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Preface to ”Innovative Production Strategies for

High-Quality, Traditional Pig Products”

In a number of European countries (e.g., Spain, Italy, France, Portugal, Slovenia, Croatia,

Poland), a portion of the pig sector is aimed at the production of traditional and certified products

(e.g., PDO—Protected Designation of Origin, PGI—Protected Geographical Indication). Dry-cured

ham is probably the most famous traditional pork product; however, typical pork products are

produced in (and exported to) many countries worldwide. The meat used for producing these

high-quality delicacies needs to be suitable for seasoning and dry-curing, and these characteristics

are the result of complex interactions between the animal (breed, genotype, rearing condition, feeding

regime, age and weight at slaughter, etc.) and the environment, without disregarding the importance

of ethical attributes such as animal welfare and the environmental impact.

This Special Issue focuses on all the innovative production strategies for pigs intended

for high-quality, typical productions (in terms of higher sustainability of the whole production

chain, improvement of animal welfare, innovative feeding and farming techniques, reduction in

environmental impact, improvement in meat and fat quality, etc.), with emphasis on PDOs, PGIs,

and other recognized production schemes, and it is aimed at providing new insights for a wide range

of stakeholders from different countries.

Giovanna Martelli, Eleonora Nannoni

Editors

vii
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Simple Summary: The increase in altitude will bring about a complex change in a series of elements
of nature, which will have a profound impact on human production and life. Studying domestic
animals in the native environment is an effective way to explore the impact of high altitude on human
life, and at the same time is conducive to the development of local animal husbandry. Here, we
found that the hypoxic adaptation of Tibetan pigs may be related to higher levels of VEGFA, HIF1
and myoglobin expression. The higher aerobic oxidative capacity of Tibetan pigs is beneficial to
improve energy utilization, and the higher UFA content of Tibetan pigs is beneficial to cold resistance.
In addition, Tibetan pigs have higher levels of BCAA and Myh2 expression, which serve to relieve
muscle fatigue and improve endurance. In addition, it was observed that there are obvious differences
in carcass and meat quality traits of different altitudes pigs. Taken together, our findings illustrate the
adaptability of Tibetan pigs to high altitude from various perspectives and compare carcass and meat
quality traits of three pig breeds.

Abstract: The carcass and meat quality traits of pig breeds living at three different altitudes (Yorkshire
pigs, YP: 500 m; Qingyu Pigs, QYP: 1500 m; Tibetan pigs, TP: 2500 m) were compared. It was observed
that there are obvious differences in pig breeds with respect to performance parameters. Specifically,
YP had the best carcass traits, showing high slaughter rates and leanest meat. Conversely, QYP had
the highest back fat thickness and intramuscular fat (IMF) content. For the high-altitude breed TP, the
animals exhibited low L* and high a* values. The genotypes contributing to the observed phenotypes
were supported by a PCR analysis. The glycolytic genes expression (HK, PFK, PK) were highest in
YP, whereas expression of genes related to adipogenesis (C/EBPα, FABP4, SCD1) were highest in QYP.
As expected, genes associated with angiogenesis and hypoxia (HIF1a, VEGFA) were expressed at the
highest levels in TP. The composition and proportion of amino and fatty acids in pig muscles at the
three altitudes examined also varied substantially. Among the breeds, TP had the highest proportion
of umami amino acids, whereas QYP had the highest proportion of sweet amino acids. However, TP
also exhibited the highest proportion of essential fatty acids and the lowest proportion of n6:n3. This
study explains the high-altitude adaptive evolution and the formation of meat quality differences in
different altitude pigs from various angles and provides a reference for local pork food processing
and genetic improvement of local pigs.

Animals 2019, 9, 1080; doi:10.3390/ani9121080 www.mdpi.com/journal/animals1
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1. Introduction

In many countries and regions, the various cultures have a tradition of eating pork as a central
part of their diet. According to Food and Agriculture Organization of the United Nations (FAO,
http://www.fao.org/faostat/zh/#data/QL), global pork production and consumption have long exceeded
30% of the total meat production and consumption. The development of pig production and related
industries has greatly improved the quality of life of people worldwide [1]. Pig carcass and meat quality
traits are the most economically important features for breeders, food developers, and consumers.
Traditionally, pig breeders have pursued high growth rates and lean meat. Consequently, these traits
have resulted in less desirable pork. However, consumers have recently begun to pursue meat of higher
quality and flavor [2]. Heirloom and local pig breeds provide these rich traits for the development of
pork [3,4].

Yorkshire pigs (YP) are one of the main varieties of the modern pig industry, with high growth
rates and lean meat percentage, which is representative of the advanced breeding levels. Qingyu Pigs
(QYP) are typical fat-type Chinese local pig breeds that is widely distributed throughout the mountain
areas around the Sichuan Basin [5]. Tibetan pigs (TP) are typical high-altitude pig breeds that live
on the Qinghai-Tibet Plateau, and are important to the lives of about 11 million people residing on
the plateau. The extremely high-altitude adaptability of Tibetan pigs is not observable in other pig
breeds [6]. In-depth research on Tibetan pigs also helps us understand the hypoxic adaptation of
plateau species [7].

The development of novel pig breeds through selective breeding is a long and complex process,
which is often determined by both the local environment and people’s eating habits [8]. In-depth
studies of pork quality not only provide a reference for improved breeding and food development of
pigs, but can also provide insights into the local history and social culture. Protecting local germplasm
resources is of great significance for the maintenance and promotion local food culture.

In the current study, the carcass traits, meat quality, amino acid, and fatty acid composition of pig
breeds were examined. Additionally, the expression of genes involved in muscle development, fat
deposition, and glycolysis were examined as well. All of these traits were examined in the context of
the environmental and social factors that influence pork quality differences, and sought to understand
food development strategies based on meat quality indicators. The results of this research can serve as
a reference for local specialty food development and local pig genetic improvement.

2. Materials and Methods

All experimental protocols and procedures conducted are in accordance with the requirements of
the Sichuan Agricultural University Ethics Committee.

2.1. Animals and Treatments

A total of 80 pigs were used in this study: 39 Yorkshire pigs (YP), including 20 males and 19 females,
slaughtered at 180 days of age; 17 Qingyu pigs (QYP), including 8 males and 9 females (QYP1—5
pigs slaughtered at 180 days of age; QYP2—12 pigs, slaughtered at 300 days of age); 24 Tibetan pigs
(TP), including 12 males and 12 females, slaughtered at 300 days of age. Altitude distribution of three
pig breeds was shown in Figure 1. All male pigs were castrated. Ingredients of the basal experiment
diets is shown in Table S1. After fasting with ad libitum access to water for 24 h, pigs were electrically
stunned and exsanguinated. Approximately 10 g of a tissue core was collected from the last rib of
the longissimus dorsi muscle, immediately placed in liquid nitrogen, and transferred to −80 ◦C for
subsequent amino and fatty acid analysis, and qRT-PCR.
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Figure 1. Altitude distribution of three pig breeds.

2.2. Measurement of Carcass Characteristics

Carcass weight was recorded after evisceration. Dressing percentage was calculated from the
individual live weight and carcass weight measures (pig’s head, internal organs, hooves and tail
were removed from the carcasses) [4]. Accurately strip the muscles and bones of the pig carcass (the
difference between the sum of each part and the weight before splitting was less than 1%). The carcass
lean, fat, and bone percentages were calculated. Back fat depth (average of the seventh and last ribs,
and the thickest part of the shoulder) were also assessed. Marbling score was performed using the
standard 5 scoring scale system [4].

2.3. Measurement of Physical Correlates of Meat Quality

Muscle pH values of the longissimus dorsi muscle were measured at 45 min and 24 h postmortem
using a portable pH meter (model 720A; Orion Research Inc., Boston, MA, USA). Meat color, including
lightness (L*), redness (a*), and yellowness (b*) were assessed at 45 min and 24 h postmortem on
the longissimus dorsi muscle using a Minolta CR-300 colorimeter (Minolta Camera, Osaka, Japan).
Warner–Bratzler shear force (WBS) was determined using a texture analyzer (TA.XT. Plus, Stable Micro
Systems, Godalming, UK) equipped with a Warner–Bratzler shearing device. After being stored at
4 ◦C for 72 h, a cuboid muscle of longissimus dorsi muscle was cooked in a circulating water bath held
at 80 ◦C until the core temperature reached 70 ◦C, then cooled to room temperature. Hot dog shearing
procedure was used in the test. Drip loss, shear force, and cooking loss of the longissimus dorsi muscle
samples were measured as previously described [9,10].

2.4. Muscle Chemical Composition

Muscle chemical composition determination was performed as previously defined [10,11]. The
crude protein was determined using the Kjeldahl method, and intramuscular fat content was determined
by the Soxhlet extraction. Ash refers to the residue remaining after incineration of all organic materials
in a high temperature furnace at 600 ◦C.

2.5. Quantitative Real-Time PCR

The frozen longissimus dorsi muscle was ground to a powder using liquid nitrogen, and total RNA
was extracted from 40 mg of tissue homogenate using the triazole reagent (TaKaRa, Dalian Plateau,
China). First strand cDNA was synthesized using the PrimeScript First Strand cDNA Synthesis Kit
(TaKaRa). Quantitative real-time PCR (qRT-PCR) was performed using the SYBR Premix Ex Taq kit
(TaKaRa) on a CFX96 real-time PCR detection system (Bio-Rad, Richmond, CA, USA). To calculate
relative mRNA expression, the 2−ΔΔCt method [12] was used with β-actin as the internal reference.
The primer sequences used for qRT-PCR are listed in Table S2.

2.6. Analysis of Free Amino Acids (FAA) and Fatty Acid

Prior to FAA analysis, 80 mg of tissue was homogenized, and 1000 uL pre-treatment solution
(acetonitrile: water 1:1) was added. The suspensions were then shaken for 60 min. Next, the samples
were centrifuged at 13,200 rpm/min for 10 min, and the supernatants were collected. The supernatant

3
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fluids were used to determine FAA composition using liquid chromatography-mass spectrometry
(Liquid phase: LC-20AD, Shimadzu, Japan; Mass Spectrometry: 5500 Q TRAP LC-MS/MS, AB SCIEX,
USA). Pretreatment of fatty acid samples was accomplished by homogenizing 100 mg of tissue. Next,
2 mL of n-hexane was added, and shaken at 50 ◦C for 30 min, at which point 3 mL of KOH methanol
solution (0.4 mol/L) was added. The samples were then shaken for 30 min at 50 ◦C. Next, 1 mL of
water and 2 mL of n-hexane were added, and the samples mixed. The mixture was then allowed
to stand for stratification. The upper layer was collected, and fatty acids were detected using gas
chromatography-mass spectrometry (GC-MS 7890B-5977A, Agilent, USA).

2.7. Statistical Analysis

All data were reported as mean ± standard deviation (SD). The differences between two groups
were analyzed by Student’s t-test. Groups of three or more were analyzed by one-way ANOVA.
Statistical analyses were conducted using SPSS 20.0 software (IBM, Almond, NY, USA). Differences
were considered significant when p < 0.05.

3. Results

3.1. Carcass Traits

The carcass traits of the three pig breeds all showed significant differences (Table 1). The lean
carcass percentage and loin eye area of YP were significantly higher (p < 0.05) than both QYP and TP.
Furthermore, the carcass fat percentage, back fat thickness, and marbling scores of YP were significantly
lower (p < 0.05) than was observed in the other breeds. The carcass weight and length of TP were
significantly lower (p < 0.05) than both QYP and YP. The designations of QYP1 and QYP2 refer to
Qingyu pigs of 180 days old and 300 days old, respectively. The carcass fat percentage, backfat
thickness, and marbling scores of QYP1 and QYP2 were all significantly higher (p < 0.05) than YP
and TP. Notably, the body weight, carcass length and backfat thickness of QYP2 were all significantly
higher (p < 0.05) than QYP1. However, none of the other parameters assessed exhibited any significant
differences between the two ages.

Table 1. Pig carcass traits.

Carcass Traits YP (n = 39) QYP1 (n = 5) QYP2 (n = 12) TP (n = 24) Significance

Carcass weight, kg 84.60 ± 9.39 a 44.64 ± 3.99 b 70.32 ± 16.96 a 28.88 ± 4.04 c <0.001
Carcass length, cm 81.09 ± 2.27 a 64.4 ± 2.97 b 73.83 ± 11.74 a 57.4 ± 2.71 c <0.001

Dressing, % 74.87 ± 3.05 a 66.85 ± 5.03 b 71.61 ± 7.8 ab 69.69 ± 2.23 b 0.002
Bone rate, % 13.1 ± 2.07 a 9.26 ± 1.78 b 11.41 ± 3.57 ab 10.84 ± 1.62 b 0.037

Carcass lean, % 64.11 ± 5.59 a 43.32 ± 2.94 bc 40.68 ± 5.12 b 47.87 ± 3.63 c <0.001
Carcass fat, % 22.79 ± 4.80 a 47.34 ± 3.96 b 47.79 ± 8.41 b 41.16 ± 3.64 c <0.001

Back fat thickness, cm 1.89 ± 0.48 a 3.33 ± 0.54 b 4.14 ± 1.14 c 2.59 ± 0.5d <0.001
Loin eye area, cm2 49.39 ± 8.27 a 17.84 ± 3.67 bc 20.85 ± 3.42 c 14.08 ± 3.48 b <0.001

Marbling scores 1.05 ± 0.5 a 2.63 ± 0.48 b 3.13 ± 0.53 bc 2.46 ± 0.45 b <0.001

Different letters indicate significant difference (p < 0.05).

3.2. Meat Quality and Muscle Chemical Composition

The characteristics affecting meat quality are presented in Table 2. Among the three pig breeds, the
L*45 min value, b*45 min value, L*24 h value, b*24 h value, and drip loss of the YP were significantly
higher (p < 0.05) than those of QYP and TP. However, the pH 45 min value, pH 24 h value and a*45
min value were significantly lower (p < 0.05) than the QYP and TP breeds. The L*45 min and a*45 min
values of TP were significantly lower (p < 0.05) than QYP and YP. The b*45 min value and ash content
of the two stages of QYP were significantly lower (p < 0.05) than YP and TP.

4
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3.3. Expression of Genes in Longissimus Dorsi Muscle

In order to better understand the differences in the meat quality of the three pig breeds, the
expression of genes associated with pig carcass traits, meat quality, and high altitude adaptation were
analyzed. The expression levels of MyoD and MyoG in YP were significantly higher (p < 0.05) than
those of QYP and TP, while the expression of MSTN in TP was significantly higher (p < 0.05) than
that of QYP and YP (Figure 2A). The expression levels and content ratios of Myh4 and Myh7 in the
longissimus dorsi muscle of YP were significantly higher (p < 0.05) than those of the other two breeds,
and the expression and proportion of MYh2 in TP were significantly higher (p < 0.05) than those in YP
and QYP (Figure 2B,C). The expression of HK, PFK, and PK in TP were significantly higher (p < 0.05)
than QYP and TP (Figure 2D). The expression of VEGFA, HIF1, and Mb in TP were significantly higher
(p < 0.05) than was observed in QYP and YP (Figure 2E). The expression of C/EBPα, FABP4, and SCD1
in YP were significantly lower than QYP and TP (Figure 2F).

Table 2. Meat quality and chemical composition of the longissimus dorsi muscle.

Meat Quality YP (n = 32) QYP1 (n = 5) QYP2 (n = 12) TP (n = 12) Significance

PH 45 min 6.28 ± 0.17 a 6.8 ± 0.31 b 6.6 ± 0.3 bc 6.51 ± 0.15 c <0.001
PH 24 h 5.7 ± 0.29 a 6.11 ± 0.17 b 5.92 ± 0.33 b 6 ± 0.11 b 0.002
L*45 min 46.99 ± 1.98 a 43.65 ± 3.25 b 41.03 ± 2.76 b 38.84 ± 2.7 c <0.001
a*45 min 5.93 ± 1.15 a 8.42 ± 2.08 b 10.59 ± 2.99 b 12.57 ± 2.27 c <0.001
b*45 min 6.75 ± 0.73 a 0.6 ± 0.42 b 1.7 ± 1.57 c 3.14 ± 0.64 d <0.001
L*24 h 52.63 ± 3.31 a 47.71 ± 4.61 b 45.77 ± 2.46 b 44.89 ± 4 b <0.001
a*24 9.82 ± 1.94 a 8.83 ± 1.97 a 11.05 ± 2.96 ab 12.14 ± 2.73 b 0.026
b*24 h 7.83 ± 0.91 a 3.49 ± 1.21 b 4.97 ± 2.03 b 5.11 ± 2.57 b <0.001
Drip loss, % 3.75 ± 1.81 a 1.91 ± 0.48 b 2.12 ± 0.59 b 2.37 ± 0.35 b 0.013
Cooking loss, % 34.40 ± 1.82 33.96 ± 2.29 36.94 ± 8.23 33.26 ± 4.08 0.341
Shear force, kg 9.9 ± 3.49 6.05 ± 2.68 6.44 ± 2 4.7 ± 1.86 0.694
Crude protein, % 21.58 ± 3.77 ab 24.22 ± 0.52 a 21.89 ± 0.96 ab 20.27 ± 2.36 b 0.077
Intramuscular fat, % 1.43 ± 0.55 a 2.48 ± 0.3 b 4.62 ± 1.85 c 1.88 ± 0.33 ab <0.001
Ash, % 2.19 ± 0.5 a 1.35 ± 0.07 b 1.15 ± 0.06 b 2.73 ± 1.47 a <0.001

Different letters indicate significant difference (p < 0.05).

 
Figure 2. Gene expression in longissimus dorsi muscle. (A) The expression of genes involved in
muscle development in longissimus dorsi muscle. Myogenic differentiation 1 (MyoD), myogenin
(MyoG), Myocyte enhancer factor 2c (Mef2c), Myostatin (MSTN). (B,C) The expression and abundance
of different subtypes of Myosin heavy chain (MyHC). (D) The expression of genes involved in muscle
glycolysis and aerobic oxidation. Hexokinase (HK), phosphofructokinase (PFK), pyruvate kinase (PK),
pyruvate dehydrogenase (PDH), citrate synthase (CS), isocitrate dehydrogenase (IDH), oxoglutarate
dehydrogenase (OGDH). (E) The expression of vascular endothelial growth factor-A (VEGFA), hypoxia
inducible factor-1 (HIF1), and myoglobin (Mb). (F) The expression of CCAAT/enhancer binding protein
(C/EBPα), adipocyte fattyacid-binding protein (FABP4), and stearyl coenzyme A dehydrogenase-1
(SCD1), n = 3–6. All results are presented as means ± SEM. Different letters indicate significant
difference (p < 0.05).
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3.4. Free Amino Acid Content

In view of small differences between meat quality traits and genes expression between QYP1 and
QYP2 and the differences among other pig breeds, Qingyu pigs were represented in the follow-up
study by QYP2 (pigs with usual slaughter age). As can be seen in Table 3, with the exception of Phe,
Asn, Gly, and Asp, the amino acids in the longissimus dorsi muscle of the three breeds examined were
significantly different (p < 0.05). The Lys and His content of YP was observed to be significantly higher
(p < 0.05) than in QYP and TP. Furthermore, Gln of QYP was significantly higher (p < 0.05) than YP
and TP, whereas ILe, Leu, Val, Trp, Met, Ser, Tyr, and Glu in TP were significantly higher (p < 0.05) than
the other two breeds.

Table 3. Free amino acid concentration of longissimus dorsi muscle (%).

AA YP (n = 6) QYP (n = 6) TP (n = 6) p Value

Ile 2.09 ± 0.33 a 2.16 ± 0.29 a 3.69 ± 0.31 b <0.001
Leu 2.76 ± 0.23 a 3.47 ± 0.48 b 4.01 ± 0.52 c 0.001
Lys 5.95 ± 0.5 a 3.6 ± 0.53 b 3.8 ± 0.48 b <0.001
Thr 2.93 ± 0.26 a 3.53 ± 0.4 b 3.76 ± 0.32 b 0.002
Val 2.62 ± 0.32 a 3.49 ± 0.36 b 4.18 ± 0.39 c <0.001
Trp 0.93 ± 0.09 a 0.25 ± 0.04 b 1.05 ± 0.10 c <0.001
Met 1.33 ± 0.11 a 0.97 ± 0.38 b 3 ± 0.28 c <0.001
Phe 2.18 ± 0.44 a 2.61 ± 0.52 ab 2.77 ± 0.21 b 0.063
Arg 4.02 ± 0.55 a 2.92 ± 0.49 b 3.89 ± 0.57 a 0.005
His 15.31 ± 1.29 a 2.69 ± 0.26 b 8.36 ± 1.1 c <0.001
Asn 1.86 ± 0.17 1.8 ± 0.35 2.03 ± 0.11 0.246
Ser 2.58 ± 0.2 a 3.19 ± 0.54 b 3.93 ± 0.46 c <0.001
Gly 7.36 ± 1.53 7.61 ± 1.09 8.01 ± 1.56 0.727
Ala 20.22 ± 2.25 ab 21.73 ± 2.11 a 17.82 ± 2.5 b 0.031
Tyr 2.73 ± 0.11 a 1.79 ± 0.26 b 4.83 ± 0.34 c <0.001
Gln 17.52 ± 2.61 a 30.9 ± 4.33 b 14.12 ± 0.97 a <0.001
Glu 3.96 ± 1.44 a 4.21 ± 0.39 a 7.44 ± 0.86 b <0.001
Asp 0.65 ± 0.15 ab 0.86 ± 0.82 a 0.19 ± 0.09 b 0.079
Pro 3.00 ± 0.13 a 2.21 ± 0.32 b 3.13 ± 0.31 a <0.001

Different letters indicate significant difference (p < 0.05).

Further analysis indicated that the proportion of umami amino acids in TP was 7.67%, which was
significantly higher (p < 0.05) than was observed in both YP and QYP (Figure 3A). The sweet amino
acid concentration of QYP was as high as 72.61%, and 77.01% for essential amino acids (EAA), which
were significantly higher (p < 0.05) than YP and TP (Figure 3A,B).

Figure 3. Analysis of amino acid composition in the longissimus dorsi muscle. (A) Amino acid ratios
of longissimus dorsi muscle with different flavors in different pig breeds. (B) Proportion of essential
amino acids (EAA) and non-essential amino acids (NEAA) in longissimus dorsi muscle of different pig
breeds. All results are presented as means ± SEM. n = 6. Umami AA: Glu, Asp; Sweet AA: Gly, Ala,
Ser, Thr, Pro, Gln, Lys; Bitter AA: Tyr, Arg, His, Val, Met, Ile, Leu, Trp, Phe.
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3.5. Fatty Acid Levels

In the three pig breeds examined, a total of 22 fatty acids were measured. Only C10:0 and C14:0
were observed at similar levels among all three breeds. Among the 20 fatty acids, YP and TP contained
the highest proportions of C18:1n9, reaching 49.80% and 54.81%, respectively. The QYP contained the
highest proportion of C16:0, reaching 22.90%. In addition, C15:0, C16:0, C17:0, C17:1, C18:2n6, C18:3n3,
C20:4n6, C20:5n3, C22:0, and C24:0 in QYP pigs were observed to be significantly higher (p < 0.05)
than YP and TP. Conversely, TP exhibited the highest levels of C16:1, C18:1n9, C20:0, C20:1, C20:3n3,
and C22:1n9 (p < 0.05) (Table 4).

Table 4. Fatty acid composition (%) of longissimus dorsi muscle.

FAA YP (n = 6) QYP (n = 6) TP (n = 6) p Value

C10:0 0.07 ± 0.01 0.06 ± 0.05 0.06 ± 0.01 0.689
C12:0 0.07 ± 0.01 a 0.01 ± 0.02 b 0.05 ± 0.01 a <0.001
C14:0 1.33 ± 0.13 1.31 ± 0.18 1.34 ± 0.14 0.964
C15:0 0.03 ± 0.01 a 0.10 ± 0.01 b 0.03 ± 0.02 a <0.001
C16:0 13.95 ± 0.77 a 22.90 ± 0.69 b 15.60 ± 0.86 c <0.001
C16:1 3.13 ± 0.48 a 3.40 ± 0.41 a 5.60 ± 1.04 b <0.001
C17:0 0.17 ± 0.04 a 0.35 ± 0.02 b 0.15 ± 0.05 a <0.001
C17:1 —— 0.28 ± 0.01 a 0.17 ± 0.04 b <0.001
C18:0 16.37 ± 1.72 a 15.81 ± 0.47 a 11.77 ± 0.53 b <0.001
C18:1n9 49.80 ± 3.02 a 22.79 ± 1.8 b 54.81 ± 3.34 c <0.001
C18:2n6 9.91 ± 2.53 a 21.46 ± 2.04 b 6.48 ± 1.65 c <0.001
C18:3n3 0.56 ± 0.14 a 0.60 ± 0.09 a 0.33 ± 0.07 b <0.001
C20:0 0.24 ± 0.09 a 0.17 ± 0.02 a 0.32 ± 0.05 b 0.002
C20:1 1.09 ± 0.25 a 0.55 ± 0.1 b 1.41 ± 0.12 c <0.001
C20:2 0.58 ± 0.12 a 0.52 ± 0.08 a 0.4 ± 0.07 b 0.016
C20:3n3 0.06 ± 0.01 a 0.06 ± 0.01 a 0.24 ± 0.12 b 0.001
C20:4n6 2.56 ± 1.21 a 9.13 ± 1.03 b 1.08 ± 0.61 c <0.001
C20:5n3 0.04 ± 0.02 a 0.23 ± 0.04 b 0.03 ± 0.02 a <0.001
C22:0 0.02 ± 0.01 a 0.04 ± 0.00 b 0.02 ± 0.00 a <0.001
C22:1n9 0.02 ± 0.01 a 0.03 ± 0.00 a 0.09 ± 0.02 b <0.001
C23:0 —— 0.04 ± 0.01 —— ——
C24:0 0.02 ± 0.01 a 0.05 ± 0 b 0.02 ± 0.01 a <0.001

Different letters indicate significant difference (p < 0.05).

Next, analysis of the ratios of polyunsaturated fatty acid (PUFA) and PUFA/SFA (saturated fatty
acid) indicated significantly higher levels in QYP than in both YP and TP (p < 0.05). In contrast, TP
were observed to have the highest levels of monounsaturated fatty acids (MUFA) of TP (p < 0.05). It is
worth noting that the n6/n3 ratio of QYP was observed to be significantly higher (p < 0.05) than that of
YP and TP (Figure 4).
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Figure 4. Analysis of fatty acid composition and characteristics in the longissimus dorsi muscle.
(A) Composition of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and
polyunsaturated fatty acids (PUFA) in longissimus dorsi muscle of different pig breeds. (B) Percentage
of PUFA/SFA in longissimus dorsi muscle of different pig breeds. (C) Ratio of n6:n3 of longissimus
dorsi muscle in different pig breeds. All results are presented as means ± SEM. n = 6. Different letters
indicate significant difference (p < 0.05).

4. Discussion

The differences in body composition among the different breeds were largely expected due to the
breed itself and the different rearing conditions. The three pig breeds from low, intermediate, and high
altitudes interestingly exhibited not only different body types, but different breeding intensities as
well [13]. A workhorse of the pork industry, YP undergoes high-intensity modern breeding, whereas
QYP is subjected to medium-intensity traditional breeding, and TP is bred at a low-intensity and
is raised in a semi-wild state. The processing of pork for three pig breeds examined here differ
substantially. For example, YP is more suitable for the production of bacon, whereas QYP is considered
to be a general-purpose meat pig, and TP is predominantly made into jerky. Correspondingly, the three
pig breeds correspond to vastly different human social cultures. QYP is adapted to traditional farming
culture, and TP are suitable for pasturing [14]. Therefore, the selected breeds are representative of
the extremes and intermediate methods and social/environmental climates in which Chinese pigs
are produced.

