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Differences in producing performance and organoleptic meat characteristics among pig genotypes and/or
producing types are widely known. These parameters are also subjected to the animal’s development,
feeding and management. Detailed knowledge of the effects of production phase (PP), pig producing type
(PT), dietary protein availability and their interactions on nutrient digestibility, nitrogen balance and pro-
tein metabolism is essential information to improve precision feeding techniques. The experiment was a
2 (PP) � 2 (PT) � 2 (diet) factorial design conducted with 32 male pigs, 16 entire F2 pigs progeny of
Pietrain sires and Duroc � Landrace dams, and 16 castrated purebred Durocs belonging to two production
phases (growing: 29.5 ± 3.19 v. fattening: 88.6 ± 6.26 kg BW), and assigned to one of two dietary CP levels,
either standard (SP: 17% in growing and 15% in fattening) or low (LP: 15% in growing and 13% in fatten-
ing). Viscera and muscle fractional protein synthesis rates (FSRs; %/day) were conducted through a single
infusion of 15% L-[ring-2H5]-phenylalanine, with subsequent blood sampling from 12 to 40 min, and sam-
ple collection of liver, duodenum, biceps femoris and longissimus dorsi skeletal muscles after sacrifice.
Fattening animals acquired a greater feed ingestion capacity, average daily gain (P < 0.01) and apparent
ileal digestibility, whereas growing pigs showed higher FSRs in both viscera (duodenum and liver) and in
longissimus dorsi. F2 pigs showed higher average daily gain, nitrogen retention rates and FSR in liver and
longissimus dorsi (P < 0.01). Nevertheless, apparent ileal digestibility in all essential amino acids was
lower in F2 compared with Duroc pigs (P < 0.05). Protein metabolism was barely influenced by dietary
CP content, although animals fed LP registered the lowest apparent ileal digestibility for CP and also
for most of the essential amino acids compared with SP-fed pigs. This information may reveal differences
in amino acid requirements between both PTs, with Duroc pigs receiving excess of dietary amino acids.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

Performance parameters and carcass quality are important fea-
tures in the swine industry that are influenced by different factors
such as age, genotype, gender and diet. In the present study, differ-
ences in protein metabolism, amino acid digestibility and nitrogen
balance between two commercially tested productive types of pig
were identified, which may evidence differences in their use of
nutrients and amino acid requirements. Although further experi-
ments are needed to validate the results obtained, our findings pro-
vide valuable information to refine rationing models in livestock
precision feeding.
Introduction

Precision feeding systems are tools designed to improve feed
efficiency by reducing production costs and environmental load
(Pomar and Remus, 2019). They rely on accurately matching nutri-
ent supply to animal’s requirements according to its genetic merit,
physiological and health status. Due to the significant diversity
existing among livestock production systems, there is still a poten-
tial to improve efficiency, but it is necessary to identify what
causes specific variations over a large range of systems and nutri-
tional scenarios.

The existing literature has consistently described the influence
of breed and gender on both performance and carcass quality in
swine (Latorre et al., 2003); some breeds have been selected to
produce low-cost lean meat, whereas others (i.e. fatty pigs from
breeds like Duroc or Iberian) are transformed in high-quality
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products with some specific features such as higher levels of intra-
muscular fat (Gol et al., 2019). Diet composition (Ruiz-Ascacibar
et al., 2019a) and animal’s weight are also factors that might influ-
ence growth rates of tissues and carcass composition (Álvarez-Ro
dríguez and Teixeira, 2019), especially in terms of fat incorpora-
tion. For this reason, males chosen to produce fatty pigs and
slaughtered at higher weight are submitted to castration to avoid
boar taint, whereas leaner breeds usually not. Therefore, commer-
cial pig farms can deliver two distinctive products with a direct
impact on the nutritional requirements, needed to fulfill their
physiological potential (i.e. fractional protein synthesis rate, FSR)
and their resilience to nutritional changes (i.e. protein restriction).
Moreover, due to the different precocity exhibited in animals sub-
jected to both types of products, it might be reasonable to expect
variations in their use of nutrients depending on their availability
(i.e. level of CP) and their interaction with production phase (PP;
growing or fattening) (Brossard et al., 2019; Poklukar et al., 2020).

In order to assess nutritional requirements in a precision feed-
ing system, it is essential to understand, not only the mechanisms
involved with nutrient absorption but also with the relationship
between protein turnover and real amino acid (AA) requirements.
The present study aims to determine the influence of two produc-
ing types (PTs), commercial hybrids selected for producing lean
meat against castrated purebred Duroc pigs (raised as fatty ani-
mals), at two different PPs (growing v. fattening) on their
digestibility, nitrogen balance and FSR, together with the effect of
moderate protein restriction in both types of animals.
Material and methods

Animals and experimental diets

The study was conducted at the Swine Research Center, located
in Torrelameu (CEP; Lleida, Spain) during the June and July months.
32 male pigs from two PTs and two PPs (growing and fattening)
were used, where 16 were entire males [F2: Pietrain
sires � (Duroc � Landrace) dams], in growing (n = 8; 30.5 ± 1.36
kg BW; mean ± SD) and in fattening (n = 8; 91.1 ± 1.23 kg BW) peri-
ods. Same number of surgically castrated purebred Duroc was used
in growing and fattening periods (28.5 ± 1.03 and 86.1 ± 2.74 kg
BW, respectively). For each PP, two experimental diets with differ-
ent CP concentration [standard (SP) or low (LP)] were formulated
to be isocaloric, and to meet the nutrient requirements recom-
mended by the Fundación Española para el Desarrollo de la Nutri-
ción Animal (FEDNA, 2013). Moreover, crystalline amino acids
were supplemented to ensure similar concentration of essential
AAs in both diets, as well as to avoid potential effects of lowering
CP supply in LP treatments. Table 1 shows the ingredients and
chemical composition of the different diets given to the animals
during the trial.

