¼ lþ treatmenti þ sexj þ treatment� sexð Þij

þ pen treatmentð Þk:i þ eijkl 

Where yijkl was the observed trait; l was the overall 
intercept of the model, treatment was the fixed effect 
of the ith feeding treatment (i¼ 1, … , 4); sexj was the 
fixed effect of the jth sex (j: 1¼ barrow, 2¼gilt); 
(treatment� sex)ij was the interaction effect between 
treatment and sex; pen(treatment)k:i was the random 
effect of the kth pen within treatment, and eijkl was 
the random residual error. The experimental unit was 
the individual pig. The pen(treatment) and the residual 
were assumed to be independent and normally dis
tributed with a mean of zero and variances of r2k, 
and r2l, respectively. The effect of treatment was 
tested on the pen(treatment) variance, whereas sex 
and the treatment� sex interaction were tested on 
the residual variance. The 3 degrees of freedom due 

to the treatment were used to run pre-planned con
trasts to test ML versus L, MH, and H treatments. The 
use of the ML treatment as a reference was based on 
the adequate SID lysine intake resulting from our pre
vious studies (Schiavon et al. 2022, 2025b). Thus, the 
impact of a reduction of the dietary SID lysine content 
was tested with the L treatment, and that of dietary 
SID lysine content increases was tested with the MH 
and H treatments. The level of significance was set at 
p< 0.05. As the treatment� sex was never significant, 
it was omitted from the model.

Results

Growth performance

Pigs in the ML treatment exhibited progressively 
greater eBW compared to those in the L treatment 
(Table 3), with a difference of 13.8 kg at 202 d of age 
(p¼ 0.010) and 21 kg at the end of the study at 251 d 
of age (p¼ 0.004). Conversely, no significant differen
ces were observed between ML and MH or H treat
ments. A similar pattern was noted for body protein 
mass, which was greater in ML compared to L pigs of 
2.82 (p¼ 0.010) and 3.91 (p¼ 0.004) kg at 202 d and 
251 d of age, respectively. Again, MH and H pigs did 
not significantly differ from ML ones. Treatment did 
not affect backfat depth at any of the measured ages. 
However, at the end of the finishing period, the esti
mated body lipid mass in L pigs was 8.5 kg lower than 

Table 3. Least square means of empty body weight (eBW), backfat depth (BF), and body protein and lipid masses in  gilts and 
barrows fed ad libitum feeds with different SID lysine contentsa.

Treatments (dietary SID lysine contents) P-values

Low (L) Medium-Low (ML) Medium-High (MH) High (H) SEM p ML vs Low ML vs MH ML vs H

eBW, kg, at the age of:
90 d 42.3 42.3 42.6 40.6 0.75 0.34 0.98 0.84 0.17
118 d 68.0 70.4 71.5 69.3 1.21 0.34 0.25 0.53 0.56
146 d 97.6 103.1 103.4 101.0 1.55 0.16 0.07 0.89 0.39
202 d 140.4 154.2 152.8 150.5 2.11 0.032 0.01 0.65 0.28
251 d 166.3 187.7 183.9 183.8 2.57 0.014 0.004 0.35 0.34

BF, mm, at the age of:
90 d 7.18 7.35 7.17 7.01 0.19 0.69 0.58 0.55 0.28
118 d 8.91 9.28 9.21 8.48 0.37 0.48 0.51 0.89 0.19
146 d 14.36 14.83 14.29 13.21 0.78 0.56 0.69 0.65 0.21
202 d 25.98 25.68 25.83 25.18 1.01 0.94 0.85 0.92 0.74
251 d 28.34 30.34 28.88 27.44 1.16 0.45 0.29 0.42 0.15