4.1. Plateau Adaptability of Tibetan Pigs

The Tibetan plateau is a harsh, hypoxic environment. It has been reported that HIF1 is a core
regulator of hypoxia-responsive genes involved in the repair of cells in low-oxygen environments [15].
Vascular endothelial growth factor is a key factor in neovascularization, the expression of which
is regulated by HIF1 [16]. Previous studies have found that the heart, liver and kidney of TP all
expressed higher levels of VEGFA than YP [17]. In the present study, a similar pattern of VEGFA and
HIF1 expression was observed in the longissimus dorsi muscle. In addition, the muscle redness of
Tibetan pigs was the highest among the pig breeds examined, and the muscle L* value was the lowest.
Approximately 80–90% of muscle color is attributable to myoglobin (Mb) [18]. This protein has a higher
affinity for oxygen than hemoglobin, and was present in the highest concentrations in TP, which would
explain the enhanced red coloration of TP meat. In summary, the Tibetan pig muscle exhibited the
lowest L* value and the highest a* value, compared with YP and QYP.

Another feature of the plateau environment is the scarcity of food. As a result, it is crucial that
Tibetan pigs are more efficient in their energy usage and have exceptional endurance. In order to
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adapt to different environments, the composition and function of muscle tissue will adjust accordingly.
Based on myosin composition, the skeletal muscle fibers can be divided into Myh1, Myh2, Myh4,
and Myh7 [19]. Muscles consisting predominantly of Myh2 are classified as fast oxidized muscle
fibers, which is in between the oxidized muscle fiber (Myh7) and the glycolytic muscle fiber (Myh4).
Therefore, Myh2 can provide energy to the body under both aerobic and anaerobic conditions [18].
Several previously published studies have demonstrated that in order to adapt to the special physiology
of excavation activities under hypoxic conditions, the skeletal muscle composition of mole rats has
undergone compensatory changes. The cervical trapezius, gastrocnemius, and quadriceps muscles
are mainly myosin heavy chain 2a (Myh2) muscle fibers [20]. Similarly, it was observed here that the
longissimus dorsi muscle of TP contained significantly higher levels of Myh2 than YP and QYP.

Glycolysis occurs during the first stage of aerobic oxidation of carbohydrates to provide a rapid
energy supply. However, the efficiency of this process is low [11,21]. The expression of glycolytic-related
genes in the muscle of Tibetan pigs was at an intermediate level between YP and QYP. The expression
of CS and OGDH, which are located downstream of the aerobic oxidation of carbohydrates were higher
than was observed in both YP and QYP. This is logical, as it provides a quick supply energy to respond
to dangerous natural environments.

Branches chain amino acids, or BCAAs (leucine, isoleucine, and valine), are essential amino
acids [22]. Not only do they serve as raw materials for protein synthesis, but they also promote growth
through the promotion of insulin and growth hormone secretion, and enhance metabolism [23]. These
three amino acids can slow muscle fatigue, speed up recovery, reduce muscle protein catabolism
during exercise, and help the body absorb protein, so they are often used as a muscle protectant [24].
Interestingly, they were observed at significantly higher levels in TP muscle than YP and QYP.
Tryptophan has the effect of promoting differentiation of bone marrow T lymphocyte precursors into
mature T lymphocytes [25,26]. Therefore, a lack of tryptophan can lead to a decrease in cell mediated
immune responses. Here, it was observed that muscle tryptophan of was significantly higher in TP
than both YP and QYP.

A cold environment is also a survival challenge for Tibetan pigs. It was observed that this breed
has higher levels of unsaturated fatty acids (UFAs). Studies have shown that UFAs are the main factors
affecting the fluidity of cell membranes, and are involved in resistance to cold damage in animals [27],
plants [28], and microorganisms [29]. As a free-range grazing breed, Tibetan pigs have the opportunity
to eat more wild plants, which have higher concentrations of UFAs [30]. High levels of UFAs are likely
part of the cold resistance mechanism for Tibetan pigs.

4.2. Carcass Traits and Meat Quality Differences between Yorkshire, Penzhou Mountain, and Tibetan Pigs

Carcass traits are important indicators in the evaluation of meat performance in pigs. Carcass
weight, dressing percentage, and carcass lean percentage are the main indicators of concern [31]. Here,
the dressing percentage, carcass lean rate, and loin eye area of YP are much higher than those of QYP
and TP. It has been reported that MyoD, MyoG, and Mef2c can promote myogenic differentiation, and
play a positive role in the development of porcine skeletal muscle [32,33]. The expression of MyoD and
MyoG in YP are significantly higher than was observed in QYP and TP. Myostatin (MSTN) is a negative
regulator of skeletal muscle growth [34], which was found to be the highest in Tibetan pig muscles in
the present study. The longissimus dorsi muscle fiber type differs between wild and commercial pig
breeds [35]. It has been reported that Myh4 is associated with lean muscle mass and growth rate [36],
and that the proportion of Myh4 expression in the longissimus dorsi muscle of YP was the highest.
These results suggest that QYP and TP have great potential for genetic improvement in carcass traits.
In addition, Tibetan pigs are small in size, which make them an attractive animal model system for the
study of human diseases [37].

Pork pH is closely related to the products of glycolysis in muscle tissue [9,21,38]. The medium
level of muscle glycolysis allows the pH of Tibetan pigs to average between that of YP and QYP, while
the relatively high levels of tricarboxylic acid cycle-related genes are expressed. Meat color is an
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important sensory indicator for the evaluation of pork [39,40]. Pork from TP and QYP have higher a*
and lower b* values, which implies that Chinese pork sales are based on cultural and visual perceptions
of meat freshness. Local pigs show better meat color (higher a* value) and pH value, and further utilize
the meat processing technology such as chilled meat processing to better demonstrate the meat quality
potential of local pigs.

The muscle amino acid composition of the three pig breeds varied significantly. In the context of
the flavors they impart, amino acids are classified into umami amino acids, sweet amino acids, and
bitter amino acids [41,42]. Among the breeds examined here, TP had the highest umami amino acid
content, and QYP had the highest sweet amino acid content. These may be the reason why QYP and
TP meat quality are preferred in many aspects over YP. Furthermore, TP has higher levels of EAAs.
Because of the harsh environment and remote location, modern dietary supplements, and ready access
to a variety of foods on the Tibetan plateau can be scarce. Therefore, Tibetan pork is an effective way to
supplement EAAs in the plateau. The high content of BCAA in Tibetan pork is not only conducive to
the survival of Tibetan pigs, but also to the health of people who feed on them [43]. In addition, the
high levels of bitter amino acids in Tibetan pork make cooking and seasoning of the meat, such as
barbecue, a preferred method of processing and preparation. Although, with the development of food
science and technology, amino acid enzymatic technology can expand the choices available for the
processing of pork [44]. However, considering local food culture and characteristics, further research
on pork jerky may be more conducive to the development of the plateau economy.

Traditional Chinese dishes are full of color, fragrance, and taste, of which local pork has been a
preferred protein source in traditional Chinese dishes. Most Chinese local pigs are high-fat breeds.
Due to their strong fat deposition capacity and higher saturated fatty acids (SFAs), a diet high in these
meats has been demonstrated to affect cholesterol metabolism [45]. Despite the high SFA content of
QYP pork, the local climate is warm with abundant green vegetables for consumption throughout
the year, which can enhance the health of the people. In contrast, the people of the plateau have a
single source of food, with a healthier ratio of PUFA/SFA [46]. Polyunsaturated fatty acids possess
many physiological functions, such as maintaining biofilm structures, treating cardiovascular diseases,
anti-inflammation, and promotion of brain development [47]. This reflects the harmonious evolution
of human and pigs. The content of intramuscular fat (IMF) is closely related to meat tenderness, pH
value, marbling, muscle flavor, and other meat quality traits [48,49]. Of the breeds examined here, QYP
has the highest IMF as well as C/EBPα [50], FABP4 [51], and SCD1 [52] expression. All of these genes
are related to fat synthesis and were highly expressed in QYP relative to the other breeds examined
here. It is worth noting that SCD1 is a key regulatory gene that catalyzes the synthesis of PUFA [53].
The data presented here suggests that QYP pork is richer and more comprehensive in fatty acids, while
the fatty acid composition of TP pork is more favorable to human health.

5. Conclusions

A comparative analysis of three pig breeds showed that the plateau adaptability of Tibetan pigs is
likely related to genetics, environment, and production methods. The hypoxic adaptation of Tibetan
pigs may be related to higher levels of VEGFA, HIF1, and myoglobin expression. The higher aerobic
oxidative capacity of Tibetan pigs is beneficial to improve energy utilization, and the higher UFA
content of Tibetan pigs is beneficial to cold resistance. In addition, Tibetan pigs have higher levels of
BCAA and Myh2 expression, which serve to relieve muscle fatigue and improve endurance. Tibetan
pigs have undergone numerous evolutionary changes to enhance their survivability in the harsh
environment. Not only have these changes enhanced the survival of Tibetan pigs, but they have also
altered meat and carcass quality traits, as well as the health of local people who eat their meat. Further
analysis of carcass traits and meat quality indicators showed that YP had excellent carcass traits (higher
dressing percentage, carcass lean, and loin eye area), while QYP and TP had better meat quality (higher
PH, a* value and intramuscular fat). From the human health and food production perspectives, QYP
pork has richer and more comprehensive fatty acid content. In contrast, TP pork exhibits contains
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higher levels of EAAs and a more favorable fatty acid composition for health. However, it should be
noted that excessive fat intake is harmful to human health. There is great potential for cross breeding
and further food development of three pig breeds examined here.
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Simple Summary: The increasing demand of natural and environmentally sustainable foods promotes
the use of natural extract as curing agents in meat products. In this context, the extensive rearing
system, characteristic of autochthonous pigs, could represent an added value for the consumers.
Moreover, the introduction of new types of products to enhance the second-choice portion of meat can
be economically important. The present study aims to test and to evaluate the quality traits during
storage times of frankfurter-type sausages of Cinta Senese using natural extract to replace nitrites and
nitrates as curing agents. Results of this study demonstrate that those products are safe for the human
consumption, but some sensorial and physical traits could be improved. The implementation of a new
product using meat of a local breed and agricultural by products as curing agents could be interesting
both in terms of sustainability and valorization of the territory and of Cinta Senese products.

Abstract: Frankfurter-type sausages (called sausages) were manufactured using Cinta Senese meat.
Two different formulations were considered: (i) nitrite and nitrate as curing agents (NIT), (ii) natural
mixture (NAT) totally replacing the synthetic curing agents. Microbiological, chemical, and physical
characteristics during three different storage times (7, 30, 60 days) were investigated, while sensorial
traits were evaluated at the end of the period. The main foodborne pathogens (Escherichia coli, Listeria
monocytogenes, coagulase positive Staphylococcus spp., Salmonella spp., total bacterium at 30 ◦C) were
absent in both sausage groups. Both types of sausage had a high content of fat probably due to the
high intramuscular fat of the local breed. The fatty acid composition of NAT sausages would seem
slightly less efficient in the lipid oxidation control. Regarding color parameters, NIT sausages showed
greater lightness and redness, while NAT ones were more yellow, thanks to the effect of nitrate on
color. All texture parameters resulted higher in NIT, except for the springiness. Storage time mainly
affected total microbial count, pH, and color. The addition of natural extract changed the perception
of some sensorial properties above all in terms of taste and odor. Natural extract represented an
alternative to synthetic additives in Cinta Senese sausages even if some attributes could be improved.

Keywords: natural extract; curing agents; sausages; Cinta Senese pig
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1. Introduction

Cinta Senese is an Italian local pig breed characterized by the production of high-quality meat with
specific regional identity, traditionally processed into pork products in order to allow the extension
of shelf-life respect to the fresh meat. Among them, Frankfurter-type sausage does not represent a
typical cured meat product but may be an opportunity of innovation in the specific framework and an
improvement in the use of second-choice portion of meat. In Tuscany, Cinta Senese is often reared in
marginal areas where farms usually support the animal rearing with other productions such as olives
in hilly areas and chestnuts in mountain areas in order to have more sources of income. These types of
agricultural systems are accompanied by the production of byproducts that could be used in the food
sector to form additives in curing products, increasing the link between the breed and its origin.

Traditionally, curing agents included in processed meat products are sodium and potassium salts
of nitrite and nitrate additives and their use is authorized by European Union within a safe level [1].
Their role includes the capacity to inhibit the growth of pathogenic bacteria and to delay oxidative
rancidity [2], leading to high stability and increasing the product shelf-life. These curing agents are
also involved in the stabilization of the sensory properties [3] and have a positive effect on color,
cured cooked flavor, and aroma [4]. However, the nitrite-nitrate consumption may represent a risk for
human health. Ingested sodium and potassium salts of nitrite and nitrate are in the major part excreted
as nitrate except for a small portion that recirculates through salivary glands, and it is converted
by mouth bacteria into nitrite [1]. The absorption of an excessive amount of nitrite could cause an
oxidation of hemoglobin into methemoglobin leading a reduction of “the ability of red blood cells to
bind and transport oxygen through the body” [1]. Nitrite in food (and nitrate converted to nitrite in
the body) may also contribute to the formation of a group of compounds known as nitrosamines (also
called N-nitrosamines) some of which are associated to the formation of carcinogenic and mutagenic
compounds [5]. To the best of our knowledge, besides to the amount of nitrite added to products,
a wide range of factors may potentially affect the formation of nitrosamine such as meat quality
and its fat content, processing condition as heat applied during drying or smoking, packaging, and
storage/maturation conditions [6,7].

The increasing demand of consumers for natural foods moved the food industry interest to include
natural curing agents in foods and in processing foods [8]. The use of natural extracts as antioxidants
and antimicrobials has advantages such as high consumer acceptance and healthiness, although some
studies [8,9] reported disadvantages such as their higher cost and lower effectiveness.

The total antioxidant capacity of fruit and vegetable extracts is based on the concentration
of some compounds, such as ascorbic acid, alpha-tocopherol, beta-carotene, flavonoids, and
phenols. Furthermore, some authors [10,11] have highlighted that the antimicrobial and antioxidant
properties were primarily associated to phenolic compounds content, including volatile compounds.
The antioxidant activity of phenolic compounds is given by three mechanisms: free-radical scavenging
activity, [12] transition-metal-chelating activity, and/or singlet-oxygen quenching capacity [12,13].
The antimicrobial activity is enabled thanks to the presence of hydroxyl groups and their relative
position in the phenolic ring [8].

Some studies [14,15] proposed the addition of natural compounds to the traditional recipe, that
foresees synthetic additive, in order to enhance the qualitative properties of products. Ayo et al. [16]
studied the effect of replacement of pork backfat with vegetable fat on frankfurter sausages indicating
a health improvement of nutritional profile with a 25% addition of walnuts. The main concern of
the various studies remains to find an alternative to synthetic curing agents able to address the
multiple activities covered by the latter considering that there is no current single substitute for such
compounds, particularly for nitrite and nitrate. Sebranek et al. [17] and Eskandari et al. [14] reported
successful nitrite/nitrate additive reduction in processed meat products. Alirezalu et al. [18] working
on the substitution of curing agents in commercial frankfurter-type sausages of unspecified pork
with natural antimicrobial compounds (nisin, ε-polylysine, or chitosan) and antioxidant mixture
suggested further research to improve color stability, storage, and other physical properties. Moreover,
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as highlighted in a review of Velasco et al. [8], some experimental studies have been focused on factors
affecting natural extracts’ activity such as the specific extraction process or the measurement method.
The extraction of natural extract could follow a green chemistry procedure using a sustainable and
eco-friendly methodology as the case reported by Romani et al. [19]. In this context the use of natural
antioxidant/antimicrobial obtained from agricultural byproducts which otherwise would be wasted
could become a good alternative.

The use of grape seeds (Vitis vinifera), chestnut (Castanea sativa), and olive oil (Olea europaea)
characterized by antioxidant and antimicrobial proprieties associated to a high content of phenolic
compounds [15] as meat products curing agents could represent an example of circular economy.
Nevertheless, more studies are needed to assess the feasibility of frankfurter-type sausage production
by replacing sodium and potassium salts of nitrite and nitrate with natural antioxidants, trying both to
maintain quality traits and antimicrobial proprieties during storage. The natural extracts were chosen
both for their properties and for the link with territory. In fact, the great availability of agricultural
byproducts (chestnut, grape seeds, and olive pomace) in Tuscany, where Cinta Senese pigs are reared,
was considered.

The present study considers Cinta Senese frankfurter-type sausage, henceforth called sausage and
aims to (i) test the use of grape seeds, chestnut, and olive oil as natural extracts to totally replace sodium
and potassium salts of nitrite and nitrate; (ii) evaluate the microbiological, physical, and sensorial
qualities traits during the storage time (7, 30, 60 days).

2. Materials and Methods

2.1. Natural Mixtures

The natural antioxidant and antimicrobial extracts used in the present study is based on:

• grape seeds condensed tannins;
• hydroxytyrosol, hy-derivatives, and tyrosol from olive oil pomace of Olea europaea L.;
• chestnut hydrolysable tannins.

The extraction of polyphenols from olive oil byproducts is based on a water extraction and
membrane separation system. This methodology was instead implemented at an industrial level by
using physical technology (PCT/IT/2009/09425529 “Process for producing concentrated and refined
active substances from tissues and by-products of Olea europaea L. with membrane technologies”)
considered sustainable technologies defined by Best Available Technology (BAT) and recognized by
the Environmental Protection Agency (EPA) [20,21].

The hydrolysable chestnut tannin extract was obtained following the technology described by
Campo et al. [22] (2016), while the extraction of bioactive compounds from the grape seed production
was obtained as described by Lucarini et al. [23].

Antioxidant and antiradical capacity and phenolic content of the different extracts were analyzed
by HPLC/DAD/MS [19] on three samples of each natural extract and reported in Table 1. Total
polyphenolic content of olive pomace extract, grape seed extract and chestnut extract was 38.64 g/L,
822,713 mg/g„ and 16,109 mg/g, respectively. The 1,1-diphenylpicrylhydrazil radical (DPPH) assay on
the three components pointed out an antiradical activity (EC50) of 0.196 mg/mg for the olive pomace,
0.147 mg/mg for grape seed extract, 0.085 mg/mg for chestnut extract.

The three extracts were combined to the same amount of hydroxytyrosol and tocopherol (E307) to
form a defatted mixture (mix NAT), but their relative amounts are currently under patent and will not
be reported in this study.
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Table 1. Phenolic profile of the extracts combined in the mixture (natural mixture—NAT) used in
the trial.

Olive Oil Pomace g/L Grape Seed mg/g Chestnut Tannin mg/g

OH-tyrosol 11.65 Catechin 11.07 Vescalin 9.34
OH-tyrosol derivatives 5.13 Epicatechin 13.62 Castalin 9.00

Tyrosol 16.02 Catechin dimers 10.21 Pedunculagin 3.88

Verbascoside 5.84 Catechin trimers 6.92 Galloil glucose
derivatives 42.59

Epicatechin gallate
derivatives 726.02 Gallic Acid 18.50

Tetramers 54.88 Roburin D 10.51
Vescalagin 32.15
Castalagin 31.03

Ellagic Acid 4.08

2.2. Sample Manufacturing

Meat used in the trial was derived from 24 Cinta Senese barrows reared outdoors in “Azienda
Agricola Savigni” farm (Pistoia, Italy), within the normal running of the farm. Animals were slaughtered
at the same age of 15.5 months and at an average live weight of 160 ± 10 kg in a commercial slaughter
house as the usual customs of the farmer.

According to the experimental design “2 Lot × 2 Treatment”, the meat was divided in two parts in
order to create two lots of products, each including the meat of 12 animals.

For each lot, portions of trimmed pork lean (16 kg) and subcutaneous backfat (4 kg) were used.
The meat was chopped into cubes of approximately 3 cm, ground in a commercial food processor, and
homogenized adding ice (13.45% of the total recipe) in a cutter (Laska Cutter KU65, Traun, Austria) for
6 min at maximum 10 ◦C. Following the traditional recipe condiments (salt 1.55%, sucrose 0.25%, black
pepper 0.04%) and other seasoning additives (0.47%) were added and therefore the full dough was
divided in two parts:

• one with addition of nitrite and nitrate (1%) as curing agents forming the first treatment (NIT);
• one with addition of “mix NAT” (1%) to replace nitrite and nitrate and forming the second

treatment (NAT).

Each treatment dough was again homogenized with the same quantity of ice in a cutter for 6 min
not exceeding 10 ◦C and then mechanically stuffed (Omet Foodtech, Siena, Italy) into edible collagen
casings (Fcase, Myślenice, Poland) (28 mm diameter).

Sausages were steam cooked at 80 ◦C for 90 min achieving an internal temperature of 72 ◦C
producing about 140 sausages for each treatment. Sausages were immediately chilled with cold water
shower, vacuum packed, and stored under refrigeration (4 ◦C) for 7, 30, and 60 days.

2.3. Microbiological, Chemical, and Physical Analysis

Four sausages for each treatment were submitted to microbiological analysis performed at 7, 30,
and 60 days of storage time.

Microbiological analyses were carried out in an external accredited laboratory to determine the
product safety. The following bacteria were investigated: Escherichia coli [24], Listeria monocytogenes [25],
coagulase positive Staphylococcus spp. [26], Salmonella spp. [27], total bacterium at 30 ◦C [28].

Moisture, total protein, and ash contents were determined following AOAC [29] methods. (ii)
Total lipid content was analyzed using a modified method of Folch et al. [30] and fatty acid profile of
total lipids using the modified technique of Morrison and Smith [31]. Fatty acids (FAs) methyl esters
were determined by gas chromatography using a Varian 430 apparatus (Varian Inc., Palo Alto, CA,
USA) equipped with a flame ionization detector. FAs separation occurred in a Supelco Omegawax
TM 320 capillary column (30-m length; 0.32 mm internal diameter; 0.25 μm film thickness; Supelco,
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Bellafonte, PA, USA). The individual methyl esters were identified by their retention time using an
analytical standard (F.A.M.E. Mix, C8-C22 Supelco 18,920- 1AMP). Response factors based on the
internal standard (C19:0) were used for quantification and results were expressed as g/100 g of sample.
Six sausages for each treatment were analyzed for chemical composition and physical parameters at
the considered storage time (7, 30, and 60 d).

All the physical parameters were assessed on three replications for each of six samples of the
two treatments. pH was measured at room temperature (20 ◦C) using a pH meter Delta Ohm HD
8705 (Delta Ohm S.R.L., Caselle di Selvazzano, Padova, Italy) with a temperature probe TP870 and pH
electrode Hamilton double pore. Water activity (aW) was determined by ISO21807:2004 methodology.

Color parameters CIE L* (lightness), a* (redness), and b* (yellowness) were measured immediately
after slicing using a Minolta colorimeter CR-200 (Minolta Camera Co., Ltd., Osaka, Japan). Recalibration
on white and red plates was performed at the start of each measuring session.

Warner–Bratzler shear force and texture profile analysis (TPA) was performed using a Zwick Roell
Z2.5 apparatus (Ulm, Germany texture analyzer) with a 1 kN-load cell at the crosshead speed of 1 mm/s
and working at room temperature (22 ◦C). Tenderness was carried out by Warner–Bratzler shear force
applying a tangential cut to a segment of a whole sausage. TPA curve-forces were determined by a
100-mm-diameter compression plate on 10 × 10 ×10 mm slices. Relative to TPA parameters, hardness,
springiness, cohesiveness were recorded while chewiness was calculated [32].

2.4. Sensory Analysis

Sensory analysis was carried out in an equipped laboratory by nine trained panelists using a
quantitative-descriptive analysis method.

Eleven attributes (overall acceptability, color uniformity, lightness, odor, off odor, off flavor,
flavor, bitter taste, tannic taste, juiciness, hardness) were evaluated; each attribute was scored in
a 100 mm nonstructured line, anchored at the extremities [33]. The list of attributes and their
definitions (Supplementary Table S1) were presented to selected panelists underwent an introductory
session, where the testing procedures and the chosen sensory traits were discussed using two types of
comparable commercial products. During three sessions, panelists evaluated a total of eight sausages
(2 lot × 2 treatments × 2 samples) identified by an alphanumerical code. The sausages were divided in
5 mm thick pieces and two pieces of each sample were randomly served to judges at room temperature
(20 ◦C).

The sausages’ sensory characteristics were evaluated exclusively at the storage time of 60 days.

2.5. Statistical Analysis

Data were analyzed by MIXED Procedure of SAS Software (SAS, 2007) according to the following
model (1):

Yijkl = μ + Ti + Sij + Lk+ Dl + (TxD)il + εijkl, (1)

where μ was the mean, T was the ith treatment, L was the kth production lot, D was the lth day
of storage, (TxD) was the interaction between treatment and day of storage, S was the effect of the
sample within treatment and it is equal to the covariance between repeated measurements within
samples; ε was the random error with mean 0 and variance σ2, i.e., the variance between measurement
within samples.

For the sensory data, GLM procedure including in the model the effect of panelist (P) was used as
shown in the following Equation (2):

Yijkl = μ + Ti + Sij + LJ + Pk + εijkl. (2)

Level of significance was started at p < 0.05. Tukey test was used to statistically test the differences
between the least squares means.
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3. Results

3.1. Microbiological Characterization

Table 2 shows the microbiological population in sausages at 7, 30, and 60 days. In all samples
considered, the major foodborne pathogens (Escherichia coli, Listeria monocytogenes, Staphilococcus spp.,
and Salmonella spp.) were absent or below the legal threshold limit (Reg CE/2073/05). The total
microbial population showed the same starting point but, as expected, a slight increase was observed
during the whole storage period for both sausage groups. Between treatments, differences occurred
from 30 days onwards.

Table 2. Microbiological analysis on Cinta Senese sausages manufactured with natural antioxidant
(NAT) in replacement of sodium nitrite (NIT).

Parameter Treatment
Days of Storage

T × D
7 30 60

Escherichia coli NAT <1.0 <1.0 <1.0 n.s.
NIT <1.0 <1.0 <1.0 n.s.

Listeria monocytogenes NAT − − − n.s.
NIT − − − n.s.

Coagulase positive Staphilococcus spp. NAT <1.0 <1.0 <1.0 n.s.
NIT <1.0 <1.0 <1.0 n.s.

Salmonella spp. NAT − − − n.s.
NIT − − − n.s.

Total microbial count (30 ◦C) NAT 7.04 a 8.14 b,A 10.20 c,A n.s.
NIT 7.04 a 8.32 b,B 10.32 c,B n.s.

Results are expressed as log 10 colony forming units (CFU) per g of sausage; the symbol “−” indicates that the
organism was not present. NAT = sausage with natural extracts, NIT = sausage with nitrite and nitrate as curing
agents, a,b,c = different letters in the same row indicate significant differences (p < 0.05), A,B = different letters
in the same column indicate significant differences (p < 0.05), T × D = interaction treatments × days of storage,
n.s. = not significant.

3.2. Chemical Traits

Regarding chemical composition during storage (Table 3), data were reported as mean value
between treatments considering that the same raw materials were used for all treatments and no
difference appeared between the experimental groups. Moisture content showed a decreasing trend:
differences were significant from 30 to 60 days and, consequently, protein, fat, and ash content appeared
slightly increased at 60 days.

Table 3. Chemical composition of sausage during storage times (%).