During the growing period, four animals from each PT were fed
SP diet (17% CP), and four received LP diet (15% CP). Same pattern
was conducted during the fattening period, where four animals
from each PT were fed SP and the rest LP diets (15% and 13% CP
for SP and LP diets, respectively). With the objective of determining
their apparent digestibility coefficient, all experimental diets were
supplemented with titanium dioxide (TiO2) as external marker at
the rate of 5 g TiO2/kg DM.
Experimental design

The experiment lasted 11 days for each pig. After 5 days of diet
adaptation, animals were individually weighed, catheterized (Dru-
cafit� Splittocan, B-Braun, Melsungen, Germany) into the right
external jugular vein and allotted in individual metabolic cages
2

(2 � 1.04 m2) for 6 days under controlled environmental and
antiseptic conditions. Catheters were flushed daily with hep-
arinized saline solution. Water and feed intake, as well as fecal
and urinary excretion, was measured daily. During the last 3 days
of the trial, urine was collected in H2SO4 (100 ml; 10% v/v) and
fecal spot samples (�50 g) were obtained by rectal stimulation.
Fecal samples were stored immediately at �20 �C for further
analyses.

On the last day of the trial, animals were submitted to the flood-
ing dose technique to determine the FSR, following Garlick et al.
(1980). In brief, an initial blood sampling was conducted in order
to determine natural phenylalanine enrichment. Then, a flooding
dose of phenylalanine was infused continuously for 10 min
through the jugular catheter. Infusion of phenylalanine consisted
of a 3.7 ml/kg BW of sterilized saline dilution containing 15 mg/
kg BW of L-[ring-2H5]-phenylalanine (2H5-phenylalanine) (Cam-
bridge Isotope Laboratories CIL; Andover, MA), and 85 mg/kg BW
of L-phenylalanine (Sigma-Aldrich, Steinheim, Germany). Follow-
ing the start of the infusion, a series of blood extractions were per-
formed at 12, 15, 20, 25, 30 and 40 min. Then, plasma was obtained
by centrifugation (3 000g for 10 min) and kept frozen at �80 �C
until analysis. Immediately after the last blood sampling, animals
were euthanized with sodium thiopental (Esteve S.A., Oudewater,
Netherlands), bodies were weighed, eviscerated and liver, duode-
num, longissimus dorsi and biceps femoris skeletal muscles were
sampled from the left half carcass. Ileal digesta samples were also
collected. All samples were immediately stored at �80 �C until fur-
ther analyses. Both liver and skeletal muscles from the right half
carcass were dissected and weighed.

Analytical procedures

Both feces and urine samples were thawed at 4 �C overnight and
pooled into one feces and one urine sample for each animal. Both
ileal and pooled fecal samples were freeze-dried and ground. Feed
samples and feces were analyzed for DM (ref. 934.01), organic mat-
ter (OM) (ash, ref. 942.05) and ether extract (EE) (ref. 920.39) fol-
lowing the proximate analysis procedures described by the
Association of Official Analytical Chemists (AOAC, 2006). The pro-
portion of NDF was determined according to Van Soest et al.
(1991), using a-amylase but not sulfites, and subtracting ashes
from the residue.

The CP (nitrogen � 6.25) content in all samples, including feed,
feces, ileal content, urine and tissues, was performed by Dumas
combustion (Tru Spec CN; Leco Corporation, St. Joseph, MI, USA)
(International Organization for Standardization (ISO), 2008). Urine
samples were spun (3 500g for 2 min) to discard impurities before
determination of the nitrogen content.

TiO2 as a digesta marker was analyzed in ileum, feces and feed
ashes using inductively coupled plasma mass spectroscopy (Agi-
lent Technologies 7 700X model, Tokyo, Japan) following
Darambazar (2019) procedure in which sample preparation con-
sisted in a digestion process with 6.5 ml of H2SO4 (7.4 M, 1.5 h at
200 �C), a cooling step and the addition of 5 ml of H2O2 (30% (v/v)).

Amino acid analyses

Analyses of AAs were performed by means of a Multiple Reac-
tion Monitoring method (MRM) implemented in an Ultra-HPLC
Acquity system (Waters, Milford, MA) coupled to a triple Quadru-
pole mass spectrometer (Micromass MS Technologies, Manchester,
UK). Plasma free AAs were obtained as described by Piraud et al.
(2005). Briefly, 200 ml of plasma was mixed with 800 ml of metha-
nol, vortexed (2 min) and maintained at room temperature for
10 min. The extract was then centrifuged (17 500g for 5 min)
and 50 ml aliquot of the supernatant was preserved. Free AAs from



Table 1
Ingredients and chemical composition (g/kg DM) of the two-phase experimental diets, differing in 2% CP concentration (standard protein, SP v. low protein, LP) for pigs of growing
and fattening production phases.