Body lipid mass, kg, at the age of:
90 d 5.69 5.90 5.78 5.29 0.19 0.25 0.49 0.67 0.08
118 d 11.77 12.53 12.68 11.64 0.36 0.23 0.21 0.79 0.15
146 d 21.81 23.20 22.78 21.39 0.79 0.43 0.28 0.73 0.18
202 d 39.68 41.76 41.66 40.67 0.90 0.43 0.18 0.94 0.44
251 d 46.30 51.75 49.77 48.47 1.20 0.12 0.023 0.31 0.12

Body protein mass at the age of:
90 d 7.14 7.17 7.25 6.92 0.13 0.44 0.89 0.70 0.26
118 d 11.43 11.84 12.07 11.79 0.22 0.36 0.27 0.49 0.89
146 d 15.98 16.99 17.16 16.91 0.28 0.13 0.06 0.69 0.85
202 d 22.07 24.89 24.55 24.23 0.39 0.02 0.010 0.57 0.30
251 d 26.85 30.76 30.30 30.59 0.47 0.01 0.004 0.52 0.81

aData are about 24 pigs/treatment; the treatment x sex interaction was never significant.
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in ML pigs (p¼ 0.023), with no differences observed 
between ML, MH, and H treatments.

Dietary treatments did not influence the DM intake 
(DMI) as the pigs aged (Table 4). However, the daily 
eBW gain of L pigs was consistently lower than that of 
ML pigs at the following age intervals: 119–146 d 
(p¼ 0.022), 147–202 d (p¼ 0.005), 203–251 d 
(p¼ 0.025), and overall (90–251 d; p¼ 0.004). On aver
age, the eBW gain for L pigs was 817 g/d, while ML 
pigs averaged 942 g/d (p¼ 0.004), and this last value 
did not differ from that of pigs receiving greater diet
ary SID lysine contents. The pattern for estimated Pd 
mirrored that of eBW gains, with ML pigs showing 
greater values compared to L at the following age 
intervals: 119–146 d (p¼ 0.029), 147–202 (p¼ 0.010), 
and 202–251 (p¼ 0.023), and overall (90–251 d; 
p< 0.003), with no differences with MH, and H pigs. 
Body lipid depositions (Ld) were similar among treat
ments during the various age periods, but ML pigs 
had significantly greater Ld compared to L pigs over 
the entire experimental period (p< 0.023). In addition, 
L pigs evidenced a trend towards a greater fat 
(p¼ 0.099) and a lower protein deposition (p¼ 0.055) 
in the loin compared to the ML pigs (Figure 1).

Metabolisable energy partitioning

As with DMI, ME intake was not influenced by treat
ment (Table 5). The ME used for growth was not 

affected by treatment within age periods, but it was 
lower for L pigs compared to ML pigs (p¼ 0.007) 
when considering the entire experimental period. The 
energy used for maintenance, calculated as the 

Table 4. Least square means of dry matter intake DMI), empty body weight (eBW) gain, body protein, and lipid deposition in 
gilts and barrows fed ad libitum feeds with different SID lysine contentsa.

Treatments P-values

Low (L) Medium Low (ML) Medium High (MH) High (H) SEM p ML vs Low ML vs MH ML vs H

Dry matter intake, g/d, at the age of
90–118 d 2273 2323 2429 2287 56 0.32 0.57 0.25 0.67
119–146 d 2936 3050 3035 2941 59 0.47 0.25 0.86 0.26
147–202 d 2770 2893 2821 2799 55 0.52 0.20 0.41 0.30
203–251 d 2695 2871 2762 2752 51 0.25 0.07 0.20 0.17
Overall 2669 2784 2762 2695 45 0.35 0.14 0.74 0.23

eBW gain, g/d, at the age of:
90–118 d 919 1001 1035 1025 26 0.11 0.090 0.42 0.55
119–146 d 1057 1169 1139 1133 22 0.08 0.022 0.37 0.30
147–202 d 763 913 881 884 19 0.018 0.005 0.30 0.34
203–251 d 528 682 635 679 31 0.07 0.025 0.34 0.94
Overall 817 942 922 930 14 0.011 0.004 0.39 0.60