Parameter
Days of Storage

T ×D
7 30 60

Moisture 52.04 b 51.71 b 50.07 a n.s.
Protein 15.26 a 15.36 a 15.97 b n.s.
Lipid 30.26 a 30.51 a 31.42 b n.s.
Ash 2.44 a 2.42 a 2.54 b n.s.

a,b =Different letters in the same row indicate significant differences (p < 0.05). T ×D = interaction treatments × days
of storage, n.s. = not significant.

Regarding fatty acids profile (Table 4), the main fraction was represented by MUFA, followed by
the SFA and PUFA in both types of sausage. In all samples, the predominant individual fatty acid was
oleic acid (C18:1) followed by palmitic (C16:0), linoleic (C18:2n6), stearic (C18:0). PUFA/SFA value,
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useful to determine the nutritional quality of the food lipid fraction, was higher than 0.42 in both
sausage types.

Table 4. Fatty acid profile during storage times in natural (NAT) and nitrite/nitrate (NIT) sausages.

Parameter Treatment
Days of Storage

T ×D
7 30 60

C16:0 NAT 23.17 23.09 23.19 A n.s.
NIT 23.31 a 23.27 a 23.61 b,B n.s.

C16:1 NAT 2.63 A 2.64 A 2.64 A n.s.
NIT 2.70 a,B 2.70 a,B 2.75 b,B n.s.

C18:0 NAT 12.17 b 11.96 a 12.06 a,b n.s.
NIT 12.16 12.09 12.07 n.s.

C18:1 NAT 41.85 A 42.16 41.94 n.s.
NIT 42.62 B 42.40 42.31 n.s.

C18:2n6 NAT 14.44 B 14.45 B 14.44 B n.s.
NIT 13.58 A 13.80 A 13.65 A n.s.

C18:3n3 NAT 0.94 B 0.94 B 0.94 B n.s.
NIT 0.88 A 0.90 A 0.89 A n.s.

SFA NAT 37.38 37.03 37.29 n.s.
NIT 37.51 37.45 37.73 n.s.

MUFA NAT 45.70 A 46.04 A 45.79 A n.s.
NIT 46.59 B 46.35 B 46.30 B n.s.

PUFA NAT 16.90 B 16.92 B 16.91 B n.s.
NIT 15.90 A 16.20 A 16.00 A n.s.

n3PUFA NAT 1.20 B 1.21 B 1.21 B n.s.
NIT 1.14 A 1.17 A 1.14 A n.s.

n6PUFA NAT 15.67 B 15.68 B 15.67 B n.s.
NIT 14.72 A 14.98 A 14.80 A n.s.

PUFA/SFA NAT 0.45 B 0.46 B 0.45 B n.s.
NIT 0.42 A 0.43 A 0.42 A n.s.

NAT = sausages with natural extracts, NIT = sausages with nitrite and nitrate as curing agents, a,b = different
letters in the same row indicate significant differences (p < 0.05), A,B = different letters in the same column indicate
significant differences (p < 0.05), T × D = interaction treatments × days of storage, n.s. = not significant.

Relative to the storage times, the main categories of fatty acids did not show significative differences
during the considered period. Some single fatty acid significantly changed their content at 60 days in
NIT sausages (i.e., palmitic and palmitoleic acids), while in NAT sausages stearic acid decreased from
7 to 30 days.

NAT sausages obtained a slightly lower content of MUFA and a higher content of polyunsaturated,
while for SFA no differences were shown. These differences reflected the behavior of the single fatty
acids such as palmitoleic, oleic, and linoleic. Indeed, already at 7 days, PUFA content in NAT sausages
was higher than MUFA ones. Consequently, the PUFA/SFA ratio showed significant differences
between treatments: NIT sausages had always the lowest values.

3.3. Physical Traits

The pH showed a range between 5.39 and 6.19 and decreased from 7 to 60 days in both sausage
types. Significant differences among treatments were found, with a slightly lower values observed for
NAT groups respect to NIT (Table 5).
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Table 5. Physical traits during storage times in natural (NAT) and nitrite/nitrate (NIT) sausages.

Parameter Treatment
Days of Storage

T ×D
7 30 60

pH NAT 6.07 c,A 5.62 b,A 5.39 a,A n.s.
NIT 6.19 c,B 5.74 b,B 5.53 a,B n.s.

Water activity (aW) NAT 0.977 0.977 0.978 n.s.
NIT 0.989 0.989 0.988 n.s.

L* NAT 66.84 A 66.84 A 67.00 A n.s.
NIT 69.62 b,B 69.97 b,B 67.89 a,A n.s.

a* NAT 8.22 a,A 9.77 bA 11.22 c,A
*NIT 17.02 B 17.03 B 17.27 B

b* NAT 12.43 a,B 11.55 b,B 11.61 b
*NIT 11.17 a,A 11.13 a,A 11.46 b

Warner–Bratzler shear force (kg) NAT 29.48 A 30.54 A 31.22 A n.s.
NIT 37.78 B 39.86 B 39.55 B n.s.

TPA

hardness (N) NAT 71.54 A 70.21 A 74.76 A
*NIT 78.02 a,B 86.20 a,b,B 93.28 b,B

Cohesiveness NAT 0.55 a,b,A 0.51 a,A 0.59 b
*NIT 0.67 B 0.66 B 0.62

Springiness (mm) NAT 7.59 7.69 7.33 n.s.
NIT 7.65 7.69 7.67 n.s.

Chewiness (Nx mm) NAT 300.03 A 284.77 A 300.05 A n.s.
NIT 398.97 B 434.53 B 441.85 B n.s.

NAT = sausages with natural extracts, NIT = sausages with nitrite and nitrate as curing agents, a,b = different
letters in the same row indicate significant differences (p < 0.05), A,B = different letters in the same column indicate
significant differences (p < 0.05), T ×D = interaction treatments × days of storage, n.s. = not significant, * = significant
(p < 0.05).

Water activity (aW), showed a range between 0.977 to 0.988 and no differences were found both
between treatments and storage times.

Regarding color data, lightness remained constant during the storage period in NAT sausages
while decreased in NIT groups from 30 to 60 days. Redness progressively increased in NAT sausages
as storage time increased, while in NIT sausages remained stable. Yellowness slightly decreased its
value from 7 to 30 days in NAT, while in NIT the decline was from 30 to 60 days.

All color attributes were affected by treatment: L* showed significantly greater values in NIT
samples than NAT ones excluding lightness at 60 days; a* was nearly twice as red in NIT, while b*
was significantly higher in NAT at 7 and 30 days compared to the control. Regarding the tenderness
performed by Warner–Bratzler (WB) there were no significant differences in storage times, whereas
there were between treatments with NIT samples always less tender than NAT.

Considering texture profile analysis (TPA), hardness did not change over time in NAT sausages,
while in NIT products showed a significant increase from 7 to 60 days. Storage time affected the
cohesiveness in NAT sausages showing an increase from 30 to 60 days, while springiness and chewiness
did not change over time in both sausage types.

Except for springiness, all TPA parameters are affected by treatment, being higher in NIT samples
than NAT.

3.4. Sensory Characterization

The results of sensory evaluation (Figure 1) indicated that the major part of attributes was
influenced (p < 0.05) by replacement of synthetic curing agents with natural extracts. The sensorial
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characteristics of the products showed that the color of NAT sausages was less uniform color and was
two times less lightness compared to NIT ones. Differences between sausage types in odor and flavor
attributes occurred with more intensity; NAT sausages also recorded higher average scores for off odor
and off flavor, identified as bitter and tannic taste by panelists (data not reported).

 

0
1
2
3
4
5
6
7

Overall
acceptability *

Colour
uniformity *

Lightness *

Odour *

Off odour *Flavour *

Off flavour *

Juiciness

Hardness *

NAT

NIT

Figure 1. Sensorial traits of Cinta Senese sausages manufactured with natural extracts (NAT) as
replacement of sodium nitrite (NIT), “*” indicates significant differences (p < 0.05).

According to TPA instrumental results, NAT sausages were evaluated more tender by panelists
with respect to NIT, while no difference among samples were observed in juiciness.

The NIT sausages obtained a score evidently higher than NAT sausages.

4. Discussion

Sausages were safe for human consumption throughout the entire storage period and no visual
spoilage was evident. Even if total microorganisms increase during the time, they did not cause
alteration harmful for human consumption. Additionally, Rannucci et al. [34] observed an increase of
total microorganisms during storage and in particular from 0 until 18 days in frankfurter sausages
manufactured using an ancient recipe (pork meat from shoulder) but, even in this case, no pathogens
were developed. Indeed, the antibacterial effect of some components included in NAT MIX was already
documented, such as the effect of grape seed tannin against Escherichia coli [35] and of hydrolysable
tannins against Salmonella and Stafylococcus [36].

The natural mixture seemed to be effective in terms of food safety showing lower values of total
microbial count, probably because phenolic compounds chelate some metal ions of meat required for
microbial growth [37]. A higher microbial growth could have played a role in degradation of different
structural proteins, and, thus, tannins of natural mixtures, with their antioxidant and antimicrobial
activity [38], prevented protein degradation of NAT products. The absence of main foodborne
pathogens in natural curing agent sausages suggested that they provide the same antibacterial effect of
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synthetic curing agents. Hence, antimicrobial properties of natural curing agents could intervene in
the delay of microbial spoilage as also suggested by Maqsood et al. [38] and Fasolato et al. [39].

However, further specified studies would be required to define the effectiveness of antimicrobial
activity on products.

Water activity, often related with packaging and the sausages being a wet product, was always
quite high, and this did not contribute to avoiding microbial growth. Ranucci et al. [34] obtained an
aW value around 0.97 defining a high aW value that could promote the growth of such microbial
populations even if samples were stored under vacuum refrigeration conditions. Alirezalu et al. [18] in
frankfurter-type sausages with added nisin, polylysine, chitosan and natural extracts found similar aW
values from 0.97 to 0.98 and, as in our case, the natural extract treatments did not affect this parameter.

Chemical composition of sausages suggested that they were less moist and more fat than similar
products and even if stored under vacuum condition, they had lost part of the aqueous component up
to 30 days. This could be probably due to Cinta Senese meat that had higher content of intramuscular
fat than commercial breeds usually employed to produce sausages, as reported by Franci et al. [40].
Furthermore, the higher amount of fat in sausage products could negatively affect consumer opinion
because a high daily fat intake is dangerous for human health, being a factor linked to the development
of obesity, coronary heart disease, and arterial hypertension.

The fatty acid composition of sausages was characterized by lower level of SFA and higher levels
of MUFA and PUFA compared to data reported in literature for pork frankfurter sausages [18,34,41].
As in this study, Škrlep et al. [42], in dry fermented sausages, recorded a PUFA amount of about one
third of MUFA content and in parallel a low SFA content. This proportion of fatty acid groups can be
associated to the outdoor rearing system, in particular to the availability of green feed. Additionally,
lower fat saturation may be linked to higher physical activity of the pigs used in this study, as suggested
by Daza et al. [43] who showed lower SFA in the backfat and higher PUFA in muscle of pigs reared
outdoor than sedentary ones fed with the same diet.

The predominant individual fatty acids (oleic, palmitic, stearic, linoleic), typical of pork meat,
were the same that occurred in the studies of Alirezalu et al. [18] and Fonseca et al. [44] in frankfurter
and traditional Spanish sausages.

PUFA/SFA value was higher in both sausage types with respect to the threshold value indicated
for healthiness of meat products (>0.40) reported by Wood et al. and with respect to other frankfurter
sausages which reported values from 0.31 to 0.37 [16] and from 0.35 to 0.40 [18]. Additionally,
Ranucci et al. [34], applying an ancient recipe for sausage preparation, showed a PUFA/SFA ratio above
0.40 associating these results with the lower value of saturated fatty acids.

The absence of differences in fatty acid composition and PUFA/SFA ratio during the storage time
would seem to suggest that if process storage is conducted following the good practice, fatty acids
do not change their profile. Furthermore, the lack of change of acidic profile during storage time, in
particular of PUFA, denoted the positive influence of NAT and NIT curing agents on lipid oxidation.
Both this lack of change together with the non-proliferation of pathogenic microorganisms are positive
results in terms of product shelf-life.

Regarding the treatments, if the PUFA are considered as an indicator of meat oxidative status as
proposed by Pateiro et al. [15], the slightly higher content in NAT already present at day 7 suggested
that the natural curing agents employed had been less effective in the lipid oxidation control during
the first part of the manufacturing process. Nevertheless, the addition of natural extract ingredients
had only a “little impact” on fatty acid composition according to Alirezalu et al. [18].

The fatty acids results of this study seem to be linked to the use of Cinta Senese meat and
consequently both to the genetic characteristic of the breed and to the specific outdoor rearing system,
that included almost natural resources feeding. In fact, the fatty acid profile of local pigs is characterized
to a greater deposition of MUFA, mainly oleic acid, than improved pigs whose fat contains higher
quantities of saturated fatty acids. The highest level of monounsaturated fatty acids in native breeds is
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a consequence of differences in de novo lipid synthesis and their capacity to deposit monounsaturated
fatty acids increases with age [45].

Regarding the physical traits, the pH showed values within the range obtained by other researches
on frankfurter products [18,46]. The pH decline during the refrigerated vacuum package storage in
both sausage types can be associated with meat intrinsic properties and/or microbial fermentation and
in particular with the growth of lactic acid bacteria as suggested in study of Viuda-Martos et al. [47].
The pH differences recorded between treatments can be linked to the presence of Lactobacillus as
observed by Hospital et al. [48] in low or nitrites-free sausages. This fact could be the cause of pH
decline in NAT sausages. Nevertheless, the microbiota populations were not assessed in the present
experiment and it is difficult to make any further conclusions. Regarding the color, higher redness of
NIT sausages and its major stability was probably linked to the role of nitrites in nitrosyl-hemochrome
formation which contributed both to characteristic red pigment of the commercial meat product and to
its stability during storage times [4,7]. In addition, Özvur et al. [49] observed lower values of red color
in products with added grape seed extract and they attributed the differences to natural color and
emulsion properties of treatment. Ranucci et al. [34] obtained nitrate free frankfurter sausages with
color parameter similar to this study (low a* and higher L* values) and they linked the result to the
muscle and fat types that were different in their recipe.

Furthermore, in NAT sausages the lower color intensity could be associated to the oxidative
reactions of lipids linked to the formation of yellow colored polymers [50] while the lower redness
could be linked to the oxidation of muscle pigment myoglobin probably depending on lower pH [51].

It seems to be accepted that the main factors affecting the characteristic cured meat color is
the nitrosylmyoglobin formation through the reaction of nitrite with myoglobin in the presence of
endogenous or added reductants [52]. In absence of nitrites, natural extracts did not play this role and
the sausages appear different.

The effect of treatments on sausages tenderness suggested that the NAT group were less hard
than NIT, irrespective of the used method. The different result between Warner–Bratzler shear force
and texture profile analysis could be associated to the different force that acts on the sample during the
analysis. Novakovi et al. [32] in a review where they compared the two methods, suggested that the
WB was less accurate because it has the highest coefficient of variability. Natural mixture also affected
texture profile attributes—hardness, cohesiveness, and chewiness. Those results can be attributable
basically to the differences in pH, which, when declining, causes the aggregation of myofibrillar
proteins [53]. The higher pH of NIT samples could have led to the formation of a gel with myosin
and entrapped water, leading to a stronger structure of sausages. In accordance with our results,
Pateiro et al. [15] also reported that the hardness values significantly decreased with the addition of
antioxidants. However, to the best of our knowledge, few data are available about frankfurter-type
sausages with natural extract as single curing agents and the great variability of these traditional
products makes comparisons difficult.

The sensory evaluation of sausages confirmed the differences in color and tenderness between
products. Lower color uniformity and less lightness could be linked to the level of oxidation but also to
the effect of nitrite on these attributes. Furthermore, in line with the results obtained from instrumental
texture evaluation, NAT sausages were evaluated more tender by panelists. Odor and flavor were
more intense in NAT sausages, even if these attributes were associated to off odor, off flavor, and
other sensations. These results could be linked both to the remaining taste of the primary natural
mixture constituents and to the effect of synthetic curing agents on products. In fact, Braghieri et al. [33]
working on sensory evaluation of sausages suggested that, flavor being affected by several factors,
differences in odor and flavor between products may be due to the inhibition of most activities as
endogenous enzyme activities, microbial activities, and autoxidation in nitrate products. Regarding
the overall acceptability, NIT samples obtained an evidently higher score than NAT sausages. Panelists
considered synthetic curing agent sausages acceptable while the overall acceptability of natural extract
product needs to be improved. This result was probably affected by many factors such as off flavor and
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off odor of NAT sausages but also by the consumers’ habit of traditional taste and texture of synthetic
curing agents’ sausages. According to Alirezalu et al. [18] panelists preferred more compact sausages
attributing higher scores to sausages with high hardness values. Similarly, Ribas-Agustí et al. [54]
working on dry fermented sausages reported that panelists discarded the products with grape seed
extract, because judged to be abnormal with respect to control samples. In addition, Özvural [55]
observed a decrease in overall acceptability of frankfurters with grape seed extract added.

Sensory characteristics together with safety traits represent the primary attributes for consumers
quality evaluation, followed by ethical and nutritional factors [33]. In terms of sensory properties, taste
is the most important factor followed by color and texture. If these factors effectively influence the
consumer intention to purchase [51], the results of sensory analysis of this study suggested that these
attributes could be improved by a revaluation of the recipe of natural extracts sausages.

5. Conclusions

Nitrite/nitrate and natural frankfurter-type sausage was safety for the human consumption, as
none of the main foodborne pathogens were found during the storage time considered.

Both types of sausages had a higher content of fat probably associated with the higher intramuscular
fat of the Cinta Senese breed. Considering that the higher amount of daily lipid intake is considered
negative for human health, manufacturers could re-evaluate the recipe and decrease the amount of fat.

The fatty acid composition showed that NAT treatment would seem slightly less efficient on
lipid oxidation during the manufacturing, while in all storage times both treatments did not implicate
remarkable impacts. Some differences in color suggested that further research is needed to improve
color stability of natural extract sausages both during processing and storage. The replacements of
natural extract as curing agents changed the perception of some sensorial properties overall in terms of
taste and odor, recognized as “off” attributes and, as a whole, had a negative effect on the sensorial
evaluation of NAT sausages.

Finally, the results so far indicated that natural extracts are an alternative to synthetic additives in
Cinta Senese sausages even if some attributes could be improved.

The implementation of a new product using second-choice portion meat of a local breed and
agricultural by products as curing agents could be interesting in terms both of sustainability and
valorization of the territory and of Cinta Senese products.
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Ulrike Weiler 3 and Volker Stefanski 3,*

1 Agricultural Institute of Slovenia, Hacquetova ul. 17, 1000 Ljubljana, Slovenia; martin.skrlep@kis.si (M.Š.);
klavdija.poklukar@kis.si (K.P.); nina.batorek@kis.si (N.B.-L.)

2 Institute of Human Nutrition Sciences, Warsaw University of Life Sciences (WULS-SGGW), ul.
Nowoursynowska 159c, 02-787 Warsaw, Poland; eliza_kostyra@sggw.pl (E.K.);
sylwia_zakowska_biemans@sggw.pl (S.Ż.-B.)
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Simple Summary: The initiative to stop the surgical castration of piglets calls for the assessment of
alternative solutions. The issue is particularly sensitive for the processing of traditional products.
This study demonstrated important differences between male sex categories and showed that
dry-cured ham from entire males presented distinct sensory depreciation and also differed in many
other aspects important in dry-cured ham production. Under the conditions of the present study, i.e.,
standard slaughter age and weight and delay between immunocastration and slaughter, dry-cured
ham from surgical castrates showed the most distinct properties, while immunocastrated pigs were
more similar in many aspects to entire males, however, their main advantage was in their sensory
attributes, i.e., absence of boar taint.

Abstract: Alternative solutions to the surgical castration of piglets need to be assessed because this is
a particularly sensitive issue for the processing of traditional pork products. Currently, the available
information about the advantages and drawbacks of castration for dry-cured products is limited; thus,
the objective of this study was to evaluate the quality of Slovenian dry-cured ham (Kraški pršut) from
entire males (EM), immunocastrates (IC) and surgical castrates (SC). Hams (12 per sex group) were
processed for one year and physical-chemical, rheological and sensory analysis of the dry-cured hams
was performed. With regard to processing aptitude, the main difference was in the subcutaneous
fat thickness, which influenced the level of dehydration and salt intake. This was further reflected
in the physical-chemical traits and the texture, which were measured instrumentally or assessed by
panelists. Regarding the aforementioned traits, EM and IC were generally similar and different from
SC. On the contrary, sensory profiling of odor, taste and flavor demonstrated that EM had the lowest
overall sensory quality, different from both IC and SC, and presented odors and flavors described as
sweat, manure, sharp and persistent. We confirmed that dry-curing did not eliminate the perception
of boar taint in the product from EM. The IC were similar in many aspects to EM except for the odor,
taste and flavor of dry-cured hams, in which case they were more similar to SC.

Keywords: immunocastration; entire male; castration; pig; dry-cured ham
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1. Introduction

In pig production, it is a widespread practice to castrate male piglets in order to prevent an
unpleasant off-flavor, the so-called boar taint, which can appear in the meat of sexually mature entire
males. EU legislation allows the castration of male piglets without anesthesia/analgesia in the first
seven days of life; however, this practice has been criticized from the animal welfare point of view [1].
Thus, in recent years, the European pig industry sector has considered ending this practice [2,3].
However, before this can happen, certain problems and alternative solutions must be assessed, not only
because of the risk of boar taint but also due to the potential deterioration in the technological quality
of the meat and its consequences for processed products needs to be evaluated [4]. The challenges are
particularly relevant to traditional products, where the highest risks are associated with fat quantity and
quality [5]. Boar taint (an unpleasant aroma attributed to the presence of two malodorous compounds,
androstenone and skatole) is more apparent when fat content is high, no masking ingredients are
used and the product is consumed warm [6]. It has been detected in dry-cured products, even if
these were not consumed warm [7,8]. According to Tørngren et al. [9], androstenone levels must be
below 0.4 ppm and the serving temperature must be below 23 ◦C for consumers to not detect it in
the processed pork. A review of consumer studies [6] indicated the need for a better understanding
of the risks related to the perception of boar taint in the case of different product types. However,
there are not many studies available that compare the alternatives to surgical castration with regard to
the processing aptitude of the meat and dry-cured product quality. The quality of the raw material
is very important in dry-cured ham processing and is affected by many factors, including the sex of
pigs [10]. Thus, the aim of the present study was to compare the effects of three male sex categories
(immunocastrates, surgical castrates and entire males) on the production of dry-cured ham, more
precisely, Kraški pršut, a Slovenian dry-cured ham that has protected geographical indication (PGI)
status. Its manufacture is clearly defined with specific demands regarding the raw material (green ham
weight, visual appearance, pH, fat thickness), and the minimum processing weight loss. A minimum
curing period of 12 months is prescribed [11]. For this product, as is the case for many other similar PGI
or unbranded dry-cured ham products, the origin of the raw material is not prescribed and provisions
made with raw hams stem from standard pig production. In such situations, the probability of getting
green hams from different castration methods is higher and raw material variability is increased.
Due to differences in the physiological and metabolic characteristics of the three sex types of pigs, the
raw material properties, i.e., its seasoning aptitude, may be altered. The question of interest is what are
the consequences for the final product quality and the adaptations in processing that may be required.
The present study covers the assessment of the raw material properties, processing yield and final
product quality (chemical, rheological and sensory quality traits) as affected by the male sex group
of pigs.

2. Materials and Methods

2.1. Origin and Processing of Hams

The hams for this study originate from a wider study evaluating immunocastration (for more
details see [12]). We compared hams from surgical castrates (SC), immunocastrates (IC) and entire
males (EM) of one crossbreed (Pietrain x German Landrace), which were fattened with the same diet ad
libitum. Piglets of the SC group were surgically castrated within the first week of life, IC were vaccinated
twice with Improvac®at an age of 12 (first vaccination—V1) and 22 weeks (second vaccination—V2).
Pigs were slaughtered in an experimental slaughter unit (Landesanstalt für Schweinezucht Boxberg,
Boxberg, Germany) using their standard procedures. For dry-cured ham processing, pigs (26 or 27
weeks old, with an average weight of 121.7 kg, n = 36) of one slaughter batch were included, one ham
per pig was processed, giving a total of 12 hams for every sex group. A day after slaughter, the hams
were cut from the carcasses between the 6th and 7th lumbar vertebra, shaped into the prescribed form
for Kraški pršut and weighed. Subcutaneous fat thickness of the green ham was measured under the
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femoral head and pHu was measured in the semimembranosus muscle (SM) using a MP120 pH meter
(Mettler-Toledo GmbH, Schwarzenbach, Switzerland).

Hams were submitted to a standard salting duration with dry salting for 12 days at 2–4 ◦C (first
salting at 7 days and second salting 5 days later). After salting, the residual salt was removed and the
hams were kept in a resting phase (4–6 ◦C and 70%–85% relative humidity (RH)) for 73 days. After this
salt equilibration phase, the hams were dried for 87 days (at 20 ◦C and 60%–80% RH). Thereafter
the open surface of the hams was coated with a mixture of pork fat, pepper and flour to prevent too
strong desiccation, then, the hams were ripened for another 196 days, resulting in the final processing
duration of 368 days. At each processing step, the hams were weighed in order to monitor processing
losses. At the end of processing, samples were taken from the central part of the ham, vacuum packed
and frozen at −20 ◦C until analyzed.

2.2. Color Measurements

Objective color parameters (CIE L*, a*, b*) were measured using a Minolta Chroma Meter CR-300
(Minolta Co. Ltd, Osaka, Japan) on the green ham muscle, gluteus medius (GM), on dry product
muscles, the biceps femoris (BF), semitendinosus (ST), semimembranosus (SM), and the subcutaneous
fat layer. The chroma (C*) value was calculated as

√
(a*2 + b*2) and hue angle (h◦) value as tan−1(b*/a*),

which denote color saturation and taint, respectively.

2.3. Chemical Analyses

Muscle samples (BF, SM, ST) were trimmed of superficial connective and fat tissue and pulverized
in liquid nitrogen with a laboratory mill (Grindomix GM200, Retsch GmbH and Co., Haan, Germany).
Total nitrogen, non-protein nitrogen (NPN) and salt (NaCl) contents were chemically determined
as described by [13]. Briefly, the content of NaCl was determined by potentiometric titration using
DL53 General Purpose Titrator (Mettler Toledo, Schwarzenbach, Switzerland), the proteolysis index
(PI) was calculated as a ratio between NPN and total nitrogen content, while intramuscular fat
(IMF) and dry-matter content were determined by near-infrared spectral analysis (NIR Systems 6500
Monochromator, Foss NIR System, Silver Spring, MD, USA) using internal calibrations. Water activity
was measured with the HygroPalm AW1 SET instrument (Rotronic, Bassersdorf, Germany) using Aw
Quick mode.

Thiobarbituric reactive substances (TBARS) of the BF muscle were determined according to the
method described by Lynch and Frei [14]. Briefly, 0.5 g of sample was homogenized with 10 mL
of 0.15 M KCl and 0.1 mM BHT, and an aliquot (0.5 mL) mixed with 1% (w/v) of 2-thiobarbituric
acid in 50 mM NaOH and 2.8% (w/v) trichloroacetic acid, and incubated for 10 min at 100 ◦C in a
thermostatic heating block. After cooling to room temperature, the pink chromogen was extracted
into n-butanol and its absorbance was measured spectrophotometrically at 535 nm (BioSpectrometer
Fluorescence, Eppendorf, Hamburg, Germany). TBARS concentration was expressed on a wet basis as
μg malondialdehyde (MDA)/kg.