Growing Fattening

15% CP
(LP)

17% CP
(SP)

13% CP
(LP)

15% CP
(SP)

Ingredients
Corn 294.8 246.5 190.3 99.2
Barley 290.0 287.8 466.0 512.8
Wheat 200.0 200.0 200.0 200.0
Soybean meal 137.6 195.0 65.8 113.6
Beet pulp dehydrated 30.0 30.0 30.0 30.0
Calcium carbonate 13.4 13.2 10.0 10.0
Mono Calcium phosphate 9.4 8.8 7.0 6.4
Soybean oil 9.0 6.3 17.0 17.1
L-Valine 6.8 8.0 0.0 0.0
Sodium chloride 4.6 4.6 4.1 4.1
L-Lysine HCl 4.2 2.4 3.7 2.1
Vitamin- Mineral mix1 4.0 4.0 4.0 4.0
L-Threonine 1.6 0.8 1.2 0.5
DL-Methionine 1.0 0.5 0.6 0.3
L-Tryptophan 0.3 0.2 0.2 0.0

Chemical composition
DM (g/kg FM) 900.1 897.1 909.9 908.4
CP 147.2 166.9 129.27 154.95
Ether Extract 24.9 26.9 39.7 43.2
Ash 65.8 70.3 58.1 52.8
NDF 173.3 179.9 211.8 211.6
ME (kcal/kg) 3 108 3 094 3 185 3 185

Abbreviations: FM = fresh matter; ME = metabolizable energy.
1 Vitamin mineral mixture composition (per kg of complete diet): vitamin A, 2.4 mg A; vitamin D3, 0.02 mg; vitamin E, 40 mg; vitamin B1, 0.8 mg; vitamin B2, 4 mg; vitamin

B6, 1.6 mg; vitamin B12, 2.4 � 10–2 mg; vitamin K3, 1.2 mg; pantothenic acid, 8 mg; niacin, 16 mg; biotin, 0.08 mg; folic acid, 0.4 mg; citric acid, 0.264 mg; Co (CoSO4 � 7H2O);
0.16 mg; Cu (CuSO4 � 5H2O), 128 mg; Fe (FeCO4), 72 mg; Mn (MnO2), 23.8 mg; Zn (ZnO), 80 mg; Se (Na2SeO3), 0.24 mg; I (KI), 0.32 mg; choline chloride, 280 mg; 6-phytase,
600 FYT; endo-(1.4)-ß-glucanase, 2 000 BGU; endo-(1.4)-ß-xylanase, 4 800 FXU; ethoxyquin, 0.264 mg.
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viscera tissues (liver, duodenum) and muscles were obtained as
described by Qin et al. (2015); briefly, 300 mg of ground freeze-
dried samples were homogenized (in 2 ml of distilled water and
2 ml of methanol (1/1 v/v)), incubated (4 �C for 30 min) and cen-
trifuged (10 000g for 10 min). Finally, 100 ml of the supernatant
was preserved.

Amino acids from tissue protein, feed and ileal digesta samples
were obtained by hydrolysis of the remaining pellet after free AA
extraction, feed and freeze-dried ileal digesta samples, respec-
tively. Hydrolysis was performed following Colgrave et al. (2008),
in which samples (75 mg of tissue pellet; 50 mg of feed; 50 mg
of ileal digesta) were incubated (5 ml of HCl 6 N (with 0.02% phe-
nol)) during 24 h at 110 �C under nitrogen steam. After hydrolysis,
tubes were cooled and centrifuged (3 000g for 30 min), and 50 ml
aliquots were then reserved.

All reserved aliquots were evaporated and re-diluted in 500 ml
of water/acetonitrile (15/85 v/v), vortexed and filtered through a
0.20 mm hydrophilic PTFE membrane. Ultra-HPLC/MRM analyses
were performed following Guo et al. (2013), on a BEH Amide col-
umn (2.1 � 150 mm; 1.7 mm). Transitions of MRM were tested in
our conditions for alanine, arginine, aspartic acid, cysteine, glycine,
glutamic acid, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, proline, serine, threonine, tyrosine and valine.

To monitor protein synthesis, the transition of 2H5-
phenylalanine was added to the MRM method. Precursor/product
ion pairs were determined obtaining the following values: 171.22
> 106.14/171.22 > 125.26. Cone voltage and collision energy were
optimized for all the transitions, and the absence of crossed signal
between phenylalanine and 2H5-phenylalanine channels was
checked.

Calibration curves were constructed from a commercial AA
standard mixture (Sigma-Aldrich, St. Louis, MO, USA) spiked with
2H5-phenylalanine and diluted to a series of appropriate concen-
trations with water/acetonitrile (20/80 v/v). Tryptophan concen-
3

tration was not determined due to its partial degradation under
our hydrolysis conditions. Results were processed using QuanLynx
software (MassLynx, Waters Corporation, Milford, MA, USA).
Calculations

Apparent nutrient digestibility was calculated using the
nutrient-to-marker ratio in diet, feces and ileum, as follows:

y ¼ 1� markerfeed
markerds

� Zds

Zfeed

� �

where y represents the coefficient of apparent digestibility of a
nutrient at a certain segment;
Zds and Zfeed represent the nutrient concentration in the diges-
tive segment and in the feed, respectively;
markerfeed and markerds represent marker (TiO2) concentrations
in feed and digestive segments, respectively.