Protein deposition, g/d, at the age of:
90–118 d 153 167 172 174 5 0.12 0.13 0.45 0.34
119–146 d 163 184 182 183 5 0.080 0.029 0.73 0.86
147–202 d 109 141 132 131 5 0.040 0.010 0.26 0.21
203–251 d 95 118 115 127 4 0.028 0.023 0.68 0.19
Overall 124 148 145 149 3 0.008 0.003 0.47 0.81

Lipid deposition, g/d, at the age of:
90–118 d 217 237 246 227 12 0.45 0.32 0.62 0.59
119–146 d 359 380 361 348 16 0.61 0.41 0.44 0.24
147–202 d 319 332 337 344 12 0.56 0.45 0.77 0.50
203–251 d 132 199 162 156 22 0.32 0.100 0.30 0.23
Overall 252 284 272 266 6 0.09 0.023 0.26 0.12

aData are about 24 pigs/treatment; the treatment x sex interaction was never significant.

Figure 1. Impact of the dietary SID lysine on loin crude pro
tein and fat content (g/kg DM; n¼ 96, vertical bars represent 
the pooled standard error; the p-values for the low lysine 
treatment are about the contrast with the medium-low 
lysine one).
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difference between intake and the amount needed for 
growth, scaled per unit of metabolic weight, was not 
affected by treatment during individual age periods. 
However, over the whole experiment, the L pigs 
exhibited 12% greater energy expense for mainten
ance compared to ML pigs (p< 0.010), with no differ
ences observed between ML, MH, and H pigs.

SID lysine partitioning and SID lysine requirement 
of the pig population

The SID lysine intake varied significantly among treat
ments due to the experimental design (Table 6). The 
estimated amount of SID lysine used for maintenance 
was only slightly affected by treatment, but it was 
lower in L than ML pigs in the last age interval 
(p¼ 0.017) and over the entire experiment (p¼ 0.043). 
Significant differences were observed for marginal 
intake of SID lysine as the pigs aged, with the lowest 
values observed in L pigs and the highest in H pigs. 
No difference was found between L and ML pigs for 
the marginal SID lysine intake per unit of Pd at various 
ages. However, over the entire experiment, the L pigs 
had lower marginal SID lysine intake than the ML pigs 
(p¼ 0.040). Additionally, the scaled marginal intake of 
SID lysine was lower for ML pigs compared to MH 
(p¼ 0.002) and H pigs (p< 0.001).

The marginal efficiency of SID lysine utilisation for L 
pigs oscillated from 0.636 to 0.716 with an overall 
mean of 0.680. As the SID lysine contents of the 
experimental diets increased, the overall marginal effi
ciency of SID lysine utilisation decreased significantly 
from 0.680 to 0.501.

The estimated SID lysine requirements of the pig 
population used in this study at increasing age and 
BW are given in Table 7. According to the estimates, 
the daily SID lysine requirement increased from 18.53 
to 20.60 g/d in the first two age intervals and declined 
to 14.15 g/d in the last interval. The peak of 20.6 g/d 
was observed between 119 and 146 days of age. 
When expressed as feed concentration, the SID lysine 
requirement decreased progressively from 7.0 to 
4.5 g/kg of feed as the pigs aged.

Discussion

Body composition changes and metabolisable 
energy partitioning

This study estimated ME and SID lysine partitioning 
based on BW and ultrasonic backfat measurements, a 
cost-effective but less precise method than compara
tive slaughter techniques (Whittemore et al. 1995; 
Schinckel and De Lange 1996). Various equations have 
been developed to predict body protein and lipid 
masses based on simple body measurements 
(Whittemore et al. 1995; Kloareg et al. 2006; Gill 2006; 
Schiavon et al. 2007). Here, Gill’s (2006) equation was 
used as it applies to a broad BW range (30–178 kg), 
incorporating BW and backfat depth as independent 
variables.