2.4. Texture Profile Measurements

Instrumental texture was measured in the SM, ST and BF muscles as previously described [13,15].
Two 15 mm thick pieces were taken from each ham and the muscles were excised, trimmed of fat and
connective tissue. Six samples of defined dimensions (length ×width × height = 20 mm × 20 mm ×
15 mm) were submitted to stress relaxation (SR) and texture profile analysis (TPA) using a texture
analyzer (Ametek Lloyd Instruments, Ltd., Bognor Regis, UK) with a 50 kg load cell and a 50 mm
diameter compression plate. The SR test consisted of compressing the samples perpendicularly in the
fiber-bundle direction to 25% of their initial height (crosshead speed of 1 mm/s). During compression
for 90 s (speed of 50 points/s) the force was recorded and force decay coefficient (Y90) was calculated
as Y90 = (F0 − F90)/F0, where F0 (N) is the initial force and F90 (N) is the force recorded after 90 s of
relaxation. In the TPA test, the samples were compressed twice to 50% of their original height at a
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crosshead speed of 1 mm/s and the following parameters were calculated: hardness (N), cohesiveness,
gumminess (N), springiness (mm), chewiness (N) and adhesiveness (N*mm).

2.5. Sensory Analysis

The sensory qualities of the dry-cured hams were assessed using the quantitative descriptive
analysis method [16]. Thirty-seven attributes were chosen and defined according to the profiling
procedure. Sample evaluation included: four appearance traits (fat, meat, color uniformity, marbling),
thirteen odor traits (meat, fatty, smoky, acidic, sweet, bouillon-like, fermentation, yeast, sweat,
manure, sharp, rancid, overall odor intensity), five texture attributes (hardness, gumminess, dryness,
fibrousness, ease of fragmentation), fourteen taste/flavor traits (meat, fatty, smoky, sour, salty, sweet,
bitter, bouillon-like, fermentation, yeast, sweat, manure, persistent, rancid) and overall sensory quality.
The intensity of the descriptors was measured on a linear unstructured scale (0–10 cm) anchored at
both extremes from “none” (on the left) to “very strong” (on the right). Overall sensory quality of the
dry-cured hams was defined as the impression of the harmony of the examined attributes, with no or
only slight intensity of negative notes.

The individual samples of dry-cured hams (one slice, 1 mm thick) were placed in coded (3-digit
numbers) plastic containers (200 mL) and covered with lids. A meat slicer was used to cut the samples
and the thickness of the first slice of dry-cured ham was additionally verified by a Vernier caliper.
The samples were presented to the assessors in random order at room temperature (21 ± 2 ◦C) and
under white bulb light. Unsweetened tea (at the temperature of approximately 50 ◦C) and a piece
of matzah were used as a taste neutralizer between samples. The order of the samples presented to
the panelists was balanced to minimize possible carry-over effects between dry-cured ham samples.
The evaluations were conducted during the morning and afternoon hours, with two sessions per each
set of three samples from EM, IC and SC pigs. The assessment of the samples was performed in an
accredited sensory laboratory, equipped with 10 individual testing booths (ISO 8589:2007 [17]).

Ten trained and experienced assessors sensitive to boar compounds performed the profiling of the
samples in two replications (ISO 8586:2012 [18]). Assessors were tested for their ability to qualitatively
and quantitatively differentiate the odor of skatole and androstenone in low, high and very high
concentrations on paper strips. Twenty individual results for each dry-cured ham sample were used
for statistical analysis and interpretation of the sensory data according to the experimental design.

2.6. Statistical Analysis

To determine the effect of male sex group on green ham traits, ham processing weight losses,
chemical properties and instrumental texture measurements, the results were submitted to one-way
analysis of variance with a male sex group as fixed effect using the Mixed procedure of SAS statistical
software (SAS Institute Inc., Cary, NC, USA). In the case of sensory traits, repeated measures analysis
was performed with the model including male sex group and session as fixed and panelist as random
effects. To assess differences between groups, the least squares means (LSM) were compared using
Tukey’s t-test. A cut-off p-value below 0.05 was considered significant.

3. Results

3.1. Green Ham Properties and Ham Processing Weight Loss

Table 1 presents the information on green ham properties and weight losses during the processing.
There were no differences observed between EM, IC and SC in trimmed ham weight and pH value
measured in SM muscle, whereas subcutaneous fat was significantly thicker in SC than in EM or IC
hams (p < 0.0001). Color measurements exhibited differences for glycolytic GM but not oxidative GP
muscle. IC had a higher L* value of GM muscle, i.e., lighter color than EM (p = 0.02), while SC had an
intermediate position, and did not differ from EM or IC. Regarding processing weight loss, the hams
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from SC pigs exhibited significantly higher yields (p < 0.01) than IC or EM, which were similar in
this respect.

Table 1. Effect of male sex group on green ham properties and ham processing weight loss.

Male Sex Group

Trait EM IC SC RMSE p-Value

Ham trimmed, kg 11.1 11.2 11.8 0.947 0.1677
Fat thickness, mm 8.0 a 9.2 a 14.2 b 2.619 <0.0001
SM muscle pHu 5.55 5.53 5.57 0.061 0.3246
GM muscle color

L* 47.5 a 50.1 b 48.8 a,b 2.181 0.0213
a* 9.8 9.8 9.5 1.429 0.8606
b* 6.1 6.7 6.4 0.9584 0.3932
c* 11.5 11.9 11.5 1.584 0.8096
H◦ 32.3 34.1 34.1 3.364 0.3260

GP muscle color
L* 39.3 38.9 41.6 3.412 0.1293
a* 16.2 18.0 17.3 2.289 0.1998
b* 6.9 8.0 8.3 1.873 0.1792
c* 17.6 19.7 19.3 2.764 0.1917
H◦ 23.0 23.4 25.6 3.101 0.1055

Ham weight loss, %
First salting 3.1 b 2.8 a,b 2.5 a 0.347 0.0022

Second salting 1.5 b 1.5 b 1.0 a 0.270 <0.0001
Resting 16.8 b 16.1 b 14.4 a 1.234 0.0002
Drying 9.3 b 9.0 b 7.7 a 0.724 <0.0001

Ripening 8.5 b 7.8 b 6.5 a 0.723 <0.0001
Total 39.2 b 37.2 b 32.2 a 2.669 <0.0001

Fat thickness was measured under the femoral head. SM semimembranosus; pHu denotes pH value measured 24
h post-mortem; GM gluteus medius; GP gluteus profundus; EM entire males; IC immunocastrates, SC surgical
castrates, RMSE root-mean-square error. Values with different superscripts are significantly different (p < 0.05).

3.2. Physical-Chemical Properties of Dry-Cured Ham Muscles

Table 2 provides the results of the physical-chemical analysis for three dry-cured ham muscles,
outer SM and inner ST and BF. There was a significant effect of male sex group (p < 0.05) on the
proximate composition of all three muscles, showing that at the end of processing, muscles of SC
retained more water and less salt. Consequently, water activity was higher in SC than EM or IC in
all three muscles. Ham muscles from SC also had higher fat and lower protein content. Considering
the index of proteolysis (ratio of non-protein to total nitrogen), the effect of male sex group differed
according to muscle. It was not affected in the outer SM muscle, it was higher in SC and IC than EM in
the inner ST, and it was higher in SC than IC or EM in the inner BF muscle.
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Table 2. Effect of male sex group on physical-chemical properties of dry-cured ham muscles.

Male Sex Group

Trait EM IC SC RMSE p-Value

SM muscle
Water (g/kg) 497.1 a,b 488.6 a 510.3 b 16.9 0.0126
IMF (g/kg) 34.6 a 40.7 a,b 48.2 b 8.9 0.0039
Salt (g/kg) 53.2 b 51.2 a,b 45.6 a 5.1 0.0037

Proteins (g/kg) 399.6 a 405.6 a 382.1 b 15.9 0.0031
PI, % 17.8 17.6 18.0 1.2 0.7330
aw 0.915 a 0.917 a 0.933 b 0.010 0.0003

ST muscle
Water (g/kg) 561.1 563.9 569.8 17.7 0.6600
IMF (g/kg) 45.8 a 62.2 a 86.3 b 20.1 0.0001
Salt (g/kg) 58.8 a 57.7 a 49.3 b 6.0 0.0009

Proteins (g/kg) 316.6 a 302.4 b 282.1 c 13.5 <0.0001
PI, % 22.1 a 24.6 b 26.4 b 1.9 <0.0001

aw 0.922 a 0.926 a 0.944 b 0.011 <0.0001
BF muscle

Water (g/kg) 596.7 a 599.1 a 617.3 b 13.6 0.0014
IMF (g/kg) 21.6 a 26.7 a,b 32.5 b 7.6 0.0070
Salt (g/kg) 64.5 a 62.8 a 55.5 b 5.9 0.0017

Proteins (g/kg) 300.0 a 293.6 a 275.1 b 1.6 <0.0001
PI, % 23.6 a 24.4 a 27.7 b 1.6 <0.0001

aw 0.917 a 0.922 a 0.941 b 0.010 <0.0001
TBARS (μg MDA/kg) 4.0 4.5 4.1 1.5 0.625

SM semimembranosus; ST semitendinosus; BF Biceps femoris; PI index of proteolysis; aw water activity; TBARS
thiobarbituric reactive substances; MDA malondialdehyde; EM entire males; IC immunocastrates, SC surgical
castrates, RMSE root-mean-square error. Values with different superscripts are significantly different (p < 0.05).

3.3. Instrumental Texture Profile of Dry-Cured Ham Muscles

Instrumental measurements of the texture profile revealed the mechanical properties of dry-cured
muscles and it can be observed that the majority of them were significantly affected by male sex group
(Table 3). Based on texture profile traits depicted per muscle it can be summarized that dry-cured ham
muscles from SC differ from IC and EM. Compared with EM and IC, SC dry-cured ham muscles are
softer, less gummy, less springy and less chewy, but more adhesive. Dry-cured ham muscles of SC also
have a higher stress relaxation coefficient, which denotes a more plastic structure.

36



Animals 2020, 10, 239

Table 3. Effect of male sex group on measurements of texture profile of dry-cured ham muscles.

Male Sex Group

Trait EM IC SC RMSE p-Value

SM muscle
Hardness 128 b 112 b 67 a 31 0.0001

Cohesiveness 0.54 0.50 0.53 0.08 0.5848
Gumminess 68 b 56 b 37 a 17 0.0006
Springiness 4.7 b 4.7 b 4.1 a 0.53 0.0103
Chewiness 323 b 253 b 161 a 89 0.0005

Adhesiveness −0.56 b −0.72 b −1.26 a 0.40 0.0005
Y90 0.611 a,b 0.601 a 0.631 b 0.022 0.0081

ST muscle
Hardness 34 b 31 a,b 21 a 11 0.0140

Cohesiveness 0.42 b 0.39 a,b 0.36 a 0.06 0.0503
Gumminess 15 b 13 a,b 7 a 7 0.0282
Springiness 4.3 4.4 3.7 0.8 0.0532
Chewiness 70 b 54 a,b 28 a 35 0.0226

Adhesiveness −2.2 a −2.4 a,b −3.0 b 0.6 0.0105
Y90 0.690 a 0.690 a 0.713 b 0.021 0.0132

BF muscle
Hardness 46 52 40 12 0.0557

Cohesiveness 0.52 b 0.53 b 0.42 a 0.70 0.0011
Gumminess 24 a,b 29 b 17 a 10 0.0169
Springiness 4.3 b 4.1 b 3.5 a 0.48 0.0003
Chewiness 108 a,b 127 b 60 a 54 0.0128

Adhesiveness −2.7 b −2.6 b −3.4 a 0.75 0.0026
Y90 0.694 a 0.692 a 0.728 b 0.023 0.0009

SM semimembranosus; ST semitendinosus; BF biceps femoris; Y90 stress relaxation parameter; EM entire males;
IC immunocastrates, SC surgical castrates, RMSE root-mean-square error. Values with different superscripts are
significantly different (p < 0.05).

3.4. Sensory Analysis of Dry-Cured Ham

Male sex group affected (p < 0.05) or tended to affect (p < 0.10) several sensory attributes of the
examined dry-cured hams (Table 4). With regard to the appearance of the slices of ham, EM were leaner
and less marbled than SC, with IC taking a somewhat intermediate position. With regard to the odor,
EM had a slightly less meaty and bouillon-like odor (p < 0.10), but an intensely sharper odor with a
strong sweat and manure taint. IC and SC were comparable with regard to odor. In the case of texture,
EM and IC were similar (no significant differences) whereas SC exhibited significantly different texture
from both IC and EM, i.e., it was softer, less gummy, less dry, less fibrous and the dry-cured ham slices
had a more easily fragmentable texture. EM hams were different from SC and IC in the following
taste and flavor attributes, i.e., meat, sweet, bouillon-like (lower), sweat, manure, persistence (higher)
whereas IC hams were different from EM and SC in their saltiness (higher). The overall impression of
sensory quality revealed that SC dry-cured ham were the most appreciated and EM dry-cured hams
the least, and IC were in between, and different from both SC and EM.
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Table 4. Effect of sex group on sensory traits of dry-cured hams.

Male Sex Group

Trait EM IC SC RMSE p-Value

Appearance attributes
Fat visually 3.8 3.7 3.2 1.3 0.0587

Meat visually 6.3 c 5.4 b 4.6 a 1.3 <0.0001
Meat color uniformity 5.8 5.6 5.7 1.2 0.3950

Marbling visually 3.4 a 3.8 a 4.4 b 1.5 0.0002
Odor attributes

Meat 4.6 4.8 4.8 0.7 0.0739
Fatty 3.4 3.4 3.6 0.8 0.5055

Smoky 2.7 2.8 2.8 1.0 0.6830
Acidic 2.0 2.1 2.0 0.8 0.4956
Sweet 0.9 0.9 1.0 0.5 0.2040

Bouillon-like 1.6 1.7 1.8 0.7 0.0941
Fermentation 2.8 3.1 2.9 0.9 0.1856

Yeast 1.4 1.5 1.5 0.7 0.8739
Sweat 1.7 b 0.4 a 0.3 a 0.7 <0.0001

Manure 0.7 b 0.3 a 0.2 a 0.6 <0.0001
Sharp 2.4 b 1.7 a 1.6 a 0.9 <0.0001
Rancid 0.9 0.9 0.8 0.6 0.2466

Overall odor intensity 5.1 5.1 4.9 0.9 0.4286
Texture attributes

Hardness 4.2 b 3.8 b 2.8 a 1.0 <0.0001
Gumminess 4.3 b 4.1 b 3.3 a 1.1 <0.0001

Dryness 4.8 b 4.5 b 3.7 a 1.1 <0.0001
Fibrousness 4.1 b 4.0 b 3.4 a 1.2 <0.0001

Ease of fragmentation 5.8 a 6.3 b 6.9 c 1.2 <0.0001
Taste and flavor attributes

Meat 5.2 a 5.6 b 5.6 b 0.7 <0.0001
Fatty 3.3 3.2 3.4 0.9 0.6251

Smoky 2.8 3.0 2.9 1.0 0.4418
Sour 2.2 2.5 2.3 0.7 0.0645
Salty 5.0 a 5.4 b 5.0 a 0.9 0.0159
Sweet 0.8 a 1.0 b 1.0 b 0.6 0.0027
Bitter 0.6 0.7 0.6 0.6 0.7524

Bouillon-like 1.7 a 2.0 b 1.9 a,b 0.7 0.0312
Fermentation 2.6 3.0 2.8 1.0 0.0868

Yeast 1.4 1.5 1.3 0.8 0.3342
Sweat 2.8 b 0.3 a 0.3 a 0.8 <0.0001

Manure 0.9 b 0.2 a 0.2 a 0.6 <0.0001
Persistent 2.7 b 0.8 a 0.7 a 0.9 <0.0001

Rancid 0.7 0.7 0.6 0.6 0.4085
Overall sensory quality 4.2 a 5.9 b 6.2 c 0.9 <0.0001

EM entire males; IC immunocastrates, SC surgical castrates, RMSE root-mean-square error. Values with different
superscripts are significantly different (p < 0.05).

4. Discussion

Due to their effect on dehydration, salt intake and biochemical changes during processing [10],
green ham properties, which can be assessed without damage to further processing, were recorded.
The main difference between male sex groups was in subcutaneous fat cover which was thicker in SC
than EM or IC. As shown by meta-analytical studies, an absence of differences in subcutaneous fat
thickness between EM and IC is generally observed [19,20]. Ham fat thickness is the principal factor
affecting seasoning loss, with fatter hams exhibiting less and slower dehydration [21]. In agreement
with this, lower processing loss was observed in SC than EM or IC hams (7% or 5%-point difference,
respectively). In our recent study [22], we also observed a significant difference in processing weight
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loss between IC and EM, whereas in the present study, a 2%-point better yield in IC hams was
not significant, but was consistent with insignificantly thicker fat cover and intramuscular fat of IC
dry-cured ham muscles.

The observed physical-chemical properties of dry-cured ham muscles show that it was mainly SC
that differed from EM and IC (which were similar in this respect). Higher water content and lower salt
intake in SC than EM or IC corroborates the results for processing loss and the results in the literature
on salt intake and water migration during processing, as monitored with computed tomography [23].
It is worth noting that due to lower dehydration, SC hams also had lower protein percentages than
EM or IC. As a result, dry-cured ham muscle of SC presented higher water activity, which together
with lower salt content may affect the proteolysis. It has been demonstrated that proteolysis is more
pronounced in hams with reduced salt content or inversely, that protein breakdown is lower when salt
concentration is higher [22,24,25]. High salt concentration inhibits muscle proteases responsible for
the degradation of proteins to short peptides and free amino acids [26]. With regard to the index of
proteolysis, the effect of male sex group differed according to the muscle. It was insignificant in SM
muscle, which also exhibited lower PI values due to the fact that this muscle is exposed to air and salt
and is thus submitted to more intense desiccation. In the case of ST and BF muscles, SC had higher PI
than EM, whereas IC were SC-like in the ST muscle, and EM-like in the BF muscle. This inconsistency
in IC response may indicate that IC behave differently from EM and SC in terms of proteolytic enzymes
activity and protein breakdown. It has been suggested that EM have a higher degree of proteolysis than
SC [27] and that higher androgenic potential (androstenone level) might be associated with increased
proteolysis [28], which could not be confirmed in the present study. The only available relevant study
including IC proteolytic potential [29] showed higher cathepsin B activity in green ham muscle of IC
than SC, but showed the opposite trend for proteolysis (i.e., the highest PI was in SC hams).

The instrumentally assessed texture of dry-cured ham muscles also showed that it was mainly SC
that differed from EM and IC, in line with the differences in physical-chemical properties. Dry-cured
ham texture is due to dehydration, which causes hardening of the product [30] or to proteolysis [31],
which increases the softness as a result of the cleavage of structural proteins. The absence of
important differences in the rheological parameters of EM and IC have been reported previously [22].
The instrumentally assessed texture was consistent with the sensory evaluation by the expert panel,
and confirmed that with respect to texture, dry-cured hams from IC are EM-like, while both were
different from SC.

Visual assessment of dry-cured ham slices confirmed that EM are leaner than SC, and that IC
were more EM-like with regard to fatness indicators, in line with results for the chemical composition
of green ham or dry-cured ham. However, because of the potential interfering effect of boar taint
presence in EM, the most important result of sensory analysis is the perception of odor, taste and
flavor. Indeed, the results confirmed a clear, distinct profile for dry-cured hams from EM, while IC and
SC exhibited similar sensory profiles. Significantly stronger perception of several sensory attributes
(sweat, manure, sharp, persistent) that the literature describes for pork from EM [32], proves that
boar taint did not diminish with processing and that panelists were able to detect the organoleptic
defects in dry-cured hams from EM. Actually, 9 out of 12 EM hams presented androstenone levels
above 1 μg/g while only 2 out of 12 hams presented skatole levels above 0.25 μg/g (data not shown),
which are considered threshold levels for sensory perception. On the other hand, in hams from IC
pigs the androstenone and skatole levels were below the detection level (0.24 and 0.03 μg/g liquid
fat, respectively) [12]. Studies evaluating the effect of processing technologies on boar-tainted meat
generally show that dry-curing does not eliminate its perception in the products [7,8]. It also seems
that boar taint substances are neither degraded nor lost during the long dry-curing process [33].

5. Conclusions

The present investigation demonstrated that the quality of dry-cured ham is strongly affected by
male sex group and that dry-cured ham from entire (uncastrated) males has sensory quality defects
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and also differs in other aspects that are important in dry-cured ham production (e.g., insufficient
subcutaneous fat thickness). In the experimental conditions of the present study, the immunocastrates
also produced hams with a fat thickness below the requirement for Kraški pršut PGI labelling,
suggesting that to better meet the requirements for special products, the vaccination protocols (e.g.,
longer time delay between second vaccination and slaughter) and other management practices could be
adapted or further optimized. Regarding the aptitude for processing into traditional dry-cured products,
under the conditions of the present study, i.e., standard age and weight of pigs, lean type crossbreed,
same diet, usual delay between effective immunocastration and slaughter, the immunocastrated
pigs are more similar to entire males, however their main advantage is that they are free of boar
taint, while the surgical castrates had the most appropriate raw hams for processing into traditional
dry-cured products.
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Simple Summary: It is generally assumed in the Iberian pig sector that substitution of traditional
free-range rearing, with acorns and grass, by mixed diets affects intramuscular fat content and
fatty-acid composition, among others, causing a decrease in meat quality. As mixed diets are usually
formulated with higher protein contents than those supplied by natural resources consumed by
Iberian pig fed extensively, we hypothesized that the use of a low-protein diet in the final fattening
period of pig could be a suitable strategy to improve meat and dry-cured product quality. However,
it is also necessary to evaluate the effect of this strategy on performance and carcass traits of pigs.
In this study, we found that Iberian pigs fed on low-protein diets had higher intramuscular fat content
and different meat composition compared to pigs fed on concentrates with standard protein levels,
which could be a suitable way of improving the Iberian pig meat and dry-cured product quality.

Abstract: The feeding system is one of the main factors influencing the Iberian pig meat quality.
This experiment was undertaken to evaluate the influence of feeding diets containing different levels
of protein on performance, carcass, and meat quality of Iberian pigs. To that aim, 24 castrated male
Retinto Iberian pigs with an average weight of 116 kg were fed under free-range conditions with
acorns and grass (FR), and on concentrated diets in confinement with standard (SP) and low protein
content (LP). The crude protein content in acorns was lower than that in the grass and SP diet,
but similar to that in the LP diet. FR pigs needed more time to achieve slaughter weight than LP and
SP pigs. Iberian pigs fed on low-protein diet (FR and LP) had a higher intramuscular fat content in
the musculus serratus ventralis than SP pigs. The influence of diet on the fatty-acid composition was
reflected more markedly in subcutaneous fat than in muscles. FR pigs showed a higher level of C18:1
n-9 and total polyunsaturated fatty acids and lower total saturated fatty acids in subcutaneous fat
than LP and SP. It is concluded that diets with low protein levels do not affect Iberian pig productive
traits but change the meat composition, rendering them an interesting strategy to improve the quality
of Iberian pig meat and dry-cured products.

Keywords: Iberian pig; extensive system; low-protein diet; carcass; meat quality; fatty-acid profile
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1. Introduction

The Iberian pig is an autochthonous breed from the southwest Iberian Peninsula, characterized by
its high-quality meat and dry-cured products (mainly hams, shoulders, and loins) [1]. This high quality
is the consequence of several factors such as genetics, crossbreeding, rearing system, and processing
conditions. Within the factors included under the rearing system, feeding seems to be the key one
influencing Iberian product quality [2]. Originally, Iberian pigs were reared under free-range conditions
in the dehesa, a Mediterranean forest system, based on natural resources, mainly fallen acorns and
pasture, playing an important role in the agricultural and pastoral systems and, therefore, in the
economy of these rural areas [3]. Unfortunately, an extensive traditional feeding production regime is
not always feasible because the availability of natural resources is limited. In addition, an increase
in demand for both fresh and dry-cured products from Iberian pigs currently involves the use of
conventional mixed diets to produce a high proportion of Iberian pigs under intensive conditions.
However, the replacement of free-range rearing and substitution of the natural feed by conventional
mixed diets in Iberian pigs produce a markedly decrease in the sensory attributes of dry-cured products
and, consequently, a lower acceptability [4]. It is well known that nutritional strategies are the main
influential factors in meat quality of pigs. The acorn is an energy food rich in fat and carbohydrates;
however, it has very low protein content and its amino-acid profile indicates that lysine is the main
limiting amino acid [3]. On the other hand, although protein from pasture may be important to
overcome the shortage in acorns, it is not enough to cover dietary requirements [5]. To increase pig chain
sustainability, it is necessary to optimize the nutrient efficiency, since it may reduce nutrient excretion
and production costs, making the reduction of the dietary protein content a priority objective in pig
production [6,7]. In this sense, previous studies into intensive nutritional management were carried out
to determine the influence of diets that differed widely in protein/energy ratio on performance, carcass,
and meat quality traits of Iberian pig [8,9]. It is well known than the reduction of some nutrients, such
as protein, could increase fat deposition in pigs [10,11]. With regard to Iberian pig, a high amount
of intramuscular fat (IMF) was highlighted as one of the most relevant aspects of meat quality [12].
Thus, increasing the IMF levels is generally considered as a way of enhancing the quality of fresh
pork and dry-cured products [12], and a low-protein diet could be considered as a strategy to increase
fat deposition, allowing not only a decrease in feed costs, but also an increase in sustainability of
pork production.

Thus, as free-range rearing of Iberian pigs, with a feed characterized by a high energy density
and a low amount and quality of proteins, increases the IMF [13] and modifies the color of meat and
dry-cured products [14], we hypothesized that feeding Iberian pigs with a low-protein diet during the
final fattening period prior to slaughter under intensive conditions could be an adequate strategy to
improve the meat quality. In addition, another purpose of this work was to study the influence of this
type of a protein-restricted diet on the performance and carcass traits of Iberian pigs.

2. Materials and Methods

2.1. Animals and Diets

This study was carried out with 24 castrated Iberian male pigs of the Retinto variety. This variety
belongs to the line Valdesequera (Extremadura Government, Badajoz, Spain), and it is recognized in
Spain’s official Iberian herd book (Spanish Association of Iberian Purebred Pig Breeders, AECERIBER).
During the period prior to the experiment, the animals were kept from birth to the beginning of
the fattening phase under intensive rearing conditions. Animals began the fattening phase with an
average initial live weight of 116.0 kg (pooled SD = 5.9 kg) and age of 425 days. The pigs were
divided into three groups (n = 8) according to feeding regime. One group was reared free range
(FR), according to the traditional way, in which pigs are fed on natural resources, mainly acorns
(Quercus rotundifolia) and grass, from November to January. The other two groups of pigs were raised
on the experimental farm in confinement (housed outdoors, 230 m2/pig) and offered two different
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experimental diets, formulated to the same metabolizable energy (ME) value, 4100 kcal/kg dry matter
(DM) (according to Fundación Española para el Desarrollo de la Nutrición Animal (FEDNA) [15]);
one group was fed on a standard protein diet (SP) and the other one on a low-protein diet (LP).
Standard protein diet was formulated to meet all the nutrient requirements for fattening the Iberian
pigs; however, LP diet was designed as a protein-deficient diet, in order to obtain a low protein
intake that simulates feeding of Iberian pigs reared free range. The main ingredients of the two
diets were maize (150 g/kg), maize starch (400 g/kg), alfalfa meal (100 g/kg), and high-oleic sunflower
oil (60 g/kg). The LP diet was also formulated with wheat (252 g/kg), resulting in a concentrated
feed with 6.6 g/100 g DM of crude protein and 0.2 g/100 g DM of lysine, and the SP diet with wheat
(55 g/kg) and soybean meal (44% crude protein), resulting in a concentrated feed with 12.8 g/100 g
DM and 0.7 g/100 g DM of lysine. The diets contained also bicalcium phosphate (20 g/kg), sodium
chloride (5 g/kg), vitamin and mineral premix (3 g/kg), and binder (10 g/kg). The chemical composition
of diets (acorns, grass, and concentrated feed) was determined according to standard methods [16]:
moisture (reference 935.29), crude protein (reference 954.01), crude fat (reference 920.39), crude fiber
(reference 962.09), and ash (reference 942.05). The fatty-acid composition of diets was assayed by
gas chromatography after lipid extraction according to the Bligh and Dyer [17] method and acidic
transesterification [18].