Plasma and tissue 2H5-phenylalanine enrichment was
expressed as molar percent excess (MPE), where labeled pheny-
lalanine moles are calculated as percentage of the sum of unlabeled
and labeled phenylalanine moles. The percentage of tissue protein
synthesized per day (FSR, %/day) was calculated from the equation:

FSR ¼ MPEbound

ave MPEfree
� 100

t

� �

where MPEbound is the enrichment in 2H5-phenylalanine of protein-
bound phenylalanine in tissues; ave MPEfree is the average of the
enrichment in 2H5-phenylalanine of the free phenylalanine pool in
the same tissue, between time 0 until the end of the sampling per-
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iod, assuming that free phenylalanine in tissues follows equivalent
kinetics than in plasma; t is the labeling time in days.

Supplementary Fig. S1 shows decreases in the MPE (%) of free
phenylalanine in plasma over time, as well as the MPE (%) of free
phenylalanine recorded in the target tissues.

Absolute protein synthesis rate (ASR) as the amount of protein
synthesized per day (g/day) in liver and each muscle was calcu-
lated as follows:

ASR ¼ FSR
100

� tissue total protein content ðgÞ

Total CP content in liver and muscle was determined after its
manual dissection, sampling and nitrogen determinations.

Statistical analysis

All statistical analyses were performed using the MIXED model
using SAS statistical software (v9.4; SAS Institute Inc., Cary, NC,
USA), in a completely randomized design with a pig as the exper-
imental unit. Nutrient intake, growth performance, apparent nutri-
ent digestibility, fractional and absolute synthesis rate, and
nitrogen balance data were analyzed as follows:

Y ijklmn ¼ lþ PPi þ PTj þDIk þ ðPP � PTÞl þ ðPP� DIÞm
þ ðPT � DIÞn þ eijklmn

where Y is the dependent variable, m is the mean value, PPi is the
production phase (growing and fattening), PTj is the producing type
(Duroc and F2), DIk is the diet (SP and LP) along with their possible
interactions, and eijklmn is the error.

The three-way interaction did not affect any parameter and was
removed from the final model.

Differences between least square means were assessed using
Tukey multiple comparison test. Results were reported as least
square means and their standard error. Significant differences
and tendencies were declared at P � 0.05 and 0.05 < P < 0.10,
respectively.

Results

Intake and growth performance

Daily intake of DM, OM, CP, EE and NDF, together with the per-
formance indices such as average daily gain and feed conversion
ratio during both PPs, is shown in Table 2. Daily intake of DM,
OM, CP, EE and NDF increased (P < 0.01) with age. Interaction effect
between PP and PT tended to be significant. In growing period, DM
and OM intake was numerically higher in lean pigs, while in fatten-
ing period, the opposite trend was true (P = 0.08 and 0.09, for DM
Table 2
Average daily intake of DM, organic matter (OM), CP, ether extract (EE) and NDF, and growt
pigs at growing (29.50 kg) and fattening (88.62 kg) phases fed two experimental diets, w

Parameters Phase (PP) Producing type
(PT)

Diet (DI)

Growing Fattening Duroc F2 LP

Nutrient Intake (g/day)
DM 824 2 029 1 450 1 403 1 448
OM 768 1 916 1 364 1 320 1 361
CP 158 321 242 236 222
EE 21.4 83.9 53.9 51.4 51.7
NDF 145.7 429.4 293.3 281.8 291.6

Performance
ADG (g/day) 426 933 615 743 744
FCR (g/g) 2.1 2.3 2.3 2.1 2.0

Abbreviations: ADG = average daily gain; FCR = feed conversion ratio.

4

and OM intake, respectively). As it was expected, CP intake was sig-
nificantly higher in SP pigs (P = 0.01). Average daily gain increased
with age (P < 0.01) and F2 males grew faster when LP diet was
given (Interaction effect PT � dietary CP level, P = 0.03, see
Fig. 1a). Pigs fed LP diets were more efficient in converting feed
than SP ones expressed as feed conversion ratio (P = 0.02). F2 pigs
showed better feed conversion than Durocs in fattening phase
(Interaction effect between PP and PT, P = 0.02, see Fig. 1b).
Coefficients of apparent total tract and apparent ileal digestibility

Effects of PP, PT and dietary CP content on DM, OM, CP, EE and
NDF apparent total tract digestibility coefficients (ATTDs) are pre-
sented in Table 3. Except for EE, which was more digested as ani-
mals aged (P < 0.01), small differences in ATTD were observed
among PPs. Duroc pigs showed higher EE (P = 0.03) and NDF (trend,
P = 0.07) ATTD, compared with F2. Dietary CP content also tended
to affect (P = 0.08) CP digestibility, where SP diets showed a higher
rate.

Table 4 shows the apparent ileal digestibility (AID) of DM, CP
and essential AAs, while Supplementary Table S1 includes AID of
conditionally essential and non-essential AAs. Fattening pigs
showed higher AID for DM (P < 0.01), and growing F2 pigs the low-
est DM digestibility (Interaction effect PP � PT, Supplementary
Fig. S2). Rates of DM and CP digestibility were greater for Duroc
animals with respect to F2 ones (P < 0.01). Moreover, dietary CP
content also affected CP ileal digestibility, where pigs fed SP diets
digested more CP in ileum (P < 0.01, Table 4). Except for isoleucine,
methionine and valine, AID of essential AAs was affected by the PP,
being greater (P < 0.05) in fattening pigs, but did not have influence
on most of the conditionally essential and non-essential AAs. Ser-
ine (P = 0.01) was more digestible in the ileum of fattening pigs;
however, glutamic acid showed the opposite effect (P < 0.01).