Estimated body chemical variations over time were 
used to assess MEm as the difference between ME 
intake and ME required for Pd and Ld. The resulting 
MEm, scaled to metabolic weight, averaged 0.962 MJ/ 
kg0.60, close to the 1.00 MJ/kg0.60 reported by Noblet 
et al. (1999). Results also confirm that scaled MEm per 

Table 5. Least square means of metabolisable energy partitioning in pigs receiving feed with different SID lysine contents in 
gilts and barrows fed ad libitum feeds with different SID lysine contentsa.

Treatments P-values

Low (L) Medium Low (ML) Medium High (MH) High (H) SEM p ML vs Low ML vs MH ML vs H

Intake, MJ/d, at the age of:
90–118 d 31.4 32.0 33.1 31.5 0.77 0.44 0.63 0.34 0.67
119–146 d 40.8 42.1 41.9 40.2 0.82 0.42 0.33 0.87 0.18
147–202 d 38.5 39.4 39.1 38.7 0.77 0.81 0.42 0.75 0.51
203–251 d 33.7 36.5 34.8 35.5 0.87 0.29 0.09 0.24 0.47
Overall 36.1 37.6 37.2 36.6 0.61 0.43 0.16 0.65 0.30

Used for growth, MJ/d, at the age of:
90–118 d 18.1 19.8 20.5 19.6 0.68 0.24 0.17 0.48 0.84
119–146 d 26.0 28.0 26.9 26.3 0.77 0.37 0.13 0.36 0.19
147–202 d 21.5 23.6 23.5 23.8 0.65 0.19 0.090 0.90 0.84
203–251 d 11.2 15.6 13.6 13.8 1.22 0.23 0.060 0.30 0.35
Overall 18.7 21.4 20.7 20.5 0.370 0.027 0.007 0.23 0.16

Used for maintenance, MJ/d/kg0.60, at the age of:
90–118 d 1.159 1.051 1.076 1.039 0.036 0.24 0.11 0.64 0.83
119–146 d 1.019 0.936 0.994 0.938 0.040 0.46 0.22 0.36 0.98
147–202 d 0.933 0.834 0.821 0.793 0.029 0.10 0.080 0.78 0.38
203–251 d 1.069 0.926 0.953 0.978 0.036 0.17 0.050 0.63 0.36
Overall 1.039 0.927 0.949 0.929 0.017 0.028 0.010 0.42 0.95

aData are about 24 pigs per treatment; the treatment x sex interaction was never significant.
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unit of BW0.60 is valid even for pigs over 140 kg BW, in 
agreement with Noblet et al. (1999) who suggested 
that the scaled MEm remains stable across ages and 
BW. This consistency supports the reliability of using 
simple body measurements to predict energy intake 
and its partitioning, as previously confirmed by 
Whittemore et al. (1995) and Schiavon et al. (2007), 
reinforcing our estimates of Pd and Ld over time. 
Additionally, pigs fed insufficient SID lysine showed an 
11% increase in MEm. This aligns with our findings in 
Goland-C21 pigs fed low-protein diets, where lysine 
restriction reduced the efficiency for lean tissue 

accretion and favoured lipid deposition (Schiavon 
et al. 2022, 2025a). Indeed, experiments that explored 
varying lysine to ME ratios have consistently shown 
that lysine restriction led to a shift in energy partition
ing, reducing protein deposition and increasing lipid 
metabolism and intramuscular fat deposition, even 
with an isoenergetic diet (Palma-Granados et al. 2019, 
Wang et al. 2023). Similarly, Schweer et al. (2019) 
underlined that modifying the lysine-to-ME ratio under 
health-stressing conditions affects energy utilisation 
efficiency, suggesting that amino acid imbalance can 
reallocate metabolic priorities. Furthermore, lysine is 

Table 6. Least square means of SID lysine partitioning (g/d) in pigs receiving feeds with different SID lysine contents at different 
ages and sexesa.