2.2. Handling, Slaughtering, and Carcass Traits

Pigs from the three groups studied, FR, LP, and SP, had free access to water and feed throughout
the trial. To achieve ad libitum feeding of pigs raised in confinement (LP and SP), a sufficient amount
of feed was weighed and added to feed hoppers manually once a day, ensuring that feed was always
available to the animals. Feed consumption was recorded weekly. Daily feed intake was calculated by
weighing the feed leftovers, which were determined by weighing the entire feeder (the entire feeder
included the feed hoppers) and subtracting the weight of the empty feeder. Pigs on the LP diet had
a daily feed intake of 5161 g DM/pig versus 5088 g DM/pig in the SP group. As FR pigs were fed
in freedom, with the resources that nature provides, it was not possible to measure their feed intake
directly, but daily acorn pulp and grass intakes of 3600 and 655 g DM/pig, respectively, were estimated
according to the previous studies published in Iberian pig (see Supplementary Materials) [3,19,20].
Pigs were weighed every week from the beginning of the fattening period to slaughter. The selection
criterion for the slaughter of the pigs was weight increase. When the average weight of the batch
increased by about 58 kg, all the pigs of a batch were transported to the abattoir. All the pigs were
weighed unfasted 24 h before slaughter, and these weights were used to determine both final weight
(174.2 kg and SD = 6.1) and carcass performance. Feed was withheld from animals for 12 h before
slaughtering. FR pigs were locked in a pen and fed with acorns collected from the same place
where they usually ate, until the pre-slaughter fasting. Pigs were slaughtered by electrical stunning
and killed by exsanguination. Then, they were scalded, skinned, eviscerated, and split down both
sides of the vertebral column according to the standard commercial procedures of the Iberian pig
industry. Hot carcass weights without pelvic renal fat were recorded and used to calculate carcass yield.
Hams and shoulders were removed from the carcasses and weighed 2 h postmortem. Serratus ventralis
(SV) and longissimus thoracis and lumborum (LTL) muscles were also dissected from the carcasses,
trimmed of external fat, and weighed within 45 min after slaughter. The weights of untrimmed hams
and shoulders were recorded 2 h postmortem.

2.3. Meat Quality Traits and Fatty-Acid Profile of Samples

After collection of carcass data, a sample of subcutaneous adipose tissue at the level of the
tailbone was chosen for lipid analysis. Then, a sample of approximately 300 g in the middle part of
the SV and another one from the musculus longissimus lumborum (LL) was excised from all pigs.
Meat samples were stored for chemical analysis in individual plastic bags and vacuum-packaged at
−20 ◦C until subsequent analyses. The LL and SV samples were thawed inside the vacuum-packaged
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bags for 24 h at 4 ◦C, removed from packages, sliced, and exposed to light for 30 min before color
measurement. The following color coordinates were determined: lightness (L*), redness (a*, red to
green), and yellowness (b*, yellow to blue), according to CIELAB color space [21]. The color parameters
were determined using a Minolta CR-300 colorimeter reflectance spectrophotometer (Minolta Camera
Co., Osaka, Japan). Before use, the colorimeter was standardized using a white tile (mod CR-A43)
using illuminant D65, 0◦ standard observer, and an 8 mm port/viewing area. The measurements were
repeated at three randomly selected locations on each LL and SV slice and averaged for statistical
analysis. The pH at 24 h of LL and SV samples was measured using a pH meter specific for meat
products (model HI 99163, HANNA, Smithfield, RI, USA). Moisture (oven air-drying method), protein
(Kjeldahl nitrogen), and ash (muffle furnace) were analyzed following official methods [16]. Lipids
from subcutaneous fat samples were extracted in a microwave oven following the method described by
De Pedro et al. [22]. IMF was extracted and quantified according to the method described by Bligh and
Dyer [17]. Fatty-acid methyl esters from the lipids obtained were prepared by acidic transesterification
in the presence of sodium metal (0,1 N) and sulfuric acid (5% sulfuric acid in methanol) [18], and they
were analyzed by gas chromatography, using a Hewlett-Packard HP-4890 Series II gas chromatograph
equipped with a split/splitless injector and a flame ionization detector (FID). Separation was carried
out on a polyethylene glycol capillary column (30 m long, 0.25 mm inner diameter (id), 0.25 μm
film thickness) (HP-INNOWax) maintained at 260 ◦C for 25 min. Injector and detector temperatures
were 320 ◦C. The carrier gas was nitrogen at 1.8 mL/min. Individual fatty acids were identified by
comparison of their retention times with those of reference standard mixtures (Sigma Chemical Co.,
St. Louis, MO, USA). Results were expressed as the percentage of total fatty acids present, considering
a total of 16 fatty acids, none less than 0.1%.

2.4. Statistical Analysis

For descriptive data analysis, the mean and the standard error of the mean were used. The pig
was used as the experimental unit. Significance of difference (p < 0.05) between dietary treatments
was determined by one-way ANOVA followed by Tukey multiple comparison test. The general linear
model procedure of the SPSS package (SPSS for Windows Ver. 19.0; SPSS Inc., Chicago, IL, USA, 2004)
was used.

3. Results

3.1. Diets

Table 1 shows analysis of the chemical and fatty-acid composition of experimental diets, acorns,
and grass. Acorns, the main component of FR Iberian pig diets, contain lower crude protein content
(5.2% DM) than grass (19.1% DM) and the SP diet (12.8% DM), but similar content to the LP diet
(6.6% DM). Acorns presented higher levels of fat (7.9% DM) than grass (4.6% DM), but similar levels
to those found in LP and SP diets (8.3% and 8.0% DM, respectively). Acorns, LP, and SP diets exhibited
higher proportions of oleic acid (64.0%, 72.5%, and 71.9%, respectively) than grass (13.2%). However,
grass presented higher levels of linolenic acid (37.5%) compared to acorns, LP, and SP diets (1.0%, 0.6%,
and 0.9%, respectively).
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Table 1. Proximate composition (% dry matter, except for dry matter (%)) and fatty-acid profile (%) of
the experimental diets (low-protein diet and standard protein diet), acorn, and grass.

Items Diets
Chemical Composition LP diet SP Diet Acorn Grass

Dry matter (DM) 91.6 91.3 60.5 19.4
Crude protein 6.6 12.8 5.2 19.1

Crude fat 8.3 8.0 7.9 4.6
Crude fibre 4.0 4.7 2.3 22.0

Ash 5.0 5.2 1.6 11.6
Free-nitrogen extractives 75.9 68.6 83.0 42.7

Lysine 0.2 0.7

Fatty acids 1

Palmitic acid (C16:0) 7.3 7.0 13.5 26.1
Stearic acid (C18:0) 2.9 2.7 3.3 6.1

Oleic acid (C18:1n-9) 72.5 71.9 64.0 13.2
Linoleic acid (C18:2n-6) 14.6 15.9 16.7 12.6

Linolenic acid (C18:3n-3) 0.6 0.9 1.0 37.5

LP diet = low-protein diet; SP diet = standard protein diet. 1 Of a total of 16 fatty acids, none less than 0.1%.

3.2. Pig Performance and Carcass Traits

Growth performance and carcass traits are shown in Table 2. Pigs from the FR group grew slower
(1.05 kg/day) and needed more time (56.8 days) to get to the slaughter weight than pigs from LP and
SP groups, which had significantly higher growth rates (1.27 and 1.24 kg/day, respectively) and only
needed 45.4 and 46.3 days, respectively, to get to the slaughter weight. No significant differences were
found between LP and SP groups in the average daily gain (ADG) and in the number of days to get
to the final weight. Carcass weight and carcass yield were not influenced by production system or
feed type. With regard to the cutting of pigs, the largest differences were in loin weight and yield.
The three groups showed significant differences for LTL weight, with the highest value for SP (2.41 kg),
followed by LP and FR (2.16 and 1.90 kg, respectively). Although SV showed the same behavior
as LTL, statistically significant differences were not found. With respect to ham and shoulder weights,
no differences were found among groups.

Table 2. Productive and carcass traits (kg) and yields (%) from Iberian pigs fed the experimental diets.

Productive and Carcass Traits FR LP SP SEM p-Value

Initial weight 115.6 116.3 116.1 1.213 0.975
Final weight 175.2 174.0 173.5 1.243 0.859
Weight gain 59.6 57.7 57.4 0.734 0.445

Days 56.8 a 45.4 b 46.3 b 2.137 0.023
Carcass weight 137.2 137.3 135.2 1.169 0.721

ADG 1.05 a 1.27 b 1.24 b 0.062 0.049
LTL weight 1.90 a 2.16 b 2.41 c 0.054 0.000
SV weight 0.60 0.70 0.69 0.019 0.053

Ham weight 14.53 14.71 14.48 0.170 0.812
Shoulder weight 10.66 11.03 10.92 0.117 0.335

Carcass yield 78.35 78.97 77.91 0.344 0.558
LTL yield 2.82 a 3.19 b 3.66 c 0.084 0.000
Ham yield 21.15 21.40 21.44 0.213 0.894

Shoulder yield 15.44 15.96 16.11 0.129 0.063
a,b,c Values within a row with different superscripts differ significantly at p < 0.05. SEM, standard error of the mean.
ADG, average daily gain. LTL, musculus longissimus thoracis and lumborum. SV, musculus serratus ventralis.
Diets: FR, Iberian pigs reared in free-range conditions; LP, Iberian pig fed on experimental low-protein diet; SP,
Iberian pig fed on experimental standard protein diet.

3.3. Meat Composition

The effect of feeding diet on proximate chemical composition, instrumental color coordinates,
and pH of LL and SV is presented in Table 3. Significant differences between feeding diets were
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observed in SV muscle. SV from pigs fed on low levels of protein (FR and LP groups) had a higher
IMF content (7.95 and 7.72 g/100 g, respectively) than pigs fed on standard levels of protein (SP group)
(6.23 g/100 g). There were decreased pH levels measured at 24 h in FR pigs (5.73), as opposed to SP
pigs (5.99), with the LP group showing intermediate values (5.87). With respect to color of SV, FR pigs
had higher values of L* (39.53) than LP and SP (36.71 and 36.18, respectively). In LL muscle, the same
trend was observed as in SV; however, the differences between feeding diets were not significant.

Table 3. Chemical composition (g/100 g of muscle), pH, and color of musculus longissimus lumborum
and musculus serratus ventralis from Iberian pigs fed the experimental diets.

Items
Musculus Longissimus Lumborum Musculus Serratus Ventralis

FR LP SP SEM p-Value FR LP SP SEM p-Value

Moisture 69.56 70.15 71.39 0.362 0.104 71.17 a 71.78 a,b 72.77 b 0.242 0.016
Protein 22.44 21.92 22.16 0.143 0.350 19.54 19.15 19.61 0.129 0.296

IMF 6.60 6.57 5.06 0.363 0.141 7.95 a 7.72 a 6.23 b 0.298 0.030
Ash 1.10 1.05 1.09 0.011 0.228 1.03 a 1.06 a,b 1.09 b 0.009 0.037

pH 24 h 5.56 5.69 5.63 0.036 0.326 5.73 a 5.87 a,b 5.99 b 0.040 0.024
L* 43.22 40.41 41.39 0.559 0.111 39.53 a 36.71 b 36.18 b 0.563 0.025
a* 8.56 8.97 8.70 0.243 0.806 15.20 14.84 15.29 0.283 0.807
b* 6.86 6.84 6.83 0.190 0.999 9.61 8.89 9.22 0.209 0.388
a,b Values within a row with different superscripts differ significantly at p < 0.05. SEM, standard error of the mean.
IMF, intramuscular fat. Diets: FR, Iberian pigs reared in free-range conditions; LP, Iberian pig fed on experimental
low-protein diet; SP, Iberian pig fed on experimental standard protein diet. L*: lightness; a*: redness; b*: yellowness.

The influence of feeding diets on the fatty-acid composition of subcutaneous backfat is shown in
Table 4. There were significant differences between Iberian pigs fed in free-range rearing conditions
(FR) and pigs fed in confinement with experimental concentrated diets (LP and SP). FR pigs showed
a higher percentage of C18:1 n-9, C18:2 n-6, C18:3 n-3, C20:4 n-6, and total polyunsaturated fatty
acids (PUFA), and lower percentages of C16:0, C18:0, C20:0, and total saturated fatty acids (SFA) than
LP and SP groups.

Table 4. Fatty-acid composition (%) of the subcutaneous fat from Iberian pigs fed the experimental diets.

Items
Subcutaneous Fat

FR LP SP SEM p-Value

C14:0 1.24 1.20 1.19 0.016 0.504
C16:0 19.60 a 20.77 b 20.51 b 0.163 0.004
C16:1 2.19 2.17 2.31 0.075 0.728
C17:0 0.30 0.26 0.29 0.010 0.227
C17:1 0.35 0.31 0.34 0.011 0.353
C18:0 8.58 a 10.36 b 9.94 a,b 0.264 0.009

C18:1 n-9 53.99 a 52.59 b 52.55 b 0.235 0.010
C18:2 n-6 9.95 a 8.43 b 8.93 b 0.195 0.002
C18:3 n-3 0.75 a 0.64 b 0.66 b 0.018 0.014

C20:0 0.16 a 0.20 b 0.20 b 0.006 0.019
C20:1 n-9 1.69 1.91 1.87 0.045 0.080
C20:2 n-9 0.70 0.68 0.72 0.015 0.543
C20:4 n-6 0.14 a 0.12 b 0.13 a,b 0.003 0.025
C20:3 n-3 0.27 0.26 0.27 0.008 0.896

SFA 29.89 a 32.79 b 32.13 b 0.404 0.004
MUFA 58.21 56.98 57.07 0.257 0.088
PUFA 11.90 a 10.22 b 10.80 b 0.219 0.002

a,b Values within a row with different superscripts differ significantly at p < 0.05. SEM, standard error of the mean.
SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA, total polyunsaturated fatty acids.
Diets: FR, Iberian pigs reared in free-range conditions; LP, Iberian pig fed on experimental low-protein diet; SP,
Iberian pig fed on experimental standard protein diet. Results are expressed as means in percentage of a total of 16
fatty acids, none less than 0.1%.
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Considering the influence of diet on the fatty-acid composition of LL and SV (Table 5), the only
significant differences were observed in the total PUFA of SV, mainly due to the differences in C18:2 n-6,
C18:3 n-3, C20:2 n-9, and C20:3 n-3.

Table 5. Fatty-acid composition (%) of the musculus longissimus lumborum and musculus serratus
ventralis from Iberian pigs fed the experimental diets.

Items
Musculus Longissimus Lumborum Musculus Serratus Ventralis

FR LP SP SEM p-Value FR LP SP SEM p-Value

C14:0 1.31 1.30 1.40 0.037 0.492 1.27 1.17 1.22 0.018 0.105
C16:0 24.19 24.48 23.46 0.386 0.562 23.47 24.25 23.24 0.262 0.266
C16:1 4.66 4.15 4.89 0.133 0.058 4.04 3.51 4.08 0.139 0.182
C17:0 0.14 a 0.12 b 0.16 a 0.007 0.044 0.19 a 0.15 b 0.19 a 0.006 0.011
C17:1 0.20 0.16 0.21 0.010 0.119 0.25 a 0.19 b 0.24 a 0.010 0.034
C18:0 10.22 11.41 10.38 0.271 0.152 10.24 12.21 10.40 0.376 0.053

C18:1 n-9 51.39 50.81 51.47 0.428 0.802 49.74 49.23 50.09 0.400 0.699
C18:2 n-6 5.41 4.96 5.33 0.179 0.576 7.88 a 6.39 b 7.52 a 0.210 0.006
C18:3 n-3 0.37 a,b 0.35 a 0.41 b 0.009 0.035 0.48 a 0.35 b 0.46 a 0.018 0.003

C20:0 0.17 0.18 0.17 0.005 0.529 0.17 0.20 0.17 0.008 0.094
C20:1 n-9 0.87 0.91 0.85 0.026 0.596 0.96 1.14 1.05 0.035 0.118
C20:2 n-9 0.21 0.19 0.22 0.007 0.364 0.30 a 0.25 b 0.31 a 0.008 0.002
C20:3 n-6 0.10 0.11 0.13 0.006 0.181 0.13 0.12 0.14 0.005 0.258
C20:4 n-6 0.67 0.78 0.82 0.046 0.400 0.79 0.72 0.76 0.032 0.708
C20:3 n-3 0.09 0.09 0.10 0.004 0.425 0.12 a 0.09 b 0.12 a 0.005 0.017

SFA 36.02 37.49 35.58 0.649 0.473 35.33 37.99 35.22 0.619 0.116
MUFA 57.13 56.03 57.42 0.521 0.538 54.98 54.08 55.47 0.507 0.546
PUFA 6.85 6.48 7.00 0.237 0.673 9.68 a 7.93 b 9.31 a 0.258 0.007

a,b Values within a row with different superscripts differ significantly at p < 0.05. SEM, standard error of the mean.
SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA, total polyunsaturated fatty acids.
Diets: FR, Iberian pigs reared in free-range conditions; LP, Iberian pig fed on experimental low-protein diet; SP,
Iberian pig fed on experimental standard protein diet. Results are expressed as means in percentage of a total of
16 fatty acids, none less than 0.1%.

4. Discussion

4.1. Experimental Diets

The chemical composition of the acorns and grass in this work showed similar values to those
previously published [20,23]. These results show that the protein content in acorns consumed by
Iberian pigs during the fattening period in free-range conditions is low compared to diets used in
lighter pig systems. Moreover, acorn protein content is constrained by an unbalanced amino-acid
profile, with lysine as the main limiting amino acid, according to Nieto et al. [8], who reported average
values of 0.2 g lysine/100 g DM in the acorn kernel (Iberian pigs remove the acorn hull to ingest
only the kernel). Even though the provision of supplementary protein via pasture could cause an
increase in protein deposition in pigs, García-Valverde et al. [3] reported that the amount of protein
supplied by pasture is not enough to supply the protein needed during the fattening phase in a
free-range system. Thus, in our study, the experimental SP diet was designed to supply the total daily
needs of Iberian pig in the fattening phase according to García-Valverde et al. [5], who stated that
the maximum potential for the deposition of lean tissue in Iberian pigs during the fattening period
is attained when the pigs are fed with a diet which provides 9.5 g crude ideal protein/100 g DM and
0.7 g lysine/100 g DM. On the other hand, the LP diet was designed to simulate, under controlled
conditions, the nutrients received by the Iberian pigs in free-range conditions. For this, we took into
account both the composition and the proportion of acorns and grass consumed by the pigs according
to the studies of Rodríguez-Estévez et al. [24]. Total nutrient intake also depends on the amount of
food consumed by the pigs in each treatment. In our study, confined pigs (SP and LP) had very
high feed intake, far above that described by García Valverde et al. [5] and closer to that described
by Dunker et al. [25] after a restricted feeding period. With respect to acorn and grass, the intakes
estimated in our work (3.60 kg DM/day and 0.65 kg DM/day of acorn kernel and grass, respectively)
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are higher than (2.9 kg DM/day and 0.5 kg DM/day) [20] or similar to (3.6 kg DM/day and 0.38 kg
DM/day) [24] those previously reported. Although the protein/energy ratio in LP pigs was much lower
than recommended by García-Valverde et al. [5], the daily protein intake was not as low, due to the high
daily feed intake. Thus, the estimated daily protein intake in FR pigs was 312 g crude protein/day (187 g
from acorn and 125 g from grass), while, in LP and SP pigs, it was 340 and 651 g crude protein/day,
respectively. Nevertheless, although the total protein intake between LP and FR could be similar, there
may be a difference in the amount of available protein, due to the low protein retained/protein intake
ratio in acorns and pasture (0.078 and 0.202, respectively) [3] and in concentrated feed (0.212) [5].

4.2. Pig Performance and Carcass Quality Traits

With respect to productive parameters, ADGs in our study were in general higher than those
found in Iberian pigs fed during the fattening period on formulated diets in a confinement system [5,26]
or fed with acorns and grass in a free-range system [27]. This could be explained by the pigs in our
experiment being older at the beginning of the fattening period, as previously demonstrated [28],
probably due to compensatory growth as a result of previous food restriction [27]. A significantly
lower ADG was observed in FR compared to SP and LP pigs (p < 0.05). Several studies evidenced
differences in ADG between free-range reared Iberian pigs and those raised in confinement, due to
the effect of physical activity [29] and climatic conditions [30]. However, all pigs in this work had the
same thermoregulation needs, given that SP and LP pigs were outdoors and near to those from the
FR group. Thus, most of the differences could be due to the expenditure of energy for displacement.
Although SP and LP pigs were confined outdoors within a large plot of 230 m2/pig, they did not have
to move to search for food; hence, this cost was higher in the FR animals. No dietary effect on ADG
between LP and SP groups was observed, in accordance with previous studies in Alentejano (Iberian)
pigs [31] and in heavy pigs [32–35]. In contrast, other authors found that feeding pigs ad libitum
with protein- or lysine-deficient but adequate-energy diets during the finishing phase reduces ADG
rate [36–38]. Differences between the abovementioned studies could be explained by the different
growth rates of the pig breed [6], the pig body weight when the protein restriction is carried out [38],
and the deficiencies in protein and essential amino-acid levels [31].

No differences in carcass yield were found in our work, in accordance with previous results
in Iberian pigs [26] and in other pig breeds [35,39]. In contrast, Rey et al. [40] found higher carcass
yield in pigs fed in confinement than in those fed under free-range conditions with acorn and grass,
probably due to the greater fiber content in grass compared to concentrate diet, which could increase
the development of the digestive system (mainly large intestine), as evidenced Roskosz et al. [41] in
wild pigs fed on diets with a high cellulose content. However, the higher feed intake of intensively
reared pigs increased the gut fill [19], which could compensate for the greater development of the
digestive system from free range-reared pigs. Related to dietary protein content, our results are in
agreement with previous papers [35,42], indicating that it is possible to reduce dietary crude protein
without affecting growth performance and carcass composition as long as daily amino-acid supplies
are adequate [34]. Only in loins were significantly lower levels of weight and yield detected in FR
than in SP pigs, with intermediate values in LP. The effect of a different protein/energy ratio in the
three diets studied could be more significant in loins compared to other cuts, such as ham or shoulder,
due to loin being a leaner cut, and the reduction in the proportion of protein relative to energy in the
diet consistently increases fat deposition and decreases muscle synthesis [43].

4.3. Meat Quality

The higher IMF content of Iberian pigs reared outdoors compared to those reared in intensive
conditions and fed on concentrated diets is well known by farmers and dry-cured ham producers [44]
and was previously reported [13,23]. This could be due to the high intake during the fattening period
prior to slaughter of acorns which have a high caloric value (Rodríguez-Estévez et al. [20] estimated
a daily feed intake of 2.92 kg DM acorn) and low protein content with an unbalanced amino-acid
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profile [8]. In the current study, there were no differences in IMF between FR pigs and LP pigs, but there
were differences between both previous and SP pigs in SV. These results could be explained by the
low protein content of the LP diet, which was similar to that of FR, and lower than that for the SP
treatment. When insufficient dietary protein content is provided to pigs, excess energy is diverted
to fat deposition [6]. Moreover, evidence suggests that, with low-protein diets, lipogenic enzymes
are expressed more readily in muscle than in subcutaneous fat [45]. Therefore, diet composition,
particularly the protein/energy ratio, can be used to increase fatness, with a consequent effect on
performance [46]. Indeed, feeding pigs ad libitum with protein- or lysine-deficient but adequate-energy
diets during the growing or finishing phases was shown to increase IMF proportion [36], which
corroborates our results. In this sense, Schiavon et al. [47] found higher fat cover and thickness and
marbling in hams from heavy pigs fed low-protein diets. More recently, Li et al. [38] evidenced the effects
of low-protein diets on variations in the expression of two genes (ACC (acetyl-CoA carboxylase alpha)
and HSL (hormone-sensitive lipase)) related to lipid metabolism, thereby promoting fat deposition in
the muscle, which agrees with the results of the present study. The effect of feeding diets on chemical
meat composition was only observed in SV. IMF content was lower in LL than in SV, which could
be related to the type of muscle metabolism, as it is generally accepted that a higher proportion of
oxidative fibers implies a greater IMF content [44].

With respect to color, the higher luminosity (L*) values in SV from pigs reared in the FR system
than in that from pigs reared in intensive conditions (LP and SP) could be attributed to the combined
effect of feed characteristics and the environment, and not only to the exercise of pigs, as demonstrated
by López-Bote et al. [48] in studies with Iberian pigs. Thus, the higher L* value of SV from FR compared
to LP and SP pigs could also be related to the higher IMF content in FR animals, in accordance with
the results of Andrés et al. [44], who found a positive relationship between L* value and fat content
in Iberian pork. In the same way, Tejerina et al. [14] found that pigs reared in extensive conditions
with acorns and grass had higher L* and b* values in LL and SV than those from Iberian pigs raised in
intensive conditions with concentrated diets. In our study, LL showed a same tendency as SV, albeit
without significant differences, which could be related to the lower IMF content in LL than in SV,
in accordance with Tejerina et al. [14].

4.4. Fatty-Acid Composition

It is well known that the fatty-acid composition of pig tissues is affected principally by the
fatty-acid composition of feed [49]. In our study, the influence of feeding background on the
fatty-acid composition of porcine tissues was reflected more markedly in subcutaneous fat than in
LL and SV muscles. Even though pigs fed in confinement (SP and LP diets) had monounsaturated
fatty-acid-enriched diets, a significant influence of FR on the four major fatty acids (C18:1 n-9, C16:0,
C18:0, and C18:2 n-6) and SFA and PUFA of subcutaneous fat was found. FR pigs showed a higher
C18:1 n-9 content at the level of the tailbone than SP and LP, reflecting the high concentration of oleic
acid from acorns, in agreement with the results previously reported [50]. However, Ventanas et al. [13],
studying the effect of extensive feeding vs oleic acid-enriched mixed diets in Iberian pigs, did not
detect any effect on C18:1 n-9. Moreover, in our study, FR pigs exhibited a lower SFA and higher
PUFA content than LP and SP, in accordance with previous studies comparing Iberian pigs fed on
free-range and concentrated diets [23]. Nevertheless, the level of protein in the diet did not affect
the fatty-acid composition of subcutaneous fat and LL. The greatest effect of the level of protein in
diets was reflected in SV, with the biggest change being in C18:2 n-6, and subsequently total PUFA,
with the LP regime exhibiting lower proportions than both FR and SP regimes. These results are in
agreement with Wood et al. [6], who reported that C18:2 n-6 and C18:1 n-9 are the fatty acids whose
concentrations are most affected by a reduction of protein in pig diets. Previous works showed that
these two fatty acids are those most affected by changes in total fat deposition in pigs and other
animal species [51]. Oleic acid is the main product of de novo fat synthesis in the pig, and it is logical
that its concentration increases as the pig gets fatter. The linoleic acid obtained from the diet is then
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progressively diluted as fat synthesis increases, which explains the declining concentration of this
fatty acid. Nevertheless, no significant effect of protein level in the diet was detected for C18:1 n-9
content in our study. The explanation of this aspect could be based on the fatty-acid composition of
concentrated feed used in our study, which was rich in oleic acid. Hence, dietary protein content
(and, more specifically, the protein/energy ratio) may be used to modify the degree of carcass fat and
fatty-acid composition. It is generally accepted that the high sensory quality of Iberian pig meat
products from pigs fed under extensive conditions when compared to those fed on mixed feeds is
attributed to variation in the content and fatty-acid composition of intramuscular lipids [52,53].