Duroc pigs showed higher AID for all the AAs studied (see
Table 4). Histidine, leucine, phenylalanine, threonine, cysteine,
proline and serine AID were lower for F2 pigs in the growing phase
(Interaction effect PP � PT, P < 0.05, Supplementary Figs. S3 and
S4). The higher CP content of SP diets also elevated the AID on most
of the studied AAs, except for lysine, methionine, threonine, pro-
line and glycine.
Viscera and muscle protein synthesis

All pigs fully recovered 1 day after catheterization surgery, and
their DM intake and average daily gain remained within the range
proposed for pigs of their age. Nevertheless, the jugular catheter of
one of the Duroc pigs in fattening period was (accidentally)
removed from its place the day before L-phenylalanine infusion;
h performance parameters in F2 [Pietrain sires � (Duroc � Landrace) dams] and Duroc
ith a standard (SP) and low (LP) CP concentration.

P-value

SP SEM PP PT DI PP � PT PT � DI

1 405 50.4 <0.01 0.55 0.58 0.08 0.15
1 323 47.6 <0.01 0.54 0.60 0.09 0.15
257 8.6 <0.01 0.65 0.01 0.1 0.15
53.6 1.99 <0.01 0.42 0.54 0.13 0.12
283.5 10.33 <0.01 0.47 0.61 0.10 0.14

615 47.6 <0.01 0.09 0.08 0.13 0.03
2.4 0.13 0.20 0.28 0.02 0.02 0.20



Table 3
Apparent total tract digestibility (ATTD, %) of DM, organic matter (OM), CP, ether extract (EE) and NDF in animals of two different production phases (PP, growing v. fattening) and
two producing types of pig (F2 crossbred and purebred Duroc) fed with two dietary levels of protein (low, LP v. standard, SP).

Parameters Phase (PP) Producing type (PT) P-value

Growing Fattening Duroc F2 SEM PP PT PP � PT

DM 90.6 89.4 90.2 89.8 0.47 0.08 0.63 0.38
OM 91.5 90.4 91.1 90.8 0.42 0.09 0.60 0.51
CP 89.2 87.7 88.4 88.5 0.63 0.11 0.95 0.70
EE 70.0 81.3 78.7 72.6 1.83 <0.01 0.03 0.90
NDF 76.8 74.2 77.1 74.0 1.18 0.13 0.07 0.45

Table 4
Apparent ileal digestibility (AID, %) of DM, CP and essential amino acids (AAs) of 15 purebred Durocs and 16 F2 pigs, in growing and fattening phases and fed two dietary levels of
CP (low, LP v. standard, SP).

Parameters Phase (PP) Producing type
(PT)

Diet (DI) P-value

Growing Fattening Duroc F2 LP SP SEM PP PT DI PP � PT PT � DI

DM 79.2 88.4 87.4 80.3 82.7 85.0 1.17 <0.01 <0.01 0.2 <0.01 0.42
CP 82.3 83.7 85.9 80.1 80.1 85.8 1.42 0.5 0.01 0.01 0.09 0.25

Essential AAs
Histidine 70.9 80.9 81.8 70.0 69.9 81.9 2.45 0.01 <0.01 <0.01 0.01 0.13
Isoleucine 79.5 82.9 85.8 76.7 78.7 83.8 1.47 0.11 <0.01 0.02 0.06 0.17
Leucine 74.5 87.2 86.2 75.5 76.8 85.0 2.46 <0.01 0.01 0.03 0.03 0.41
Lysine 80.1 87.7 86.6 81.2 84.0 83.9 1.72 <0.01 0.04 0.97 0.07 0.18
Methionine 90.1 88.2 91.7 86.6 87.5 90.9 1.43 0.36 0.02 0.11 0.15 0.15
Phenylalanine 80.1 85.2 86.0 79.3 79.7 85.6 1.50 0.03 <0.01 0.01 0.04 0.28
Threonine 66.4 84.3 81.0 69.7 74.4 76.2 2.28 <0.01 <0.01 0.58 0.02 0.59
Valine 78.8 78.7 81.8 75.7 75.1 82.3 1.76 0.98 0.02 0.01 0.16 0.22

Fig. 1. Average daily gain (ADG) affected by the interaction of the productive type (PT; Duroc v. F2) and the dietary CP (standard, SP v. low, LP) (a). Feed conversion ratio (FCR)
affected by two interactions: production phase (PP; Growing v. Fattening) and pig PT (b). Above each bar, different letters (a,b) indicate significant differences (P < 0.05). Error
bars = SEM.
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therefore, no FSR measurements were obtained from that animal.
Fractional and absolute synthesis rates of protein are presented
in Table 5.
Table 5
Fractional (FSR) and absolute protein synthesis rate (ASR) in duodenum and liver viscera ti
(n = 8) and purebred Duroc pigs (n = 7), fed with two dietary CP levels (low, LP v. standar

Tissue Phase (PP) Producing type
(PT)

Diet (D

Growing Fattening Duroc F2 LP

FSR (%/day)
Duodenum 53.3 44.9 52.0 46.2 48.8
Liver 46.7 39.0 36.1 49.6 42.3
Biceps femoris 6.6 8.1 7.2 7.6 7.0
Longissimus dorsi 10.7 9.0 7.6 12.1 9.8

ASR (g/day)
Liver 58.1 123.8 82.3 99.6 96.3
Biceps femoris 4.1 18.3 9.6 12.8 10.9
Longissimus dorsi 13.9 38.3 20.3 32.0 26.4

5

Overall, FSR was numerically higher in viscera tissues than in
muscles and decreased with age in most of the target tissues,
except for biceps femoris, where the opposite trend was observed
ssues, and in biceps femoris and longissimus dorsi skeletal muscles in F2 crossbred pigs
d, SP).