Treatments P-values

Low (L) Medium Low (ML) Medium High (MH) High (H) SEM p ML vs Low ML vs MH ML vs H

Intake, g/d, at the age of:
90–118 d 17.5 20.1 22.4 23.8 0.51 0.004 0.023 0.036 0.007
119–146 d 19.6 23.4 26.4 27.2 0.49 0.001 0.005 0.013 0.006
147–202 d 12.8 16.4 18.8 21.5 0.34 <0.001 0.002 0.008 <0.001
203–251 d 11.3 15.2 16.7 19.7 0.42 <0.001 0.003 0.060 0.002
Overall 14.7 18.2 20.4 22.6 0.31 <0.001 0.001 0.007 <0.001

Used for maintenance, g/d, at the age of:
90–118 d 1.30 1.32 1.36 1.30 0.023 0.360 0.47 0.34 0.59
119–146 d 1.71 1.78 1.78 1.73 0.025 0.280 0.16 0.87 0.27
147–202 d 1.91 2.01 1.99 1.97 0.025 0.190 0.060 0.73 0.41
203–251 d 2.02 2.19 2.13 2.15 0.030 0.060 0.017 0.27 0.42
Overall 1.78 1.88 1.86 1.84 0.023 0.130 0.043 0.75 0.34

Marginal intake, g/d, at the age of:
90–118 d 16.2 18.8 21.0 22.5 0.47 0.003 0.021 0.033 0.006
119–146 d 17.9 21.7 24.6 25.4 0.47 0.001 0.005 0.011 0.004
147–202 d 10.9 14.4 16.8 19.5 0.26 <0.001 0.002 0.006 <0.001
203–251 d 9.2 13.0 14.5 17.6 0.33 <0.001 0.003 0.046 0.001
Overall 12.9 16.3 18.5 20.7 0.25 <0.001 0.001 0.005 <0.001

Marginal intake, g/100 g Pr, at the age of:
90–118 d 10.7 11.3 12.3 13.0 0.30 0.014 0.17 0.070 0.013
119–146 d 11.1 11.9 13.6 14.1 0.40 0.012 0.19 0.027 0.014
147–202 d 10.2 10.4 12.8 15.1 0.40 0.003 0.76 0.014 0.001
203–251 d 9.9 11.3 12.9 14.0 0.40 0.009 0.090 0.060 0.011
Overall 10.4 11.1 12.9 14.1 0.20 <0.001 0.040 0.002 <0.001

Marginal efficiency at the age of:
90–118 d 0.657 0.621 0.571 0.543 0.014 0.015 0.14 0.070 0.017
119–146 d 0.636 0.594 0.519 0.506 0.020 0.026 0.20 0.060 0.033
147–202 d 0.693 0.683 0.551 0.467 0.016 0.001 0.70 0.004 <0.001
203–251 d 0.716 0.631 0.552 0.506 0.019 0.005 0.040 0.041 0.009
Overall 0.680 0.637 0.548 0.501 0.008 <0.001 0.020 0.001 <0.001

aData are about 24 pigs/treatment; the treatment x sex interaction was never significant.

Table 7. SID lysine requirement for  growing-finishing pigs from 32 to 196 kg BW (mean ± standard devi
ation; 96 observations).
Age interval, d 90 to 118 119 to 146 147 to 202 203 to 251

Body weight, interval, kg 45–74 74–109 109–162 162–196
DM intake, kg/d 2.32 ± 0.33 3.04 ± 0.34 2.82 ± 0.24 2.80 ± 0.22
Feed ME content, MJ/kg DM 13.6 − 13.8 13.6 − 13.8 13.6 − 13.8 13.6 − 13.8
Average daily gain, g/d 1047 ± 141 1177 ± 125 898 ± 114 657 ± 121
Protein deposition, g/d 166 ± 22 184 ± 26 140 ± 20 117 ± 22
Lipid deposition, g/d 232 ± 56 361 ± 74 333 ± 56 162 ± 67
SID lysine requirement for:

Maintenance, g/d 1.32 ± 0.13 1.77 ± 0.15 2.01 ± 0.12 2.18 ± 0.13
Growth, g/d 16.99 ± 2.31 18.83 ± 2.69 14.33 ± 2.04 11.98 ± 2.29
Total, g/d 18.53 ± 2.41 20.60 ± 2.77 16.34 ± 2.08 14.15 ± 2.37
Total, g/kg DM 8.00 ± 0.80 6.90 ± 0.80 5.90 ± 0.70 5.10 ± 0.70
Total, g/kg as feda 7.00 ± 0.70 6.10 ± 0.70 5.10 ± 0.60 4.50 ± 0.60

aAssuming a feed containing 88% DM.
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recognised for acting with insulinotropic property, 
although its influence appears to be mediated more 
through cell signalling pathways than direct hormonal 
regulation (Hasan et al. 2020), and further studies are 
needed. Since inadequate protein intake has been 
linked to increased intramuscular fat and decreased 
protein deposition (Wood et al. 2013; Carc�o et al. 
2019), BW and backfat depth measures may not fully 
capture intramuscular fat accumulation, potentially 
leading to MEm overestimation. In the current experi
ment, only a tendency towards increased fat and 
decreased protein deposition in the muscle was 
observed, likely because the sample size was not suffi
cient to detect significant differences.

Protein and lipid gains

The primary determinant of SID lysine requirements is 
Pd, influenced by factors such as genotype, sex, age, 
social interactions, and environmental and nutritional 
conditions (Schinckel and De Lange 1996). The poten
tial Pd is the one achieved under no limiting 
circumstances, so that the pig can express its genetic 
potential at various stages of growth. Pigs raised 
under common circumstances are unlikely to express 
their potential growth, even if they are fed ad libitum 
diets with no limiting contents of nutrients. To minim
ise the impact of these limiting factors, pigs of the 
current experiment were raised in two rooms with 
automated ventilation systems; the ambient tempera
ture averaged 24 ± 3.5 �C and the relative air humidity 
57 ± 9%. Pigs were fed ad libitum with automated 
single-space feeding stations. During the late finishing, 
pigs experienced brief periods of high temperatures 
(27–30 �C), potentially reducing feed intake and grow
ing performance and consequently lysine require
ments (Stahly et al. 1979). However, in some 
circumstances, growth and feed intake responses to 
dietary lysine were independent of environmental 
temperature (Ferguson et al. 2000). Hence, overall con
ditions were deemed excellent to provide acceptable 
pictures of the growth potential under adequate SID 
lysine intake.

Protein deposition rates in this study align with lit
erature values for modern lean pigs (De Greef et al. 
1992; NRC 2012), peaking at 183 g/d (119–146 days, 
�86 kg eBW) and averaging 147 g/d (42–185 kg eBW). 
Protein depositions consistent with those of current 
research were also reported by Wecke and Liebert 
(2009) (140 to 160 g/d) and by Schiavon et al. (2022) 
on purebred Goland-C21 barrows and gilts. In contrast, 
Manini et al. (1997) reported Pd (�100 g/d, 80–160 kg 

BW) in Duroc � (Large White� Landrace) pigs under 
restricted feeding (8% BW0.75). Differences likely stem 
from genetic background, BW range, and energy 
restrictions (van Milgen et al. 2008; Malgwi et al. 
2021). Notably, the Goland-C21�Camborough-43 pigs 
of current research maintained high Pd (�120 g/d) 
even in late finishing (153–185 kg eBW). Results indi
cate that under non-limiting conditions (42–185 kg 
eBW), Goland-C21�Camborough-43 pigs exhibit 
robust growth, achieving 147 g/d Pd, 274 g/d Ld, and 
931 g/d eBW gains. Their capacity for Ld supports fat 
covering, marbling, and dry-cured ham quality.