5. Conclusions

The results of this trial show that low-protein diets during the final fattening period prior to
slaughter, similar to a feeding regime in free-range conditions with acorns and grass, do not affect
Iberian pig productive traits. Additionally, they increase IMF content, which is one of the quality
parameters most appreciated by consumers. In this sense, there is growing interest in muscle tissue
recently, owing to the effect of increasing IMF on meat quality. Thus, feeding Iberian pigs with LP diets
should be an interesting strategy to improve the quality of Iberian pig meat and dry-cured products.
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Simple Summary: The research on the quality of traditional pork can not only provide a reference for
the thorough breeding and food development of pigs, but also make a reference for understanding
the local history and social culture. The Liangshan pig is a traditional Chinese miniature pig breed.
It is mainly raised in the Liangshan Yi area and is closely related to the dietary culture of the local
people. The characteristics of, and changes in, the meat quality, amino acid composition and fatty
acid composition of Liangshan pigs of different weights were revealed for the first time in this
paper. It was found that as the weight of Liangshan pigs increased, the contents of marbling score,
intramuscular fat, shear force, Met, Asp, Asn, C18: 0 and C20: 2 increased, and drip loss, Trp and
C22: 6 decreased. Taken together, our findings serve as a reference for the development of the local
Liangshan pig industry.

Abstract: Indigenous pig breeds are important biological resources and their diversity has been
severely damaged. The Liangshan pig is a typical mountain-type local pig breed in southwest China.
Here, the meat quality, amino acid, and fatty acid composition of Liangshan pigs were compared at
seven stages within the weight range of 50–90 kg. A score for comprehensive factors of meat quality
was maintained after rising and kept in a plateau within 74.9–91.5 kg of body weight. The total amount
of amino acids in the longissimus dorsi muscle remained stable, and the total fatty acids showed
an upward trend. Amino acid composition analysis revealed that as the body weight of Liangshan
pigs increased, umami, basic, and acidic amino acid contents decreased, while the essential amino
acids (EAA) content and the ratio of basic amino acids to acidic amino acids increased. Fatty acid
composition analysis revealed that as body weight increased, the content of polyunsaturated fatty
acids (PUFA) exhibited a downward trend, while the content of saturated fatty acids (SFA) exhibited
an upward trend. This study is a primary step towards the development and utilization of Liangshan
pigs and provides useful information for local pork processing and genetic improvement.

Keywords: Liangshan pig; meat quality; amino acid; fatty acid; traditional pig products
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1. Introduction

Local pigs are important biological resources for new breeds and strains, the protection of animal
diversity, and the realization of sustainable animal husbandry [1]. Pig production and breeding
have rapidly entered globalization alongside economic globalization. Duroc, Yorkshire, Landrace,
and Buckshire pigs represent the majority of breeds on the market, whereas many local pig breeds
are endangered [2]. It is worth noting that pig breeding has long pursued high growth rates and
high lean meat rates, which has led to a decline in pork quality, such as meat color, shear force and
flavor [3]. However, consumers have recently begun to pursue pork of a higher quality and richer
flavor. Therefore, local pig breeds are a resource that could meet the diverse needs of consumers [4].

The formation of local pig breeds is closely related to the local environment and people’s consuming
habits [5]. Pigs are an important part of local society and culture. In-depth studies of pork quality
not only provide a reference for improved breeding and food development but can also provide
insights into local history and social culture. The development and utilization of local pig breeds is
an important way to protect local pig resources and diet culture and is of great significance for local
economic development and national cultural heritage.

The Liangshan pig is a traditional small-sized Chinese indigenous pig breed, mainly reared in
the Yi minority region of Liangshan, China. It has a strong resistance to cold and thrives on coarse
feed. Like most local pigs, Liangshan pigs have strong adaptability and good meat quality. However,
Liangshan pigs have a slow growth rate and low feed conversion rate; therefore, the population of
Liangshan pigs has decreased rapidly in recent years [6]. Limited information exists on the Liangshan
pig breed; therefore, the goal was to acquire basic information of different quality characteristics to be
used a future reference in the development and utilization.

In the present study, the quality, and amino acid and fatty acid composition of meat from
140 slaughtered Liangshan pigs was measured. The analysis of these data will help towards
understanding meat quality characteristics and change rules of Liangshan pigs, and to formulate
optimal slaughter times and suitable food development strategies. The results of this study are also of
reference value for the genetic improvement of other local pigs and the development of specialty foods.

2. Materials and Methods

The experimental protocol was approved by the Animal Care and Ethics Committee of Sichuan
Agricultural University, Sichuan, China, under permit No. DKY-S20123030 and No. DKY-S20123138.

2.1. Animals

The experiment was organized and performed at the Liangshan pig conservation farm of Mabian
Gold Liangshan Agriculture Development Co. Ltd. (Sichuan, China). A total of 140 pigs with a
similar birth date and birth weight (half barrows and half gilts) were randomly selected from the
farm. Based on the methods of previous reports, 140 pigs were slaughtered at 7 different weight stages
(the difference between each stage was approximately 6 kg) between 160 and 260 days of age, with 20
pigs from each stage (Table 1). The ingredients of the basal experiment diets are shown in Table S1.

Table 1. Information of Liangshan pigs being slaughtered.

Group. 1 2 3 4 5 6 7

Number 20 20 20 20 20 20 20
Body weight, kg 53.2 59.5 67.4 74.9 80.4 86.7 91.5

2.2. Management

All pigs were fed the same commercial feedstuff. The pigs had ad libitum access to diet and
water. All pigs were slaughtered following the method of Xiao et al. [7]. After transport to the abattoir,
the pigs had no access to feed for 24 h before slaughter.
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2.3. Meat Quality Trait Measurements

The determination of meat quality traits mainly refers to those used in our previous study [1].
The longissimus dorsi muscle samples used to measure meat quality traits were collected from the left
side of the carcass adjacent to the last rib, within 45 min after slaughter. The penultimate 3–4 intercostal
samples (the thickness is about 3 cm) of the longissimus dorsi muscle were used to measure pH, color
and marbling scores (MS), and the samples (about 300–500 g) of the last rib of the longissimus dorsi
muscle was used to measure drip loss, cooking loss and shear force (SF). The meat samples’ pH was
determined using a pH meter (model 720A; Orion Research Inc., Boston, MA, USA) according to the
procedure of Alonso et al. [8]. The first measurement was to measure the central 1/3 location area of
the meat sample at 45 min post-mortem (pH1), and the second at 24 h (pH2). Make 3 repetitions for
each sample, take 3 readings for each repetition, and then calculate the average. Color parameters
were measured using a Minolta CR-300 colorimeter (Minolta Camera, Osaka, Japan). Drip loss was
calculated from the weight loss of a sample (approximately 30 g) wrapped in foil and placed on a
flat plastic grid after storage for 24 h at 4 ◦C. Cooking loss was determined by cooking meat samples
for 30 min, then, after cooling, measuring the weight loss relative to the uncooked weight. Marbling
scores (MS) were determined using longissimus dorsi muscle 24 h after slaughter (colorimetric method,
5-point scale; the larger the score value, the richer the muscle fat content). Shear force (SF) was
determined using a Texture Analyzer (TA.XT. Plus, Stable Micro Systems, Godalming, UK) equipped
with a Warner-Bratzler shearing device.

2.4. Analysis of Free Amino Acids and Fatty Acids

Free amino acid (FAA) and fatty acid compositions were determined according to a previous
article [1]. FAA composition was measured using liquid chromatography–mass spectrometry (Liquid
phase: LC-20AD, Shimadzu, Japan; Mass Spectrometry: 5500 Q TRAP LC-MS/MS, AB SCIEX,
Framingham, MA, USA), and gas chromatography–mass spectrometry (GC-MS 7890B-5977A, Agilent,
Palo Alto, CA, USA) was used to detect fatty acid composition.

2.5. Meat Chemical Composition

Intramuscular fat (IMF), crude protein (CP) and ash contents were measured by the Nutrition
Institute of Sichuan Agricultural University. CP was determined by the Kjeldahl method, and IMF
content was determined by Soxhlet extraction [9].

2.6. Statistical Analyses

The ANOVA procedure was performed in SAS for Windows Release 8.0 (SAS Institute Inc., Cary,
NC, USA) and was used to analyze the data collected. Duncan’s test was used for comparing the
mean values of the results. Mean values and standard errors are shown in the tables, with differences
considered significant if p< 0.05. A comprehensive evaluation of Liangshan pigs at different bodyweight
stages was performed using a factor analysis test.

3. Results

3.1. Meat Quality and Meat Crude Chemical Composition

The meat quality and crude chemical composition of Liangshan pig meat samples exhibited
significant differences at different stages (Table 2). The first stage exhibited the highest L*2 and drip
loss values, while the marbling score, shear force, crude protein, and intramuscular fat content were
the lowest. At the seventh stage, meat samples’ pH1, shear force, and intramuscular fat content were
the highest, while drip loss and ash value were the lowest.
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Table 2. Meat quality of Liangshan pig at different stages.

Meat Quality
Group

S.E. Significance
1 2 3 4 5 6 7

pH1 6.40 b 6.34 b 6.60 ab 6.56 ab 6.60 ab 6.48 b 6.63 a 0.04 *
pH2 6.02 b 5.89 b 6.11 ab 6.18 a 6.14 ab 5.92 b 6.16 ab 0.04 *
L*1 41.49 a 41.50 a 39.01 b 39.91 b 40.56 ab 38.98 b 39.16 b 0.42 *
L*2 44.58 a 44.05 a 42.41 a 43.78 ab 44.12 a 42.93 b 43.89 ab 0.28 *

Marbling score 2.25 b 2.75 b 3.33 ab 3.67 a 3.50 a 3.87 a 3.67 a 0.22 *
Shear force, kg 3.24 b 4.09 b 4.39 ab 4.99 ab 4.96 ab 4.90 ab 5.27 a 0.27 *

Drip loss, % 5.18 a 4.82 ab 4.43 b 4.31 b 4.35 b 4.32 b 4.24 b 0.13 *
Cooking loss, % 34.05 b 34.39 b 33.74 b 36.17 a 35.94 ab 34.68 b 35.75 ab 0.37 *

Crude protein, % 18.69 c 19.01 bc 19.25 b 19.36 b 19.49 ab 19.98 a 19.09 bc 0.15 *
Intramuscular fat, % 3.22 b 3.81 b 4.46 ab 4.49 ab 4.42 ab 4.71 a 5.02 a 0.76 *

Ash, % 1.19 b 1.21 b 1.16 b 1.20 b 1.15 b 1.11 b 1.05 a 0.27 *

pH1 and L*1 measured at 45 min postmortem; pH2 and L*2 measured at 24 h postmortem. S.E. standard error, a, b, c

and * mean significant difference.

With the increase in slaughter weight, meat samples’ pH1, pH2, cooking loss, and crude protein
increased slowly and fluctuated, while marbling score, shear force and intramuscular fat content
rapidly and continuously increased (Figure 1A,B). As the slaughter weight increased, L*1, L*2 and ash
decreased slowly and fluctuated, while drip loss rapidly and continuously decreased (Figure 1C,D).
The overall analysis score for of Liangshan pig quality factors first increased and then remained at
high levels with further increases in bodyweight (Figure 1E,F).

 
Figure 1. Change pattern of Liangshan pig meat quality traits. (A) Slowly increasing meat quality traits.
(B) Rapidly increasing meat quality traits. (C) Slowly falling meat quality traits. (D) Rapidly falling
meat quality traits. (E) Crushed stone graph for factor analysis of meat quality traits. (F) Comprehensive
score for factor analysis of meat quality traits.
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3.2. Free Amino Acid Contents

It can be seen in Table 3 and Figure 2A that the total amino acid (TAA) content in the longissimus
dorsi muscle of Liangshan pigs slightly fluctuated (<30%) at different stages; the highest value was in
the first stage and the lowest was in the second stage. Lys, Ile, Val, Trp, His, Arg, Glu, Tyr and Ala
contents in Liangshan pig longissimus dorsi muscle were highest in the first stage, and Thr, Gln, Gly
and Pro were the highest in the third stage (Table 3). Leu, Met, Ser and Asp contents were highest in
the sixth stage, and Ile and Asn were the highest in the seventh stage.

The content of essential amino acids (EAA) in the longissimus dorsi muscle of Liangshan pigs
in the seventh stage was the highest, reaching 28.13% (Figure 2A). Further analysis revealed that as
the slaughter weight increased, the composition of basic amino acids and acidic amino acids in the
longissimus dorsi muscle showed a downward trend and fluctuated, while the ratio of basic amino
acids to acidic amino acids increased in fluctuation (Figure 2B). Sweet and umami amino acids were
highest in the fifth stage, while bitter amino acids were highest in the sixth stage (Figure 2C).

3.3. Fatty Acid Levels

A total of 24 fatty acids were measured in the longissimus dorsi muscle of Liangshan pigs in the
seven stages tested (Table 4). C16:0, C18:1, C18:2, C18:0, C20:4 and C14:0 are contained in more than
1%, and the cumulative proportion of these fatty acids exceeded 96% in the seven stages (Figure 3A).
The C18:1 content was highest in the fourth stage, and the C16:0 content was highest in all stages other
than stage six. The saturated fatty acids (SFA) was the lowest in the first stage and the highest in the
fifth stage. Monounsaturated fatty acid (MUFA) content was highest in the fourth stage and lowest in
the seventh stage. Polyunsaturated fatty acids (PUFA) content was highest in the first stage and lowest
in the fifth stage (Figure 3B,C). Further analysis revealed that the overall n6 and n3 content showed a
downward trend, while the n6:n3 values increased in volatility (Figure 3D).

Table 3. The amino acid content of longissimus dorsi muscle of Liangshan pig (mg/100g).

Amino
Acid

Phase
S.E. Significance

1 2 3 4 5 6 7

EAA

Lys 4.11 a 3.04 b 3.95 a 3.22 b 2.90 b 3.71 ab 3.96 a 0.19 *
Ile 2.39 b 2.13 bc 2.27 b 2.07 b c 1.73 c 2.92 a 2.39 b 0.14 *

Leu 4.09 b 3.54 bc 3.82 bc 3.70 bc 3.13 c 5.25 a 4.27 b 0.25 *
Val 4.05 a 3.30 bc 3.56 b 3.47 b 3.01 c 3.33 bc 3.67 ab 0.12 *
Thr 3.09 ab 2.64 b 3.22 a 2.68 b 2.44 b 3.57 a 3.05 ab 0.15 *
Phe 2.79 b 2.75 b 2.81 ab 2.43 b 2.46 b 3.19 a 3.10 ab 0.11 *
Met 1.62 b 1.49 b 1.51 b 1.76 b 1.55 b 2.80 a 2.61 a 0.21 *
Trp 0.57 a 0.35 b 0.48 a b 0.46 ab 0.21 b 0.28 b 0.23 b 0.05 *

NEAA

His 3.17 a 2.62 b 2.79 b 2.52 b 2.55 b 3.09 ab 2.60 b 0.10 *
Gln 19.76 bc 19.07 bc 25.13 a 17.88 c 21.23 b 22.31 ab 18.90 bc 0.94 *
Arg 3.38 a 2.31 bc 2.66 b 2.22 bc 1.87 c 3.19 ab 2.72 ab 0.20 *
Glu 4.60 a 3.22 bc 3.52 b 3.48 b 4.03 b 3.01 bc 2.63 c 0.25 *
Ser 3.71 ab 2.84 b 3.04 b 2.91 b 2.84 b 4.52 a 4.14 a 0.26 *
Asp 0.34 b 0.27 b 0.48 a 0.32 b 0.33 b 0.50 a 0.49 a 0.04 *
Gly 7.70 ab 6.29 b 7.88 a 6.01 b 6.77 b 6.25 b 6.02 b 0.30 *
Tyr 2.36 a 1.65 b 2.34 a 1.39 b 1.50 b 1.94 ab 1.72 b 0.15 *
Ala 21.39 a 15.17 c 19.15 ab 17.16 bc 17.08 bc 18.57 b 17.04 bc 0.75 *
Asn 1.52 b 1.68 b 1.59 b 1.25 b 1.26 b 1.94 ab 2.17 a 0.13 *
Pro 0.89 b 0.92 b 1.06 a 0.81 b 0.94 ab 1.01 ab 1.05 a 0.03 *

TAA 91.53 a 75.28 b 91.26 a 75.74 b 77.83 b 91.38 a 82.76 ab 2.87 *
a, b, c and * mean significant difference.
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Figure 2. Analysis of amino acid composition in the longissimus dorsi muscle. (A) Changes in total
amino acid (TAA) content and changes in essential amino acids (EAA) and non-essential amino acids
(NEAA). (B) The content of basic and acidic amino acids. (C) The amino acid ratios of longissimus
dorsi muscle with different flavors. Umami AA: Glu, Asp; Sweet AA: Gly, Ala, Ser, Thr, Pro, Gln, Lys;
Bitter AA: Tyr, Arg, His, Val, Met, Ile, Leu, Trp, Phe.

Table 4. Fatty acid content of the longissimus dorsi muscle of the Liangshan pig (mg/100g).

FA
Phase

S.E. Significance
1 2 3 4 5 6 7

C8:0 0.25 b 0.25 b 0.21 b 0.31 a 0.30 ab 0.30 ab 0.34 a 0.02
C10:0 2.39 b 2.56 b 2.33 b 3.50 a 3.19 a 3.21 a 3.24 a 0.18 *
C12:0 1.93 b 2.23 b 1.74 b 2.67 a 2.89 a 2.63 a 2.47 a 0.16 *
C14:0 24.95 b 29.87 a 23.21 b 33.81 a 33.98 a 34.43 a 32.08 a 1.73 *
C15:0 1.23 c 1.37 bc 1.24 c 1.47 bc 1.85 a 1.43 bc 1.54 b 0.08 *
C15:1 0.69 b 0.88 ab 0.69 b 0.68 b 0.69 b 1.02 a 1.10 a 0.07 *
C16:0 391.56 b 453.18 b 397.11 b 491.12 ab 517.62 ab 534.75 a 490.13 ab 21.29 *
C17:0 4.18 b 5.02 b 4.31 b 5.47 ab 6.07 a 5.36 ab 5.84 ab 0.27 *
C17:1 3.03 b 4.26 ab 3.69 b 4.62 ab 5.03 a 4.78 ab 3.92 b 0.26 *
C18:0 165.32 b 301.69 a 275.60 a 337.06 a 350.95 a 356.85 a 344.99 a 25.73 *
C18:1 353.17 b 440.08 ab 393.2 b 513.13 a 463.96 ab 482.58 a 464.37 ab 19.75 *
C18:2 349.93 b 403.99 ab 340.86 b 443.20 a 341.58 b 458.11 a 455.98 a 20.59 *
C18:3 6.71 b 7.96 a 6.45 b 8.76 a 9.12 a 9.16 a 8.04 ab 0.42 *
C20:0 3.34 b 4.12 ab 3.48 b 4.74 a 4.98 a 4.91 a 4.91 a 0.27 *
C20:1 8.40 b 10.55 ab 8.40 b 11.77 a 10.96 ab 12.16 a 11.72 a 0.59 *
C20:2 9.33 b 12.16 b 9.54 b 13.15 ab 13.10 ab 13.12 ab 15.47 a 0.82 *
C20:3 1.45 ab 1.42 ab 0.99 c 1.39 ab 1.31 b 1.41 ab 1.61 a 0.07 *
C20:4 153.91 b 169.97 ab 126.87 b 197.36 a 158.14 b 190.68 ab 198.31 a 10.04 *
C20:5 3.11 bc 3.31 b 2.60 c 3.30 b 4.07 a 3.46 b 3.16 bc 0.17 *
C22:0 0.93 b 0.90 b 0.79 b 1.01 b 1.36 a 1.03 b 1.03 b 0.07 *
C22:1 0.54 b 0.60 b 0.54 b 0.57 b 0.75 a 0.56 b 0.57 b 0.03 *
C22:6 6.61 ab 6.02 ab 3.71 b 4.68 b 7.82 a 4.70 b 4.16 b 0.56 *
C23:0 0.14 b 0.12 b 0.10 b 0.15 b 0.26 a 0.13 b 0.14 b 0.02 *
C24:0 0.51 b 0.48 b 0.41 b 0.60 b 0.93 a 0.54 b 0.62 b 0.06 *
TFA 1493.61 b 1862.99 ab 1608.07 b 2084.52 a 1940.91 ab 2127.31 a 2055.74 a 92.93 *

a, b, c and * mean significant difference.

62



Animals 2020, 10, 822

Figure 3. Analysis of fatty acid composition and characteristics in the longissimus dorsi muscle. (A) The
content of the top 6 fatty acids. (B) A composition of saturated fatty acids (SFA), monounsaturated
fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) in longissimus dorsi muscle. (C) Changes
in SFA, MUFA and PUFA contents. (D) The ratio of n6:n3 of longissimus dorsi muscle.

3.4. Comprehensive Meat Quality Evaluation of Liangshan Pigs at Different Bodyweight Stages

Correlation analysis was performed on meat quality indicators that changed by>50% of their values
at the first stage. Mar bling score was significantly positively correlated with shear force, intramuscular
fat, and C18:0 content. Shear force was significantly positively correlated with intramuscular fat and
C18:0 content. Intramuscular fat content was significantly positively correlated with Asp and C18:0
content, and significantly negatively correlated with C22:6 content (Table 5).

Table 5. Correlation analysis of the indexes of longissimus dorsi in Liangshan pig.

MS SF IMF Trp Met Asp Asn C18:0 C20:2 C22:6

MS 1
SF 0.95 * 1

IMF 0.95 * 0.95 * 1
Trp −0.58 −0.65 −0.64 1
Met 0.66 0.67 0.7 −0.62 1
Asp 0.71 0.64 0.83 * −0.55 0.68 1
Asn 0.23 0.35 0.43 −0.53 0.71 0.52 1

C18:0 0.79 * 0.83 * 0.80 * −0.64 0.29 0.46 0.22 1
C20:2 0.22 0.48 0.41 −0.6 0.54 0.3 0.67 0.23 1
C22:6 −0.74 −0.67 −0.8 * 0.19 −0.61 −0.75 −0.49 −0.53 −0.1 1

* mean significant difference.

Through factor analysis, three characteristic values greater than 1 were obtained, and the
cumulative contribution rate of the components reached 91.18% (Figure 4A). The component matrix
results are shown in Table 6. The first principal component (PC) is mainly related to mar bling score,
shear force and C18:0 content, the second principal component is mainly related to C22:6 content,
and the third principal component is mainly related to C20:2 content (Table 6). As can be seen from
Figure 4B, the comprehensive score shows a trend of first increasing, then decreasing (Figure 4B).
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Figure 4. Results of the factor analysis. (A) A crushed stone graph. (B) A comprehensive score for
factor analysis.

Table 6. Rotated component matrix.

PC 1 MS SF IMF Trp Met Asp Asn C18:0 C20:2 C22:6

1 0.811 0.833 0.749 −0.636 0.244 0.382 −0.051 0.919 0.193 −0.333
2 0.546 0.415 0.602 −0.028 0.637 0.751 0.486 0.174 −0.004 −0.911
3 0.073 0.277 0.25 −0.676 0.609 0.286 0.8 0.082 0.901 −0.004

PC: principal component. 1: Only the principal components with feature values greater than 1 are displayed.

4. Discussion

The Liangshan pig is a typical small-sized mountain-type pig breed, which is mainly distri buted in
the Yi Autonomous Prefecture of Liangshan. Like most of the world’s local pig breeds, Liangshan pigs
are endangered [10,11]. The natural environment of the Liangshan Yi area and the dietary culture of
the local people have determined the characteristics of Liangshan pigs. However, little is known about
the basic biological characteristics of the Liangshan pig. Many studies have shown that age and weight
are the most important factors affecting meat quality [12,13]. Here, meat quality traits, and amino acid
and fatty acid composition of the longissimus dorsi muscle of Liangshan pigs were measured at seven
stages (between 50 and 90 kg bodyweight) and were analyzed for their characteristics and changes.

Studies on the development of animal tissues and organs have shown that fat deposition occurs
later than muscle deposition, and fat deposition is rapid after the turning point in animal growth [14].
Our previous results showed that the Liangshan pig growth turning point was 193.4 days at 62.5 kg [6].
In the present study, mar bling score and IMF content increased rapidly with weight gain. As Liangshan
pigs’ weight increased, the shear force of the longissimus dorsi muscle rapidly increased, which may
be due to the gradual growth of the muscle fi ber diameter and an increase in muscle connective tissue
content [15]. Drip loss decreased as slaughter weight increased. The effect of weight on drip loss is
consistent with the findings of other reports [13,16].

Amino acids are basic units that make up proteins required by animals [17]. EAAs must be o
btained directly from food, which is extremely important for maintaining the body’s nitrogen balance
and health [18]. The total amount of amino acids in the longissimus dorsi muscle of Liangshan pigs
at different weights remained relatively stable, but EAA content showed an upward trend. Amino
acid composition is also related to the taste of meat. Amino acids are normally divided into sweet
amino acids, bitter amino acids, and umami amino acids [19,20]. The sweet and bitter amino acid
contents of Liangshan pigs were relatively sta ble at different bodyweights, but umami amino acid
content gradually decreased. Approximately 30% of umami amino acids were lost by the seventh stage
compared to the first stage.

Amino acids are also divided into neutral amino acids, basic amino acids, and acidic amino
acids [21]. The acidity and basicity of amino acids are usually determined according to the num
ber of car boxyl groups and amino groups. Amino acids with more car boxyl groups than amino
groups per molecule are termed ‘acidic’ (Asp and Glu) [22], otherwise they are termed ‘basic’ (Arg, Lys
and His) [23]. Interestingly, as the weight of Liangshan pigs increased in this study, basic and acidic
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amino acid contents decreased, while the ratio of basic to acidic amino acids increased. This may be a
reason for the increase in Liangshan pig meat sample pH as weight increased.

As bodyweight increased, the total fatty acid content of Liangshan pig meat samples showed an
upward trend, which was consistent with intramuscular fat content and mar bling score. Dietary fatty
acids are closely related to cardiovascular health, and higher SFA content in meat products has been
shown to affect cholesterol metabolism [24]. PUFAs possess many physiological functions [25], such as
maintaining biofilm structures, treating cardiovascular diseases [26], anti-inflammation [27], and the
promotion of brain development [28]. It is worth noting that as the weight of Liangshan pigs increased,
SFA content showed an upward trend, while the changes of PUFA were symmetrical with SFA. Further
analysis revealed that n6:n3 values in Liangshan pig meat samples showed a rising trend of volatility.