I) P-value

SP SEM PP PT DI PP � PT PT � DI

49.4 2.23 0.02 0.09 0.84 0.89 0.01
43.4 2.02 0.01 <0.01 0.71 0.01 0.50
7.7 0.25 <0.01 0.23 0.07 0.82 0.26
9.9 0.49 0.02 <0.01 0.86 <0.01 0.40

85.6 4.99 <0.01 0.02 0.15 0.15 0.28
11.6 0.43 <0.01 <0.01 0.27 0.01 0.99
25.8 1.84 <0.01 <0.01 0.81 0.39 0.72
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(P < 0.01; Table 5). Hybrid F2 pigs showed higher FSR in liver and in
longissimus dorsi (P < 0.01) compared with Duroc. On the contrary,
Duroc pigs tended (P = 0.09) to synthesize more protein in duode-
num compared with F2 animals, becoming significant in LP diets
(P = 0.01). Moreover, in liver and longissimus dorsi, FSR differences
registered between Duroc and F2 at growing phase (P < 0.01) did
disappear in fattening pigs (Interaction effect PP � PT, P < 0.05,
Fig. 2, b) and c). Dietary CP content did not impact FSR except for
biceps femoris, where SP diet tended to lead to higher synthesis
rates (P = 0.07). Regarding ASR, PP influence was significant
(P < 0.01) on all the studied tissues, showing as expected a superior
body mass in the finishing phase. As happened with the FSR, F2
pigs showed higher ASRs (P < 0.05) compared with Duroc pigs.
Absolute synthesis rate was not estimated for duodenum due to
lack of exact tissue weight.
Nitrogen balance

Daily nitrogen intake and excretion (feces and urine) together
with the nitrogen balance, as the difference between input and
output, are presented in Supplementary Table S2. As expected, ani-
mals during fattening period ingested, excreted, and retained more
nitrogen (P < 0.01) than growing animals. At fattening, more nitro-
gen was excreted via urine in Duroc pigs compared with F2
(P < 0.01, Supplementary Fig. S5), reflecting also in less retention
in the former (P < 0.01). Feeding SP diets to animals significantly
increased nitrogen intake (P < 0.01) and tended to increase its
retention (P = 0.08).
Discussion

Methodological approach

The main objective of this trial was to refine protein require-
ments in pigs by analyzing the specific impact of genotype (i.e.
PT), dietary CP restriction (2% reduction) and their potential inter-
actions. The experiment was conducted in two different stages of
development (phases), (a) when animal retains mostly protein
Fig. 2. Fractional synthesis rate (FSR) of duodenum affected by the interaction of pro
longissimus dorsi (b) and liver (c) affected by the interaction of production phase (PP; Grow
by the interaction of PP and PT (d). Above each bar, different letters (a,b) indicate signifi
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(20–30 kg BW) and (b) when fat becomes the principal component
of the daily body gain (80–90 kg BW). To detect potential differ-
ences in protein metabolism and to refine requirements, FSR [in
muscle (longissimus dorsi, biceps femoris) and viscera (liver and
duodenum)] together with ileum AA-digestibility and nitrogen bal-
ance were determined.

Our experimental approach involved both surgery and confine-
ment in metabolic cages to the pigs under study to get digestibility,
nitrogen balance and FSR results; such a complex experimental
procedure limited the number of available animals for the experi-
ment. Authors are aware that having 32 animals for a 2� 2 � 2 fac-
torial design might have been a limiting factor to reach consistency
in both results and conclusions; however, the absence (or scarce
impact) of interaction effects among main factors would indicate
that, in this scenario, experimental underpowering was not a rele-
vant issue, and hence the number of animals used was considered
enough to achieve the proposed objectives.

In relation to the genotypes employed it is necessary to point
out that some Duroc-crossbred lines have been selected to improve
lean deposition, although pure Duroc breed remains the most com-
mon line exploited as a fatty pig to produce high-quality products
with high intramuscular fat infiltration (Latorre et al., 2003). To
commercially promote such features, Duroc males are castrated
early and slaughtered at higher ages, while lean breed males, des-
tined for leaner pork cuts, are not. Since one of the main objectives
of the present assay was to study protein metabolism under com-
mercial conditions, Duroc males were surgically castrated. More-
over, castration may involve maximizing potential differences
between PTs. The anabolic effects of testicular hormones seem to
impact feed efficiency, nitrogen retention and protein deposition
in entire males (Ruiz-Ascacibar et al., 2019b). Hence, definition of
breed throughout the text has been replaced by PT, which includes
the effect of genotype plus castration in the case of Duroc males.