Pigs under the L treatment showed lower eBW gain 
and Pd compared to the MH pigs, despite the 
unchanged feed intake, indicating insufficient SID 
lysine for growth. In contrast, ML pigs had growth 
comparable to MH and H treatments, suggesting 
adequate lysine intake. SID lysine intake in L pigs 
ranged from 11.3–19.6 g/d, while ML pigs received 
15.2–23.2 g/d.

The SID lysine intake per unit of weight gain in ML 
pigs (18.5 g/kg on average) aligns with NRC (2012) rec
ommendations (19.4–20.0 g/kg). Becker et al. (2022) 
reported 23.0 g/kg gain (85–110 kg BW), while Soto 
et al. (2019) found minimal gain improvement above 
17.0 g/kg BW. Variations in the lysine needs per unit of 
weight gain among studies may reflect the use of dif
ferent response criteria and dose-response analytical 
models (Song et al. 2022). Noblet (2005) stated 
that, considering 16% as a protein content of weight 
gain, with little variation in BW, sex, and genotype, 
the Lysine requirement can be assumed to be 18 g/kg 
gain. Thus, also taking this last value as a reference, 
the L and the ML pigs of the current experiment 
would have received, on average, insufficient 
(17.1 g/kg) and sufficient (18.5 g/kg) amounts of SID 
lysine, respectively.

SID lysine partitioning and SID lysine requirement 
of the pig population

Factorial methods to determine the SID lysine require
ments need knowledge of the whole-body Pd and the 
efficiency of SID lysine deposition (van Milgen and 
Dourmad 2015). While the Pd can be evaluated with 
reasonable accuracy, the efficiency of SID lysine 
deposition is still controversial, as a huge variation 
(0.32 to 0.95) is reported in the literature (Heger et al. 
2002). In this regard, it is interesting to observe that, 
based on comparative slaughter experiments and after 
adjusting for between-pig variations, NRC (2012) sug
gested a linear decrease in efficiency of SID lysine 
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deposition with increasing BW, so that at 20 and 
120 kg BW the efficiency is assumed to be 0.682 and 
0.568, respectively. In contrast, the marginal SID lysine 
efficiency for Pd in the InraPorc model is assumed to 
be constant and equal to 0.72 (van Milgen et al. 
2008). Pieces of evidence that this efficiency does not 
vary with BW have been presented and discussed in 
Dourmad et al. (1996). However, as these estimates 
are derived from growing pigs within the 20–110 kg 
body weight range, there appears to be a lack of 
research focusing on heavier pigs.

The estimates of the efficiency of lysine deposition 
would be affected by the assumptions used in the 
computations. In the current experiment, the marginal 
SID lysine intake was determined as the difference 
between total SID lysine intake and the SID lysine 
amount required for maintenance. This latter was 
computed according to InraPorc (van Milgen and 
Dourmad 2015), which produces estimates that are 
greater than those of NRC (2012). Despite this, the 
maintenance needs are limited to a few grams per 
day. In the current experiment, they vary from 1.3 to 
2.0 g/d, depending on the level of DMI intake and the 
metabolic weight (7–14% of total SID lysine allow
ance). Another source of variation would originate 
from the assumed Lysine retention in Pd. This propor
tion was found to vary considerably between 5.5 to 
7.3 g/100 g Pd (Mahan and Shields, 1998). However, 
there is substantial agreement that the lysine reten
tion in Pd can be assumed in the order of 7.0 g/100 g 
(NRC 2012; van Milgen and Dourmad 2015). An add
itional factor contributing to variation is the marginal 
intake of SID lysine compared to the requirement. The 
marginal efficiency of SID lysine deposition can be 
defined only when the marginal intakes are below the 
requirement for Pd, so that Pd is reduced proportion
ally to the deficit. In the current experiment, the L 
treatment was frequently found to reduce Pd com
pared to ML. The estimated marginal efficiencies 
achieved for the L group fluctuated between 0.64 to 
0.72, with an overall mean of 0.68, which is close to 
the 0.72 proposed by van Milgen et al. (2008). 
However, as the L and the ML groups did not differ 
for Pd in the first age interval (p¼ 0.13), it is sug
gested that the L pigs would have received SID lysine 
in slightly excess of the requirements in that period. 
This would have contributed to some reduction of the 
overall marginal efficiency. The marginal efficiency of 
SID lysine deposition exerts a strong impact on the 
prediction of the SID lysine requirements. Based on 
the result of the present research, we can compare 
the SID lysine requirements resulting from the 