Among the 54 indicators measured in this study, 10 indicators changed by more than 50%. Among
these indicators, three were of meat quality traits, four were amino acids, and three were fatty acids.
Correlation analysis showed that as intramuscular fat was deposited, C18:0 and Asp content increased
rapidly, while C22:6 content decreased rapidly. Although saturated fatty acids are associated with
a higher risk of cardiovascular disease, C18:0 does not lead to an increase in blood cholesterol [24].
Asp is an umami amino acid, and an increase in Asp can improve the taste of pork [29]. Further factor
analysis shows that, in the fourth to seventh stages, the comprehensive score was higher, which is
consistent with the factor analysis results based on meat quality traits. A similar pattern was also
found in other pig breeds [16].

5. Conclusions

The current results show that differences in meat quality, amino acid composition, and fatty acid
composition are present in Liangshan pigs at different slaughter weights. As bodyweight increased,
mar bling score, intramuscular fat, shear force, Met, Asp, Asn, C18:0, and C20:2 content increased,
and drip loss, Trp and C22:6 content decreased. The comprehensive factor score first increased and
then decrease with weight gain within 74.9–91.5 kg of bodyweight. When slaughtering between 74.9
and 80.4 kg, the meat quality of Liangshan pigs is the best. Slaughtering between 74.5 and 80.4 kg
provides the best meat quality in Liangshan pigs. In addition, when slaughtered at 80.4 kg, pork had
the highest sweet amino acid content and the lowest n6:n3 ratio. Therefore, considering the meat
quality, amino acid composition and fatty acid composition, the suitable slaughter weight of Liangshan
pigs is 74.9–80.4 kg. This study provides effective data for the genetic improvement and specialty food
processing of Liangshan pigs and provides new insights and references for research into local high
incidences of disease.
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Simple Summary: Local breeds are generally associated with slower growth rates, higher slaughter
weights, and fatter carcasses due to genetic and rearing system characteristics. When compared to
intensive pig production systems, those based on European local breeds generally provide a more
favourable response to the required increase in the production of high-quality pork and pork products
in sustainable chains, meeting consumer demands. Reducing costs and improving the economic
viability of production systems while preserving the quality of the products obtained is of vital
importance. In this work, we propose that Portuguese local pig production chains could improve
their performance and productivity without compromising the quality of the final product by crossing
local breeds instead of crossing with modern breeds. This could help to maintain or increase local
breed populations, supporting conservation of animal biodiversity.

Abstract: This work investigated the contribution of cross-breeding between two local Portuguese
pig breeds to the conservation of animal biodiversity and income of local pig producers. Quality traits
of semimembranosus (SM), gluteus medius (GM) and dorsal subcutaneous fat (DSF) were studied in
Alentejano (AL), Bísaro (BI), AL × BI, and BI × AL (Ribatejano—RI) castrated male pigs. Pigs were
reared outdoors, fed ad libitum, and slaughtered at ~65 (trial 1) and 150 kg BW (trial 2). In trial 1, AL
pigs showed higher SM intramuscular fat, lower total collagen, and higher soluble collagen than BI
pigs, while AL × BI and BI × AL pigs showed intermediate (NS) values. AL, AL × BI, and BI × AL
pigs showed higher SM myoglobin content, and AL a more intense red colour than BI pigs. Finally,
AL, AL × BI, and BI × AL showed higher total lipids in DSF than BI pigs. In trial 2, SM and DSF
results were similar to those obtained in trial 1. In GM, AL and BI × AL showed higher intramuscular
fat than BI and AL × BI pigs, while AL, AL × BI and BI × AL showed lower total collagen content
than BI pigs. In conclusion, these results suggest that RI crosses are a productive alternative, with
overall muscle and DSF traits statistically not different between AL × BI and BI × AL, and similar to
those observed in AL pigs.

Keywords: swine; Alentejano; Bísaro; Ribatejano; meat quality; dorsal subcutaneous fat
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1. Introduction

The increasing demand for pork products is leading to an international effort to save traditional
pig breeds and develop new breeds [1]. In Portugal, the main local pig breeds are the Alentejano
(AL), an Iberian type breed [2] with an extreme genetic closeness to the Iberian pig [3], and the Bísaro
(BI) pig, from the Celtic type [2]. The AL pig is characterised by a low growth rate (except under
“montanheira” regime) and precociously high adipogenic activity [4]. The BI pig presents a poor
growth (although higher than AL), little backfat (although higher than that of industrial genotypes),
and a high proportion of skin and bone [5]. These environmentally well-adapted local breeds are
less productive than modern improved genotypes, and their production chains depend mainly on
the marketing of meat, and fermented and dry-cured meat products with highly valued sensory
characteristics [5–7]. Almost extinct in the 1980s [5,8], these two breeds and their traditional systems
have recovered since the 1990s [6], driven by consumer concerns about animal welfare, sustainable
production, and meat and meat product quality issues. Although still threatened (AL) and rare (BI)
breeds [9], they currently have a high ecological, economic and social importance in their production
regions [6,10,11]. Increased yields and reduced costs on these productive systems is a continuous
challenge, and crossbreeding is one way of achieving it.

AL and BI breeds homelands, in the South and North of Portugal respectively [8], have contact
zones in the Tagus River region. In these contact zones (e.g., Ribatejo region), crosses between the
two breeds were common until the 1950s [12] and the meat and meat products obtained were highly
appreciated. However, there are no data available regarding these crosses, popularly called Ribatejano
(RI) pigs. This study, included in the TREASURE project dedicated to European local pig breeds,
was the first to collect and analyse carcass, pork and fat data from crossbred RI pigs, using AL and
BI pure animals as controls. It represents a potential new management strategy for these breeds’
production chains, while attending to societal demands for environment preservation, sustainable
local agro-economy, as well as to consumers demands for quality and healthiness on regional pork
products. The recovery and commercial use of these crosses could also help to preserve the pure breed
populations, maintaining animal biodiversity, essential for an efficient and sustainable world food
production and to meet the different needs of modern human societies [13]. In fact, loss of biodiversity
may lead to an impaired response to changing environments.

Following a previous work where growth, carcass traits and loin data were presented [14],
this study evaluates meat and fat quality from AL, BI, and AL × BI and BI × AL (RI crosses) pigs,
reared outdoors, fed ad libitum, and slaughtered at ~65 and 150 kg BW. Physicochemical traits of
semimembranosus (SM), gluteus medius (GM), and dorsal subcutaneous fat (DSF) were determined.

2. Materials and Methods

2.1. Animals and Experimental Design

Experimental procedures and animal care were performed in compliance with the ethical
guidelines and regulations of the Portuguese Animal Nutrition and Welfare Commission
(DGAV—Directorate-General for Food and Veterinary, Portugal), following the 2010/63/EU Directive.

Composed by two sequential trials, this work had four experimental groups, with pure Alentejano
(AL) and Bísaro (BI) pigs and their reciprocal crosses, AL × BI and BI × AL (Ribatejano (RI) pigs,
the common name of these crossbred). Male pigs (n = 20 for each of the 4 genotypes) surgically
castrated within the 1st week of age were reared outdoors from 28.6 ± 0.5 kg BW (mean ± SEM)
until ~65 kg (trial 1) and from 65.2 ± 0.4 kg to ~150 kg (trial 2). In trial 1, pigs were group-fed with
commercial diets (15.5–16.6 g/100 g crude protein, 12.4–12.7 g/100 g NDF, 4.5–5 g/100 g total lipids and
14.1–14.3 MJ/kg DE—Supplementary Table S1) at estimated ad libitum consumption [15], in a single
daily meal (09:00 h). In trial 2, pigs were individually fed with commercial diets (15.4–16.6 g/100 g crude
protein, 12.4–12.9 g/100 g NDF, 4.7–5 g/100 g total lipids and 14.1–14.3 MJ/kg DE—Table S1) and diet
refusals were measured daily. All animals had free access to water and were weighed every fortnight.
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Temperature and relative humidity data were registered throughout the experimental work.
Average temperature, average minimal and maximal temperature, and average relative humidity were,
respectively, 11.2, 6.5, 17.4 ◦C, and 75.0% in trial 1 (January–April), and 21.9, 13.7, 31.1 ◦C, and 56.3% in
trial 2 (April–October).

Slaughtered at a commercial slaughterhouse in three batches per slaughter weight, animals had
free access to water but were fasted for ~16 h during lairage. Ten animals from each genotype were
slaughtered at the end of trial 1 (average BW of 64.2 ± 0.3 kg) and nine animals at the end of trial 2
(average of 150.6 ± 0.9 kg BW) by exsanguination following CO2 stunning. Commercially reared local
pigs are slaughtered at lighter weights for consumption as fresh meat or roasted pigs, or at heavier
weights for the production of high quality traditional fermented and cured products [6,16] with PDO
or PGI European certification.

2.2. Muscle and Adipose Tissue Sampling

Samples of SM muscle and of DSF were obtained from the left half carcasses at ~65 and 150 kg BW,
while samples of GM muscle were collected only at ~150 kg. Samples were vacuum packaged and
frozen (−20 ◦C) until analysis.

2.3. Muscles and Adipose Tissue Analyses

Leg (SM and GM) muscles represent a cut of greatest economic value and mass. Muscles
ultimate pH (pHu) was determined 24 h post-mortem by a pH-meter with a puncture electrode
(LoT406-M6-DXK-S7/25, Mettler-Toledo GmbH, Germany).

Moisture was determined in muscles and DSF according to ISO-1442 [17]. Total nitrogen from
muscle samples was determined in a Leco FP-528 (Leco Corp., St. Joseph, MI, USA) by the Dumas
combustion method (method 992.15) and from DSF samples by the Kjeldahl method (method 928.08) [18].
Total protein content was estimated as total nitrogen × 6.25. Total lipids were determined in muscles
according to Folch, et al. [19] and in DSF by Soxhlet extraction (method 991.36) [18]. Muscles myoglobin
and total collagen were determined as previously described [20] and soluble collagen according to
Hill [21].

Surface colour measurements [22] of raw SM and GM samples were recorded with a CR-400
colorimeter (Konica Minolta Sensing Europe B.V., Nieuwegein, Netherlands) with a D65 illuminant,
after blooming for 30 min. Individual CIE (Commission Internationale de l’Éclairage) L* (lightness), a*
(redness) and b* (yellowness) values were averaged out of six random readings across muscle surface.
The same procedure (without blooming) was applied to DSF samples. Chroma (C∗ = √(a∗2 + b∗2

)
,

hue angle
(
H = tan−1(b∗/a∗)

)
, and saturation (C∗/L∗) were calculated.

2.4. Statistical Analysis

All data were tested for normality by the Shapiro-Wilk test. Results are presented as mean ± rSD.
Data were analysed by one-way analysis of variance (ANOVA) with SPSS Statistics software (IBM
SPSS Statistics for Windows, v24.0, IBM Corp., Armonk, NY, USA). Mean differences were considered
statistically significant when p < 0.05, and p values between 0.05 and 0.10 were considered trends.

3. Results

3.1. Trial 1: Pigs Slaughtered at ~65 kg BW

Pigs were slaughtered at an average age of 186.2 ± 2.9 days.

3.1.1. Muscle Tissue Analyses

SM physico-chemical data were affected by genotype (Table 1). Moisture was lower (p < 0.05) in
AL and AL × BI than in BI pigs, while total intramuscular fat (IMF) was higher (p < 0.05) in AL than in
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BI pigs. Myoglobin content was higher (p < 0.01) in AL pigs and Ribatejano (RI) crosses than in BI
pigs, whereas total collagen was lower (p < 0.05) in AL than in BI pigs, with their crosses showing
intermediate values. Regarding soluble collagen, as a % of total collagen, values were higher (p < 0.05)
in SM from AL than BI pigs. SM pHu values were not affected by genotype, but significant differences
were observed in colour parameters (Table 1). Lightness (L*) was lower and redness (a*) higher
(p < 0.05) on AL than BI pigs, again with their crosses showing intermediate values. These results
affected hue angle (H◦) and saturation, respectively lower (p < 0.01) and higher (p < 0.05) in AL than BI
pigs (Table 1).

Table 1. Chemical composition, pH, and CIE colour values of Semimembranosus muscle from Alentejano
(AL), Bísaro (BI), AL × BI and BI × AL pigs slaughtered at ~65 kg BW (n = 10 for each genotype).

Traits AL BI AL × BI BI × AL rSD p-Values

Moisture (g/100 g) 71.8 b 74.0 a 72.2 b 72.8 a,b 1.9 0.049
Total protein (g/100 g) 23.8 22.8 23.3 23.2 1.1 0.272

Total intramuscular fat (g/100 g) 5.9 a 4.7 b 5.3 a,b 5.2 a,b 1.0 0.040
Myoglobin content (mg/g) 0.42 a 0.18 b 0.40 a 0.33 a 0.13 0.002
Total collagen (mg/g DM) 15.7 b 19.0 a 17.2 a,b 17.7 a,b 1.9 0.010

Soluble collagen (% total collagen) 11.5 a 9.2 b 10.0 a,b 10.0 a,b 2.1 0.044
pH (24 h post-mortem) 5.42 5.52 5.48 5.50 0.14 0.468

Lightness (Cie L*) 43.0 b 46.6 a 45.1 a,b 44.8 a,b 2.9 0.043
Redness (Cie a*) 13.5 a 11.7 b 12.1 a,b 13.1 a,b 1.5 0.049

Yellowness (Cie b*) 6.6 7.1 6.8 7.0 0.8 0.568
Chroma (C*) 15.1 13.8 13.9 14.8 1.6 0.214

Hue angle (Hº) 26.3 c 31.4 a 29.5 a,b 28.3 b,c 2.8 0.004
Saturation 0.36 a 0.30 b 0.31 a,b 0.33 a,b 0.05 0.046

CIE—Commission Internationale de l’Éclairage. AL × BI and BI × AL represent the reciprocal crosses of the
commonly known Ribatejano pig. DM—Dry matter. a,b,c Values in the same row with different superscript letters
are significantly different (p < 0.05).

3.1.2. Adipose Tissue Analyses

Chemical composition of DSF was also affected by genotype (Table 2). Moisture content was lower
(p < 0.001) in AL than in BI pigs, with RI crosses showing intermediate values. Total lipids, inversely
related to moisture content, were higher (p < 0.001) in AL and RI crosses than in BI pigs (Table 2).

Table 2. Chemical composition, and CIE colour values of dorsal subcutaneous fat from Alentejano
(AL), Bísaro (BI), AL × BI and BI × AL pigs slaughtered at ~65 kg BW (n = 10 for each genotype).

Traits AL BI AL × BI BI × AL rSD p-Values

Moisture (g/100 g) 7.3 c 11.0 a 8.5 b,c 9.0 b 1.4 <0.001
Total protein (g/100 g) 1.42 1.59 1.42 1.48 0.32 0.811
Total lipids (g/100 g) 85.0 a 71.5 b 81.4 a 81.6 a 4.6 <0.001

Lightness (Cie L*) 82.3 80.7 81.1 80.6 2.5 0.459
Redness (Cie a*) 2.91 3.50 3.18 3.29 0.6 0.257

Yellowness (Cie b*) 4.84 5.17 4.92 4.97 1.1 0.937
Chroma (C*) 5.7 6.2 5.9 6.0 1.2 0.788

Hue angle (H◦) 58.3 55.9 56.7 56.4 4.3 0.551
Saturation 0.07 0.08 0.07 0.07 0.01 0.590

AL × BI and BI × AL represent the reciprocal crosses of the commonly known Ribatejano pig. a,b,c Values in the
same row with different superscript letters are significantly different (p < 0.05).

3.2. Trial 2: Pigs Slaughtered at ~150 kg BW

Pigs were slaughtered at an average age of 353.6 ± 2.6 days.
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3.2.1. Muscle Tissues Analyses

Physicochemical data from SM samples were less affected by genotype in the fattening period.
IMF was higher in AL and BI × AL than in BI pigs, but this difference did not attain statistical
significance (Table 3). Total collagen was lower (p < 0.05) in AL pigs and RI crosses than in BI pigs, with
soluble collagen (% total collagen) following the opposite trend without attaining statistical difference.
SM pHu was higher (p < 0.05) in AL than in BI pigs (Table 3). Regarding colour, genotype only tended
to affect lightness (L*) (p = 0.067) and yellowness (b*) (p = 0.059) values, and therefore hue angle (H◦)
(p < 0.05) was lower in AL and AL × BI than in BI pigs (Table 3).

Table 3. Chemical composition, pH, and CIE colour values of Semimembranosus muscle from Alentejano
(AL), Bísaro (BI), AL × BI and BI × AL pigs slaughtered at ~150 kg BW (n = 9 for each genotype).

Traits AL BI AL × BI BI × AL rSD p-Values

Moisture (g/100 g) 73.7 73.7 73.6 73.5 0.9 0.968
Total protein (g/100 g) 22.4 22.8 22.7 22.3 0.7 0.410

Total intramuscular fat (g/100 g) 5.0 4.5 4.6 5.1 0.7 0.326
Myoglobin content (mg/g) 1.93 1.75 1.82 1.80 0.36 0.786
Total collagen (mg/g DM) 15.5 b 20.7 a 17.1 b 17.0 b 3.5 0.029

Soluble collagen (% total collagen) 8.2 6.8 7.4 7.8 2.1 0.518
pH (24 h post-mortem) 5.76 a 5.51 b 5.67 a,b 5.66 a,b 0.16 0.027
pH fall (45min to 24 h) 0.55 0.65 0.65 0.56 0.29 0.833

Lightness (Cie L*) 35.4 38.4 35.0 35.6 2.7 0.067
Redness (Cie a*) 14.5 14.3 14.0 15.0 1.3 0.434

Yellowness (Cie b*) 6.7 8.0 6.5 8.0 1.4 0.059
Chroma (C*) 16.0 16.5 15.5 17.0 1.6 0.241

Hue angle (H◦) 24.6 b 29.1 a 24.5 b 27.8 a,b 3.8 0.039
Saturation 0.46 0.43 0.44 0.48 0.04 0.102

AL × BI and BI × AL represent the reciprocal crosses of the commonly known Ribatejano pig. a,b Values in the same
row with different superscript letters are significantly different (p < 0.05).

IMF from GM muscle was higher (p < 0.01) in AL and BI × AL than in BI and AL × BI pigs, while
total collagen was lower (p < 0.01) in AL pigs and RI crosses than in BI pigs. However, soluble collagen
(% total collagen) and colour parameters of GM were not affected by genotype (Table 4).

Table 4. Chemical composition, pH, and CIE colour values of Gluteus medius muscle from Alentejano
(AL), Bísaro (BI), AL × BI and BI × AL pigs slaughtered at ~150 kg BW (n = 9 for each genotype).

Traits AL BI AL × BI BI × AL rSD p-Values

Moisture (g/100 g) 69.9 70.6 70.2 69.9 1.2 0.529
Total protein (g/100 g) 21.7 22.4 22.2 21.8 1.3 0.580

Total intramuscular fat (g/100 g) 9.0 a 6.2 b 7.0 b 8.7 a 1.6 0.002
Myoglobin content (mg/g) 1.63 1.34 1.38 1.56 0.32 0.205
Total collagen (mg/g DM) 15.2 b 17.9 a 15.7 b 15.3 b 1.4 0.002

Soluble collagen (% total collagen) 8.5 8.8 8.7 8.6 1.6 0.982
pH (24 h post-mortem) 5.62 5.58 5.65 5.61 0.14 0.748
pH fall (45min to 24 h) 0.95 0.89 0.72 0.87 0.28 0.274

Lightness (Cie L*) 39.2 40.3 38.7 39.5 2.9 0.702
Redness (Cie a*) 12.3 12.2 11.8 13.0 1.5 0.344

Yellowness (Cie b*) 5.5 5.8 5.4 6.5 1.4 0.387
Chroma (C*) 13.4 13.6 13.0 14.6 1.8 0.333

Hue angle (H◦) 23.9 25.1 24.3 25.9 3.4 0.807
Saturation 0.34 0.33 0.33 0.36 0.04 0.329

AL × BI and BI × AL represent the reciprocal crosses of the commonly known Ribatejano pig. a,b Values in the same
row with different superscript letters are significantly different (p < 0.05).
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3.2.2. Adipose Tissue Analyses

Chemical data from DSF were affected by genotype, with total protein lower (p < 0.001) in AL
pigs and RI crosses than in BI pigs, and total lipids higher (p < 0.05) in AL than in BI and AL × BI pigs
(Table 5). Finally, DSF colour parameters were also influenced by genotype. Redness (a*), chroma (C*),
and saturation were lower (p < 0.05) in AL than in BI pigs, while hue angle (H◦) was higher (p = 0.05),
with RI crosses showing intermediate values.

Table 5. Chemical composition and CIE colour values of dorsal subcutaneous fat from Alentejano (AL),
Bísaro (BI), AL × BI and BI × AL pigs slaughtered at ~150 kg BW (n = 9 for each genotype).

Traits AL BI AL × BI BI × AL rSD p-Values

Moisture (g/100 g) 5.1 5.8 5.6 5.4 0.9 0.519
Total protein (g/100 g) 0.91 b 1.29 a 0.98 b 0.94 b 0.14 <0.001
Total lipids (g/100 g) 88.9 a 83.7 c 85.5 b,c 87.1 a,b 3.3 0.012

Lightness (Cie L*) 79.3 79.1 79.5 78.8 1.1 0.495
Redness (Cie a*) 2.25 b 3.36 a 2.70 a,b 2.70 a,b 0.9 0.042

Yellowness (Cie b*) 4.47 4.91 4.36 4.69 0.6 0.291
Chroma (C*) 5.0 b 6.0 a 5.2 a,b 5.5ab 0.9 0.048

Hue angle (H◦) 63.3 a 56.4 b 59.0 a,b 60.7 a,b 6.2 0.049
Saturation 0.06 b 0.08 a 0.07 a,b 0.07 a,b 0.01 0.050

AL × BI and BI × AL represent the reciprocal crosses of the commonly known Ribatejano pig. a,b,c Values in the
same row with different superscript letters are significantly different (p < 0.05).

4. Discussion

Sustainability and animal welfare policies are increasingly being adopted by the food industry in
response to consumer demands. These changes can help strengthen pork niche markets and broaden
the target audience for small farmers practicing outdoor swine production [23]. However, farmers and
researchers must find a way to improve productivity and product quality, and scientifically support
product differentiation [23,24]. One way to improve the performance of outdoor finishing pigs is
through crossbreeding. AL and (mainly) BI genotypes are not sufficiently studied, namely in the
case of muscles other than longissimus lumborum. In addition, currently available information was
obtained in trials with very different or not even described rearing and feeding conditions, as well as
age/slaughter weights, among other aspects. Therefore, additional studies are required to evaluate
different production stages, in controlled experimental environments.

In order to evaluate meat and fat quality from AL and BI pigs, as well as their reciprocal crosses
reared outdoors and fed ad libitum with commercial diets, animals were slaughtered at ~65 and
150 kg BW.

4.1. Trial 1: Pigs Slaughtered at ~65 kg BW

Growth and carcass data from this trial were previously presented and discussed by Martins
et al. [14]. Briefly, AL pigs had a shorter carcass length and lower bone cuts weight than BI, while
Ribatejano (RI) crosses showed intermediate values. AL pigs also showed low lean and high fat cuts
proportions, while in BI pigs lean cut proportions were more important. This agrees with the presence
in both genotypes of the LEPR c.1987T allele, usually associated with higher fatness, that is almost fixed
in the fatty AL when compared to the leaner BI pig breed (0.98 vs. 0.26 frequencies, respectively) [3].
The lower lean and higher fat cuts of the carcasses from AL pigs led to a 12.1% lower commercial yield
and 44.7% higher fat cuts proportion than those observed for BI. These differences were due to changes
in untrimmed shoulder (−9.7%), loin (−15.8%) and untrimmed ham (−13.7%), and in belly (+24.4%)
and backfat (+89.5%) cuts. Meanwhile, although RI crosses showed overall intermediate values, their
fat cuts proportions were not significantly different from those of BI pigs. These differences led to
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lower lean-to-fat cuts ratio and higher backfat thickness and ZP (“Zwei punkte”) fat depth in AL than
in BI pigs [14].

Muscle physicochemical traits were affected by genotype. In SM, IMF content was 25.5% higher
in AL than in BI pigs, confirming the precociously high adipogenic activity in the AL pig [4]. Strongly
influenced by genotype, IMF is positively correlated with the sensory properties, juiciness and
palatability of meat [25–27]. Meanwhile, compared to IMF values observed in 100 kg AL pigs fed at
85% ad libitum [20,28], and BI pigs [29], those observed in our trial were slightly higher in AL and
similar in BI. The differences in the AL breed results, were probably due to different feeding conditions
used in both trials.

Myoglobin content has been suggested as a genotype-related characteristic [30]. In our trial,
myoglobin showed higher values in the SM muscle from AL pigs and RI crosses when compared
to BI pigs. On the other hand, SM total and soluble collagen were respectively 17.4% lower and
25% higher in AL than BI pigs, with RI crosses showing intermediate values. Collagen proteins
are the predominant constituents of skeletal muscle connective tissue network and a contributing
factor to meat’s texture [27,31]. Likewise, IMF content affects muscle cut resistance, with higher fat
corresponding to lower shear force values [27,32]. Therefore, differences observed in IMF and collagen
content of SM suggest a more tender meat in growing AL pigs, and tenderness is described as the
most important factor for the perceived sensory quality of pork [33]. This trend was also observed
in the longissimus lumborum (LL) samples from these animals [14]. Still, total collagen values were
higher in SM than in LL, confirming that hindquarter muscles used for locomotion such as biceps
femoris, semimembranosus, and semitendinosus, are inherently tougher than support muscles such as
longissimus lumborum [27]. Finally, the pHu values, not affected by genotype, were close to the lower
value of the normal range in pork, which varies between 5.5 and 5.8 [34].

Consumer’s critical first impression of meat depends mainly on colour, which is in turn largely
associated to myoglobin concentration and its chemical form. Other factors, such as the physical state
of meat, including pH value, protein state, denaturation degree, and water loss, are also important [30].
SM values for colour coordinates in the literature are scarce and vary widely among breeds (e.g., 36–57,
3–17, and 4–15, for L*, a*, and b*, respectively) [7,20,29,35–37]. Values observed in this trial are within
the above-mentioned ranges. In our trial, the SM lowest levels of L* and H◦ and the highest levels of a*
and saturation were observed in AL pigs, indicating a darker and redder meat [27]. This agrees with
the previously mentioned higher myoglobin content in this genotype. Thus, when compared to BI,
AL pigs showed a more intense red SM muscle, as observed in LL [14], which is a distinctive feature
for the consumer [38]. The higher L* values observed in SM samples from BI pigs could be partially
associated to a higher muscle water loss in these pigs, already noticed in LL muscle [14]. In fact,
the higher amount of muscle free-water provides a more reflective surface for light and is positively
correlated to lightness [27,39]. Finally, colour values detected in muscle samples from RI crosses were
overall intermediate to those observed in AL and BI genotypes, except for H◦, closer to the AL values
in BI × AL and to the BI values in AL × BI pigs. The lower H◦ values observed in BI × AL pigs measure
a colour closer to the true red axis and agree with a significantly high content in myoglobin in these
pigs. Similar results were previously observed in biceps femoris from Duroc × Iberian pigs, when
compared to Iberian × Duroc [40].

DSF chemical composition was also affected by genotype, with AL pigs showing a 33.6% lower
moisture and an 18.9% higher total lipids content than BI pigs, confirming precociously high adipogenic
activity of AL [4].