Effect of production phase

As expected, fattening pigs (88.6 ± 6.26 kg BW) showed higher
level of feed intake and average daily gain (Table 2), along with
higher AID of essential AAs in ileum; however, growing pigs (29.
ducing type (PT; Duroc v. F2) and dietary CP (standard, SP v. low, LP) (a). FSR of
ing v. Fattening) and pig PT. Absolute synthesis rate (ASR) of biceps femoris affected

cant differences (P < 0.05). Error bars = SEM.
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5 ± 3.19 kg BW) showed an improved FSR in almost all tissues ana-
lyzed. Only ATTD for EE was significantly higher in fattening pigs,
which is consistent with the existing literature (Noblet et al.,
2013). Several studies have reported that nutrient digestibility
increases linearly with the animal’s development, mainly due to
a lessening in the digesta transit (Noblet et al., 2013) and/or the
development of hindgut microbiota (Knecht et al., 2020). In the
present study, fattening pigs showed better AID for DM as well
as for most of the essential AAs (histidine, leucine, lysine, pheny-
lalanine and threonine). Digestibility coefficients for AAs were vari-
able but did agree with previous studies (Liu et al., 2016). Such
variability could be explained by differential affinity either for
molecular transport through the brush border membrane (Bröer,
2008), or the variation in AA richness in the endogenous fraction
(Mosenthin et al., 2000).

Despite the variability in FSR data in the existing literature due
to differences in animal age and analytical procedures, our FSR
(%/day) findings were within the range proposed by previous
authors (Rivera-Ferre et al., 2005; Wang et al., 2007). Differences
in FSR between viscera and skeletal muscle tissues have also been
reported, being superior to the former tissues mainly due to their
higher metabolic activity and protein turnover. Increased protein
metabolism, fast growth and highly efficient protein synthesis in
young mammals have been widely documented, peaking at birth
and decreasing rapidly afterwards (Davis et al., 2008). In our study,
FSR in biceps femoriswas an exception, being significantly higher in
the fattening period. Authors are not aware of previous data to
confirm the reported exception, although muscles from the hind
limb show a later maturation than those from the rest of the body
(Darinskii, 1975).

Effect of producing type

Previous experimental evidence (Morales et al., 2002) has been
suggested that fatty pigs (i.e. Iberian or Duroc) have higher volun-
tary feed intake than modern lean lines (i.e. Landrace or Pietrain).
This is consistent with our findings during the fattening phase,
although the differences recorded did not reach statistical signifi-
cance; however, the opposite trend was detected during the grow-
ing phase. It has traditionally been accepted that Duroc is a fatter
breed, due to its high intramuscular fat content. However, genetic
selection exercised on Duroc pigs to ameliorate leanness and
reduce fat content has improved lean gain in Duroc lines. Several
studies have evidenced that Duroc or Duroc-crossbred pigs grow
at a similar rate (Čandek-Potokar et al., 1998) or even faster than
lean breeds (Latorre et al., 2003).

Authors are not aware of data showing differences in nutrient
digestibility among PTs, but in our case, Duroc pigs showed higher
ATTD (for EE and NDF) and AID (for DM, CP and all the AAs),
although it was not translated to better CP retention rates or lower
nitrogen excretion. Intestine is a very active metabolic organ
responsible of releasing AAs into the peripheral blood for the rest
of the organism, but it has been detected that the quantity and pro-
portion of AAs in the portal system differ from that absorbed by the
intestine (Baracos, 2004). Considering the high tendency for Duroc
pigs to have higher duodenum FSR, an important part of the AAs
absorbed by the intestine may have been used for its own protein
metabolism.

Fractional synthesis rate values obtained from both liver and
longissimus dorsimuscle in F2 pigs were higher than those of Duroc
pigs, suggesting that F2 pigs synthesized a higher proportion of
protein on a daily basis (%/day: 37% and 59%, for liver and longis-
simus dorsi, respectively). Moreover, differences were more pro-
nounced in young pigs, and diminished with age and/or
development (PP � PT interaction). In biceps femoris muscle, FSR
differences did not reach statistical significance, although ASR also
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differs between PTs (on average 33%, see Fig. 2d) because of the
greater protein pool in F2.

The higher FSR and ASR (just ASR in the case of biceps femoris)
shown by lean pigs should explain their tendency to grow faster.
In this sense, Rivera-Ferre et al. (2006) also reported greater pro-
tein deposition in Landrace than Iberian gilts, but in contradiction
with the present results, no breed differences were reported in FSR,
when nitrogen flows were calculated by cumulative urinary iso-
tope excretion after an oral dose of [15N]-glycine. Likewise,
Rivera-Ferre et al. (2005), using an identical 2H5-phenylalanine
protocol than the current study, concluded that Iberian pigs
showed higher synthesis rates in muscles and viscera than Lan-
drace pigs. According to the existing literature, the type of muscu-
lar fiber could affect FSR; thus those animals with predominantly
slow-twitch oxidative fibers (type I) showed greater FSR than those
with fast-twitch glycolytic (type II) ones (Goodman et al., 2012).
Nonetheless, Duroc pigs seem to have a higher proportion of
slow-twitch oxidative fibers than Pietrain boars (Werner et al.,
2010); however, the possibility that crossbred F2
[Pietrain � (Duroc � Landrace)] have higher proportion of slow-
twitch oxidative fibers than purebred Duroc pigs seems to be neg-
ligible. Therefore, the mechanism underlying the differences in FSR
between Duroc and F2 should be related with additional factors,
such as the effect of gender or castration on protein metabolism
that needs to be further elucidated.

Nevertheless, the predominant type of muscle fiber in the ani-
mal may not be the only factor conditioning the rate of protein
synthesis. In this sense, Liu et al. (2015) found that some Landrace
lines showed higher abundance of protein precursors related to
protein deposition and muscle growth in their tissues, such as p-
AKT, mTOR, p70S6K, than a Chinese indigenous fatty pig (Bama
mini-pig). The abundance of such positive regulators also
decreases with age and thus reduces the protein synthesis in skele-
tal muscle. In fact, mTOR (serine/threonine protein kinase) is an
important mechanism for the regulation of protein synthesis in
cells (Deng et al., 2014), and when it phosphorylates other proteins
such as ribosomal protein p70S6K coordinates gene transcription
and protein translation, involved in the regulation of growth, pro-
liferation and differentiation of cells.