application of the estimating procedures proposed by 
NRC (2012), van Milgen and Dourmad (2015), and the 
current experiment (Figure 2). The values resulting 
from this study are similar to those of van Milgen and 
Dourmad (2015), as the only difference between them 
is lower marginal efficiency for SID lysine deposition 
of current research (0.68 vs. 0.72). In contrast, the 
NRC’s (2012) requirements are much greater, and the 
difference with the other two increases with increasing 
BW, as a result of decreasing marginal feed efficiency 
with increasing BW assumed by NRC (2012). Thus, the 
use of the NRC requirements would result in an over
estimation of the SID lysine provision, particularly in 
heavy pigs. Thus, the results of the present study 
suggest that the marginal efficiency of SID lysine util
isation proposed in the InraPorc model can be suc
cessfully applied for heavy pigs (>140 kg BW) and for 
pig genotypes selected for both high Pd and Ld 
potentials. This aligns with our previous experiment 
with purebred Goland-C21 barrows and gilts, where 
the marginal efficiency of SID lysine utilisation in a 
group of pigs fed insufficient SID lysine averaged 0.72 
(Schiavon et al. 2022) and with the results of 
Kyriazakis and Emmans (1995), who found that pigs of 
different breeds have the same efficiency in protein 
deposition.

Based on growth performance, the daily SID lysine 
requirements estimated in this study were equal to 
18.5, 20.6, 16.3, and 14.2 g/d in the BW intervals of 45 
to 75, 75 to 110, 110 to 160, and 160 to 200 kg, 
respectively. These values are slightly higher than 
those proposed by NRC (2012) for similar BW intervals, 
reflecting that the pig population of the current 
research performs better than that taken as a refer
ence some years ago (NRC 2012). However, the SID 
lysine requirements were markedly lower than those 
proposed by the NRC (2012) when expressed as feed 

Figure 2. Total SID lysine requirement for Goland-C21 x 
Camborough-43 growing-finishing pigs at different body 
weights using equations of van Milgen and Dourmad (2015; 
InraPorc), NRC (2012), and the present study.
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contents. This is because of the greater voluntary feed 
intake of the current pig population compared to the 
NRC’s reference. The greater feed intake of the pig 
line used might be a consequence of the genetic 
selection oriented towards the achievement of pigs 
with good aptitudes for both lean growth and 
adequate fat covering of the thighs, which is a trait 
related to the ham seasoning quality (Carc�o et al. 
2019).

Conclusions

In conclusion, this study evidenced that the InraPorc 
model can be used as a precise and accurate tool to 
describe the ME partitioning of the Goland-C21 x 
Camborough-43 barrows and gilts. It was confirmed 
that the MEm can be considered constant at about 
0.961 MJ/kg0.60, even for BW >140 kg, commonly not 
reported in the literature, and for pig genotypes suit
able for dry-cured ham production. It was found that 
some increase in this scaled MEm requirement could 
be observed when the pigs receive insufficient protein 
supply, but the issue deserves further research. Data 
from this experiment also suggested that the marginal 
efficiency of SID lysine utilisation for Pd can be consid
ered constant with increasing BW at 0.68, a value 
close to the 0.72 proposed by the InraPorc model. The 
current paper also provides an estimation of the vol
untary ME intakes and the SID lysine requirement for 
the maintenance and growth of the pig population 
under investigation. This information would permit 
optimisation of the nutrient allowance tailored to the 
final production goals, thus supporting more sustain
able and cost-effective dry-cured ham production 
systems.
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