Effect of dietary CP

Experimental diets were formulated to meet the nutrition
requirements for growing/fattening pigs (FEDNA, 2013). Although
CP concentration in LP diets was reduced by 2%, requirements of
essential AAs were covered in both diets by using crystalline AAs.
The CP reduction improved both average daily gain and feed con-
version ratio (see Table 2). A reduction to certain levels (2–3%) with
optimal adjustment of AAs is widely accepted, and allows to main-
tain animals growth and performance, promote nitrogen accretion
(Wang et al., 2019), and in consequence reduce both cost of feeding
and nitrogen waste. An interaction in feed conversion ratio
between PP and dietary CP content was seen, being differences
between diets more pronounced in the growing period. Better feed
efficiencies were provided by LP diets, which is consistent with
Wang et al. (2019) who showed that pigs in growing phase were
more sensitive to CP diet changes than in fattening phase.

The effect of dietary CP on AID of DM, CP, and AAs was investi-
gated. When dietary CP was reduced by two percentage units, the
AID of DM was maintained, as was the ATTD of DM and the rest of
nutrients, except for CP. Pigs fed LP diet presented lower AID for
most AAs, including histidine, isoleucine, leucine, phenylalanine,
and valine.

Although the precise relationship between dietary CP supply
and AID is open to discussion, several studies agree with our find-
ings by describing how protein AID increases linearly with dietary
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CP until reaching a plateau (Furuya and Kaji, 1989; Li et al., 1993;
Fan et al., 1994). Moreover, Furuya and Kaji (1989) stated that
influence of endogenous AAs on AID becomes negligible at CP
levels like those proposed in our study. In this sense, Fan et al.
(1994) described that both CP and AAs AID tend to reach a plateau,
but not simultaneously: CP, methionine, threonine and tyrosine
ileal digestibility leveled off when dietary CP reached values of
15.36, 13.70, 15.53 and 16.29%, respectively; anyway, this plateau
is over the CP level reached in LP diets (14.7 and 12.9% for growing
and fattening animals, respectively). On the other hand, the oppo-
site effect was also described by Li et al. (1993), although the study
is based on early-weaned pigs and they applied higher levels of CP
inclusion (19.5–25.5% of CP), obtaining a reduction in AID when
dietary CP increased. In their study, authors claim that the total
supply of AAs from the high protein diets may have exceeded the
maximum capacity of efficiency of AA transport throughout the
intestinal mucosa. Our study never reached those CP levels, and
our animals exhibited a more developed digestive tract.

Incorporation of free AAs from crystalline form varied among
experimental diets (1.4 and 1.2 in growing and 0.57 and 0.29% in
fattening pigs, for LP and SP, respectively). This fact might have
influenced AID since crystalline AAs are rapidly and completely
absorbed (Otto et al., 2003). However, incorporation of free syn-
thetic AAs may imply less secretion of proteolytic enzymes, due
to a lower intact dietary protein present in the small intestine,
and that fact might have influenced AID (Yen et al., 2004). There-
fore, a long-term effect of crystalline AAs inclusion on AID is unpre-
dictable (Wang et al., 2019).

Experimental diets were formulated to cover all essential AA
requirements, however a slight but significant diet effect on FSR
was observed. Protein restriction tended to decrease FSR in biceps
femoris (Table 5); moreover, in lean animals, duodenal-FSR was
also restricted when giving LP diet (PT � dietary CP content,
Fig. 2a). In that sense, the observed restriction cannot be explained
by essential AAs metabolism (such fraction did not differ among
diets) although it can be hypothesized that the observed reduction
in FSR could be a consequence of a possible restriction of non-
essential AAs supply in lean (F2) pigs to attain the maximum
potential of protein accretion. In relation to the existing literature,
no effect of CP or lysine restriction on FSR was reported by Rivera-
Ferre et al. (2005), although, Sève et al. (1986) observed that by
decreasing CP supply in young pigs (17 days old), duodenal protein
metabolism experimented a FSR depression, but with increases in
protein accretion due to a concomitant decrease in fractional
degradation rate. In agreement with the former author, Li et al.
(2016) demonstrated that diet may be relevant at longer experi-
mental periods since skeletal muscle can be stimulated by the
availability of AAs (i.e. arginine, lysine or leucine). Such stimulation
would disappear with animal’s maturity (De Bandt, 2016).
Conclusions

Most of the parameters studied were influenced by the PP,
where fattening pigs had higher growth, apparent digestibility
coefficients and tissue protein accretion, whereas growing pigs
showed more active protein metabolism. Although Duroc pigs
showed higher AID for all the AAs, growing F2 pigs got higher FSRs
in liver and longissimus dorsi and higher nitrogen retention rates
with lower nitrogen waste. This information may reveal differ-
ences in AA requirements between both PTs, with Duroc pigs
receiving excess of dietary AAs. A 2% reduction of dietary CP con-
centration in the LP diets resulted in improved average daily gain
and feed conversion ratio. Although this dietary CP reduction was
detrimental for AA, apparent digestibility and nitrogen retention
hardly affected the protein synthesis rates.
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