4.2. Trial 2: Pigs Slaughtered at ~150 kg BW

Growth and carcass data from this trial were presented and discussed by Martins et al. [14].
Briefly, in the fattening period AL pigs had a lighter bone structure and a more compact body than BI,
presenting a shorter carcass, and lower bone cuts proportions. Carcass yields, higher in these older
and heavier pigs, increased 1.16, 0.80, 1.17, and 0.97 percentage units for each 10 kg increase in BW
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from 65 to 150 kg in AL, BI, AL × BI, and BI × AL pigs, respectively. This confirms fat deposition as the
main responsible for increasing carcass yield in older pigs [41,42]. AL pigs also showed a higher fat
cuts proportion and a higher backfat thickness and ZP fat depth than BI, influencing the lean-to-fat
cuts ratio, lower in AL pigs when compared to BI, and with RI crosses showing intermediate values.

SM muscle was only affected by genotype in total collagen content and pHu parameters. IMF was
11% higher in AL than in BI pigs, however this difference did not attain statistical difference. When
compared to BI, SM muscle samples from AL pigs also showed a higher percentage of IMF at 65 than at
150 kg BW (+23.4 and +11.1%, respectively). This was also observed in LL [14], suggesting that AL is
an early maturing breed. Total protein values from AL were comparable to those previously reported
for 100 kg castrated AL pigs fed at 85% ad libitum [20,28], but IMF values were higher, probably due to
different feeding regimes and slaughter weight. Total protein and IMF values from BI pigs from our
trial were identical to the ones reported by Carvalho [29].

Although the myoglobin content was 10.3% higher in SM from AL when compared to BI pigs, this
difference did not attain statistical significance, contrary to what was observed in trial 1. Meanwhile,
myoglobin content increased in all genotypes between 65 and 150 kg BW (186 and 354 days of age),
showing that pork gained a more intense colour with age [27], as previously observed in Iberian
pigs [43]. On the other hand, SM total collagen content observed in this trial in free-range AL pigs,
was higher than the one in 100 kg confined AL pigs [20]. At 150 kg BW, SM total collagen and soluble
collagen were also 25.1% lower and 20.6% higher in AL than in BI pigs, respectively. RI crosses also
showed lower total collagen values than BI pigs. These differences suggest a higher tenderness of pork
from AL pigs and RI crosses. Furthermore, ageing animals show a higher number of stable bonds
between collagen molecules, with the corresponding decrease in its solubility [27,43,44], as observed
in our pigs slaughtered at 65 and 150 kg. As animals age, meat becomes tougher, mainly due to an
increase in the percentage of heat-insoluble collagen bonds [27]. This is a more important factor in
local pig breeds than in industrial genotypes, because the former are slaughtered at physiologically
older ages.

Ultimate pH (pHu) of meat influences water-holding capacity, colour, tenderness, flavour and
shelf life of meat [45] and therefore, is a main quality determinant [45,46]. The pHu values observed in
SM were within the normal range for pork [34], but were affected by genotype. As already observed
in LL [14], pHu values from SM samples were higher in AL than in BI pigs. This suggests a higher
muscle glycogen content in BI pigs, positively correlated to lower pH values [47]. Generally, leaner
animals have higher percentages of fast-contracting glycogen-rich type IIb or white fibres [48], with a
glycolytic metabolism and higher ATP-ase activity, leading to lower pHu values than those observed in
slow-contracting oxidative type Ia or red fibres [46].

Meat colour, the major visual factor affecting meat quality [27], was influenced in a less expressive
way by genotype in SM during fattening than during growth, as previously observed in LL [14].
Genotype only affected H◦, which was significantly lower in SM samples from AL and AL × BI pigs.
SM muscle from AL and AL × BI pigs also tended to show lower levels of L* than BI pigs, but a*
values were not significantly different. A lower L* and H◦, as observed in AL and AL × BI pigs,
is related to a darker and redder meat surface in terms of real colour perception [27]. Both darkness
and redness can be enhanced at higher pH values, as observed in the SM muscle from AL pigs. In these
conditions, reducing and oxygen-consuming enzymes are decreasing the percentage of myoglobin
in the oxygenated form, and light scattering is minimized because hydrated muscle proteins are not
releasing free water [39]. Overall, when comparing the two trials, an increase in age/weight led to a
reduction of L* and an increase of a* values, generally associated to pork with a darker red colour [27].
This difference in L* values from the SM muscle of AL and BI pigs was higher than two units in both
trials, which could affect consumers preferences and influence the decision to purchase [49].

Chemical characteristics of GM muscle were slightly affected by genotype. IMF content was higher
in AL and BI × AL pigs than in BI and AL × BI pigs, and was comparable to that previously observed
in 103 kg BW Iberian pigs fed at 90% ad libitum [50]. Although the difference in IMF between AL and
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BI was expected, due to the higher adipogenic activity of the former breed [4], IMF values observed
in BI × AL, are interesting. In fact, when analysing the IMF values obtained in this trial, BI × AL
pigs showed a fat content in both muscles numerically close to the one from AL pigs, suggesting a
maternal effect. Since the technological quality of fresh meat and meat products is mainly determined
by the lipid fraction, this higher IMF content in the two valuable ham muscles from BI × AL pigs,
is very important. Similar results were obtained when comparing IMF content of biceps femoris from
hams of Iberian pigs to those of Duroc boars × Iberian dams and of Iberian boars × Duroc dams [51].
Finally, GM total collagen observed in AL pigs and RI crosses was lower than the one in BI pigs. When
associated to higher IMF values, as also observed in SM muscle (and in LL muscle—[14]), this suggests
a higher tenderness of pork from AL pigs and RI crosses.

DSF chemical composition also varied among genotypes, with AL pigs showing a 29.5% lower
total protein and a 6.2% higher total lipids content than BI. Such changes agree with the more adipogenic
profile of AL when compared to the leaner BI pig [4,5]. However, histological studies are needed to
clarify if the difference in protein content is related to collagen or fat deposition. The latter could be
obtained either through an increased adipose cell number in BI pigs and/or by a cell hypertrophy in AL
pigs (fewer cells per gram of subcutaneous tissue). When calculating the fat weight deposited in DSF
((DSF weight × % DSF lipids)/100) at 65 and 150 kg BW, the values were 2.88 and 6.31 kg, respectively.
Once again, BI × AL pigs showed a total lipids content similar to that of AL, and higher than the one
from BI and AL × BI pigs, which is important from a technological point of view. Finally, regarding
DSF colour, AL pigs had a 33% lower a* value than BI, which affected C*, H◦, and saturation values.
The higher lipid concentration in DSF of AL pigs may have contributed to the dilution of blood vessels
in this tissue, leading to lower values of a* and saturation, also observed in 65 kg pigs but without
attaining statistical significance. In fact, haemoglobin, the major colour pigment in blood, can also
affect tissue colour [27].

5. Conclusions

Data obtained at the growing period showed that Alentejano (AL) is a fatty breed, with lower
lean and higher fat cut proportions than Bísaro (BI) [14]. SM muscle from AL pigs showed higher
IMF, redder colour, and lower total collagen, features that could positively influence the consumer
from a visual and/or an eating quality point of view. Ribatejano (RI) reciprocal crosses (AL × BI and
BI × AL) showed overall intermediate features between AL and BI genotypes, but higher lean and
lower fat cut proportions and backfat thickness than AL. On the other hand, they showed a SM muscle
with a myoglobin content and colour characteristics in line with those observed in AL pigs. This
suggests a redder and darker meat than the one from BI pigs, at a slaughter weight generally used for
meat production. These features were overall similar in both muscles of pigs slaughtered at the end
of the fattening period (~150 kg BW). At this slaughter weight, muscles from RI crosses also had a
lower total collagen content, suggesting a darker, redder, and more tender meat for fresh and cured
products than the one from BI pigs. Therefore, RI crosses have the potential to be sustainably reared
outdoors and to produce high quality meat and fermented or dry-cured products. AL × BI, more
easily reared in the north of Portugal (BI dams’ homeland), could improve the meat and meat products
quality when compared to the ones obtained with pure BI pigs. As to BI × AL, more easily reared in
the south (AL dams’ homeland), this cross has better commercial yield and primal cuts proportions,
when compared to those obtained from pure AL pigs, without compromising meat and meat products
quality. Finally, the production of high quality/certified products to attain better market prices can lead
producers to increase animal and productivity numbers and therefore contribute to maintaining or
increasing animal biodiversity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/5/905/s1,
Table S1. Chemical composition (g/100 g) of the commercial diets fed to Alentejano (AL), Bísaro (BI), AL × BI and
BI × AL pigs slaughtered at ~65 and 150 kg BW.
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Simple Summary: Compared with lean-type pigs, the intramuscular fat content of fat-type Bamei
pigs was greater. LncRNA, as a vital regular, plays an important role in numerous biological
processes. However, there were a few studies on the role of lncRNAs during IMF development in
pigs. Based on these, lncRNA sequencing in intramuscular adipocytes was performed to explore
the effects of lncRNA on intramuscular fat deposition. RNA sequencing analysis of intramuscular
adipocyte from Bamei pig (fat-type) and Yorkshire pig (lean-type) indicated that, a novel lncRNA,
lncIMF4, was associated with intramuscular adipogenesis. In addition, further researches showed that
knockdown lncIMF4 promoted proliferation and adipogenic differentiation of porcine intramuscular
adipocytes, whereas inhibited autophagy. Moreover, knockdown lncIMF4 facilitated intramuscular
adipogenesis through attenuating autophagy to repress the lipolysis. Our findings will contribute
to better understand the mechanism of lncRNA controlling adipogenesis in pig. Furthermore,
it also provides a new perspective to study the role of lncRNA in regulating porcine intramuscular
adipogenesis for promoting pork quality.

Abstract: Intramuscular fat (IMF) is implicated in juiciness, tenderness, and flavor of pork.
Meat quality of Chinese fat-type pig is much better than that of lean-type pig because of its
higher IMF content. LncRNA is a vital regulator that contributes to adipogenesis. However, it is
unknown about the regulation of lncRNA on IMF content. Here, by RNA sequence analysis of
intramuscular adipocyte from Bamei pig (fat-type) and Yorkshire pig (lean-type), we found that a novel
lncRNA, lncIMF4, was associated with adipogenesis. LncIMF4, abundant in adipose, differently
expressed along with intramuscular preadipocyte proliferation and differentiation. Meanwhile, it is
located both in cytoplasm and nucleus. Besides, lncIMF4 knockdown promoted proliferation and
differentiation of porcine intramuscular preadipocytes, whereas inhibited autophagy. Moreover,
lncIMF4 knockdown facilitated intramuscular adipogenesis through attenuating autophagy to repress
the lipolysis. Our findings will contribute to understand better the mechanism of lncRNA controlling
intramuscular adipogenesis for promoting pork quality.

Keywords: pork quality; lncIMF4; intramuscular preadipocyte; differentiation; autophagy

1. Introduction

Adipose tissue is essential for animals. It plays a vital role in the composition of living organisms
and various metabolic processes. Among them, intramuscular adipose relates to meat quality.

Animals 2020, 10, 926; doi:10.3390/ani10060926 www.mdpi.com/journal/animals81
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Moderate intramuscular fat content can increase the tenderness and flavor of pork. The content
of intramuscular fat (IMF) and its fatty acid composition play an important role in meat quality,
affecting the sensory properties (juiciness, flavor, and tenderness), and nutritional value of meat [1].
The positive effects of IMF related to the quality of meat have been confirmed in pork [2], mutton [3],
and beef [4]. The content depends not only on the amount of precursor fat cells converted to mature IMF
cells but also on the deposition of lipid droplets in the IMF cells and lipid droplets in the myocytes [5].

LncRNA, a long noncoding RNA, participates in multiple life processes. They participated in
many cellular biological processes, such as proliferation, differentiation, and apoptosis, by regulating
the expression of their target genes [6–8]. There is some evidence demonstrated that lncRNAs regulated
adipogenesis through multiple mechanisms. Hundreds of lncRNAs were involved in the regulatory
network of adipogenesis [9,10]. More and more researchers are paying attention to study the influence
of lncRNA on pig fat deposition and exploring its regulation for increasing meat quality. At present,
many studies about lncRNA sequencing in adipose tissue from different pig breeds were performed.
These sequencing analyses illustrated that many lncRNAs were involved in the development of
porcine adipose tissue [11–13]. However, there were a few studies on the role of lncRNAs during IMF
development in pigs. This exciting area needs to be further researched.

Autophagy is a process of phagocytizing its cytoplasmic protein or organelle and coating it
into vesicles and fusing with lysosomes to form autophagosomes. Autophagy degrade the contents
by autophagosomes to regulate cell metabolism. In addition, it updates to specific organelles;
cell autophagy, like apoptosis and cell senescence, is an important biological phenomenon involved
in the development and growth of organisms. Macroautophagy, is the best understood among the
known autophagic pathways. It is characterized by forming a double-membrane structure called the
autophagosome that fuses with the lysosome [14]. The study found that there was also the occurrence
of macroautophagy in adipocytes. The lysosome contains various hydrolases; therefore, autophagy can
degrade multiple cytoplasmic components and provide the resultant molecular building blocks, such as
amino acids, glucose, nucleotides, and fatty acids [15]. Experiments in mouse models have shown
that autophagy is required to maintain the levels of amino acids and glucose in blood and tissues of
neonatal and adult mice during fasting [16–18]. Therefore, in order to investigate the mechanism of
lncRNA on regulating adipose development, studies about the relationship between lipogenesis and
autophagy require further exploration.

In our previous studies, we performed lncRNA sequencing in preadipocytes of porcine longissimus
dorsi muscle during differentiation [19]. The data showed that lncIMF4 is a novel lncRNA. It was
differentially expressed in different time groups. This inspired that lncIMF4 may be a potential target
for adipogenesis. Additionally, bioinformatics analysis predicted that lncIMF4 participated in many
biological processes including cell proliferation, differentiation, and autophagy. Therefore, this research
on the function of lncIMF4 in intramuscular adipocytes was performed to better understand the
mechanism of lncRNA controlling intramuscular adipogenesis for promoting pork quality.

2. Materials and Methods

2.1. Animal

Animal samples used in this study were approved by the Animal Care and Use Committee of
Northwest A&F University. To investigate the expression pattern of lncIMF4 in pig, tissue samples
from heart, liver, spleen, lungs, kidney, fat, and skeletal muscle (longissimus dorsi) of Bamei pigs at
3 days old (n = 4) and 180 days old (n = 4) were collected from experimental farm of Northwest A&F
University (Yangling, China). All tissues for expression profile were immediately frozen in liquid
nitrogen and then were kept at −80 ◦C until RNA isolation.
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2.2. Cell Culture

The experiments refer to in vitro intramuscular adipocytes from Bamei and Yorkshire pigs.
Intramuscular preadipocytes were isolated from longissimus dorsi muscle (LD) of 3-day-old piglets
as described previously [19]. In brief, we used 0.2% collagenase I (270 U/mg; Gibco, Carlsbad, CA,
USA) to digest samples at 37 ◦C in the water bath shaker for 2 h. Then, samples were sequentially
filtered through 70 and 200 mesh filters to separate the cells. After washing twice with DMEM/F12,
cells were seeded in dishes containing DMEM/F12 medium with 10% fetal bovine serum (Gibco,
Australia). After 1.5 h, we rinsed off unattached cells. When density of cells reaches to approximately
100%, we used the cocktail method to induce adipocytes differentiation. The four differentiation stages
were observed when cells were cultured in differentiation medium for 0 d (undifferentiated), 2 d (early
differentiated), 4 d (middle differentiated), and 8 d (last differentiated). The autophagy was induced by
a serum-free medium for 3 h after 6-day differentiation. Until that, preadipocytes were cultured in
DMEM/F12 to proliferate. Briefly, we used OPTI to dilute negative control (NC) (or lncIMF4 siRNA to
a concentration of 50 nM/mL), kept still for 5 min, then added Roche transfection reagent, gently blew,
and further kept for 20 min. This mixed OPTI was added to the new medium.

2.3. Cell Transfection

For research on proliferation, 50 nM siRNA or negative control (NC) were transfected into cells
by X-tremeGENE siRNA Transfection Reagent (Roche, San Francisco, USA) and Opti-MEM (Gibco,
Grand Island, USA) when the density was 40%. After transfection for 24 h, the cells were harvested.
For differentiation, when the density reached 80%, siRNA or NC were transfected, and differentiation
medium was replaced with growth medium when the cells reached fusion. The siRNA and NC were
obtained from RiboBio (Guangzhou, China).

2.4. Hematoxylin–Eosin Staining

The longissimus dorsi muscle tissue was taken from the fifth to sixth lumbar vertebrae of the
180-day-old Bamei pigs (n = 6) and the Yorkshire pigs (n = 6) and placed in the fixative. Longissimus
dorsi muscle (LM) tissues were dehydrated by alcohol. The dehydrated tissues were made into paraffin
sections. For HE staining, the sections were deparaffinized with xylene for 10 min. Then, the sections
were washed with the distilled water and then were first placed in an aqueous solution of hematoxylin
for several minutes. Then the sections were immersed in acid water and ammonia water for color
separation for several seconds, respectively. Next, the sections were rinsed under the running water
for 1 h, and then were immersed into distilled water for a while. Slices were dehydrated in 70%
and 90% alcohol for 10 min, respectively, and then were dyed in eosin staining solution for 2–3 min.
The stained sections were dehydrated with pure ethanol, and the sections were made transparent
by xylene. The transparent slices were mounted with Canada Balsam and covered with a coverslip.
Sample images were captured using a Nikon TE2000 microscope (Nikon, Tokyo, Japan).

2.5. Fluorescence in Situ Hybridization

Cell slide was placed on the bottom of the 12-well plate; cells were washed for 5 min and then
were fixed at room temperature for 10 min with 4% paraformaldehyde. Briefly, 200 uL prehybrid
solution was added to each well and they were blocked at 37 ◦C for 30 min. For prehybridization,
the hybridization solution was preheated at 37 ◦C. To protect it from the light, 2.5 μL 20 uM lncRNA
FISH Probe Mix stock solution or internal reference FISH Probe Mix stock solution was added to 100
μL hybridization solution. The prehybridization solution in each well was discarded and 100 μL of the
probe hybridization solution containing the probe was added; the light was avoided, and then it was
hybridized overnight at 37 ◦C. DNA staining is protected from light. Further, staining was done with
DAPI staining solution for 10 min, avoiding light, and the cells were washed 3 times for 5 min each
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time. The cell slide was carefully removed from the well in dark and fixed on the loaded slide with
a sealing tablet for fluorescence detection.

2.6. Cytoplasmic and Nuclear RNA Extraction

This method is referred to a previous research [20]. For the extraction of cytoplasmic and nuclear
RNA fraction, intramuscular adipocytes were collected after 6-day differentiation. Cells were washed
with PBS, suspended in lysis buffer (10 mM NaCl, 2 mM MgCl2, 10 mM pH 7.8 Tris-HCL, 5 mM DTT,
and 0.5% Igepal CA 630), and then incubated on ice for 5 min. After centrifuging at 8000 rpm for
5 min, the supernatant was transferred to a new microcentrifuge tube subjected to cytoplasmic RNA
extraction, while the pellet was resuspended with lysis buffer and subjected to nuclear RNA extraction.
For the RNA extraction, the fractions were first incubated with Proteinase K (10 mg/mL) at 37 ◦C for
20 min and then mixed with TRIzol. RNA was separated by chloroform and precipitated by ethanol
with 3 M sodium acetate (pH 5.2, 1/10 volume). The extracted RNA was dissolved into ddH2O and
used for reversed transcribed and real-time PCR analysis.

2.7. RNA Extraction and Real-Time PCR

Total RNA was isolated by TRIzol reagent (Takara, Otsu, Japan). Afterwards, the reverse
transcription of RNA was performed using kits (Takara, Otsu, Japan), following the manufacturer’s
instructions. Bio-Rad iQTM5 (Bio-Rad, Hercules, CA, USA) was used to perform RT-qPCR. Expression
level of the listed genes and lncIMF4 were related to that of β-tubulin. The information of primers is
shown in Table 1.

Table 1. Primers used for real-time quantitative PCR.

Name Forward (5′→3′) Reverse (5′→3′)
PPARγ AGGACTACCAAAGTGCCATCAAA GAGGCTTTATCCCCACAGACAC
AP2 GAGCACCATAACCTTAGATGGA AAATTCTGGTAGCCGTGACA
C/EBPα CGATGCTCTTAGCTGAGTGT GGTCCAAGAATTTCACCTCT
SREBP1 GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT
Cyclin B AATCCCTTCTTGTGGTTA CTTAGATGTGGCATACTTG
MyoD TACACCGACAACTCCATCCG GAGGGCGGGTTGGAAATGAA
Cyclin E CAGAGCAGCGAGCAGGAGC GCAAGCTGCTTCCACACCACAT
FAS CCCCGAATCTGCACTACCAC AGTTGGGCTGAAGGATGACG
ATGL TCACCAACACCAGCATCCA GCACATCTCTCGAAGCACCA
HSL CACTGACTGCTGACCCCAAG TCCTCACTGTCCTGTCCTTCAC
ATG7 GATTGCCTGGTGGGTGGTAA CATGGCTTTCGATGAGCTGC
Beclin1 AGTAGGTGAAGGCTAGGCGA AGCTCGTGTCCAGTTTCAGG
GAPDH
LncIMF4

AGGTCGGAGTGAACGGATTTG
GTGGATTGGGAGCCTGCTAT

ACCATGTAGTGGAGGTCAATGAAG
ACACTCCATGGCCTGGTAAAA

2.8. Western Blotting

The protocol of western blot was followed according to a previous study [10]. Briefly, adipocytes
were split by radioimmunoprecipitation assay (RIPA) buffer (Beyotime, China) by adding protease
inhibitor (Pierce, WA, USA). The total protein sample was separated in the SDS-polyacrylamide gel.
Then, it was transferred into a PVDF membrane (Millipore, Bedford, MA, USA). Next, the membrane
was blocked in 5% defatted milk for 2 h. After that, the membrane was incubated with primary
antibodies at 4 ◦C overnight followed by a secondary antibody at room temperature for 1.5 h.
The antibodies Cyclin B, Cyclin D, Cyclin E, PPARγ, and AP2 were purchased from Santa Cruz (CA,
USA); C/EBPα and SREBP-1 were purchased from Abcam; p62, LC, ATGL, and HSL were purchased
from CST (Boston, MA, USA); and β-tubulin was purchased from Sungene Biotech (Shanghai, China).
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2.9. Cell Counting Kit (CCK8) and EdU Assays

The protocol of cell counting (CCK8) and EdU assays were performed following a previous
study [6]. Adipocytes were cultured in 96-well plates with 2.5 × 103 cells per well. Cells were treated
with NC or siRNA. The proliferation rates were tested by the Cell Counting Kit 8 (CCK-8) following
manufacturer’s instructions. For EdU assay, cells were incubated with EdU for 2 h after transfecting
them with NC or siRNA. Subsequently, sample images were captured using a Nikon TE2000 microscope
(Nikon, Tokyo, Japan).

2.10. Flow Cytometry

Cells were seeded in 6-well plates with 4 × 105 cells per well. After 24 h, cells were transfected
with NC or siRNA. Next, cells were washed three times with PBS and fixed with 70% alcohol overnight
at −20 ◦C. Cells were then treated with 1 mg/mL RNase at 37 ◦C for 40 min before being stained with
50 mg/mL propidium iodide (PI) at 4 ◦C for 1 h. Lastly, samples were detected with FACSCalibur flow
cytometry (Franklin Lakes, NJ, USA).

2.11. Oil Red O Staining

Oil Red O Staining was performed according to a previously published method [12]. After being
fixed in 4% paraformaldehyde solution, cells were incubated with 0.5% Oil Red O for 30 min and
washed three times with PBS; adipocytes were visualized by phase-contrast microscopy (Tokyo,
Japan). Oil Red O dissolved in lipid droplets was extracted with 100% isopropanol and its relative
concentrations were determined by measuring the absorbance at 510 nm.

2.12. Monodansylcadaverine (MDC) Staining

The cells were digested with trypsin and centrifuged, and the cell pellet was collected. Then the
cells were washed once with wash buffer and the supernatant was discarded. Next, the cells were
resuspended by adding the appropriate amount of wash buffer to adjust the cell density to 10. Precisely,
90 uL of cell suspension was taken into the EP tube and 10 uL of MDC solution was added and mixed
gently. The solution was stained at room temperature for 30 min, and the cells were collected by
centrifugation. Then, the cells were washed twice with wash buffer, 300 uL DAPI solution was added
to it, and stood still at room temperature. After 5 min, the cells were washed 3 times with PBS. The cells
were resuspended in the collection buffer, the resuspended droplets were added to the slide, and the
coverslip was attached. The slide was observed under a fluorescence microscope, and cells were
counted and photographed. Autophagy staining detection kit was purchased from Solarbio.

2.13. Statistical Analysis

The diagrams were created by GraphPad Prism 6.0. SEM represents the variation between sample
means. Group differences were analyzed with Student’s t test or one-way ANOVA using PASW
Statistics 20 (SPSS, Chicago, IL, USA) (*, p < 0.05; **, p <0.01).

3. Results

3.1. LncIMF4 May be A Novel LncRNA Implicated in Intramuscular Fat Deposition

The meat quality of Bamei pig is better than Yorkshire pig probably highly influenced by the higher
content of intramuscular adipocytes in Bamei pig. (Figure 1A,B). The lipid content in intramuscular
adipocytes of Bamei pig was also more than Yorkshire (Figure 1C). Comparison of lncRNA sequences
was performed between intramuscular adipocytes of Bamei pig and Yorkshire pig. The results showed
that the level of lncIMF4 was higher in large white pig, and it presented rising first then falling pattern
(Figure 1D). In addition, the alignment track showed that lncIMF4 is an unannotated lncRNA in the
pig genome (Figure 1E). Interestingly, the result of Gene Ontology (GO) term analysis demonstrated
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that it was related with lipolysis and autophagy (Figure 1F). Therefore, further research was carried
out following these pathways.

Figure 1. LncIMF4 may be a novel lncRNA implicated in intramuscular adipogenesis. (A) The
intramuscular fat (IMF) content of longissimus dorsi muscle (LM) between Bamei and Yorkshire were
analyzed by Soxhlet extraction method. (B) Hematoxylin–eosin (HE) staining of LM between Bamei
and Yorkshire. (C) Porcine intramuscular adipocytes at 0, 2, 4, and 8 d after inducing differentiation
(cell density reached 100%). (D) Heatmap depicting long noncoding RNA (lncRNA) having at least
2-fold change in intramuscular adipocytes between fat-type and lean-type pig at four differentiation
stages; black fragments denote lncIMF4. (E) The alignment track of lncIMF4. (F) GO term of lncIMF4.
The results were representative of means ± SEM of three independent experiments.

3.2. The Expression Pattern of LncIMF4 in Pig and Its Subcellular Location in Adipocyte

Based on the above results, we supposed that lncIMF4 was related to IMF content. We detected
the levels of lncIMF4 during intramuscular adipocytes proliferation and differentiation. The expression
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patterns both showed a trend of rising first and then decreasing, reaching a peak on the second day,
which was consistent with the sequencing results (Figure 2A,B). Tissue expression results demonstrated
that lncIMF4 is highly expressed in adipose tissue, not only in 3-day-old piglets (Figure 2C) but also
in 180-day-old pig (Figure 2D). To confirm the localization of lncIMF4 in intramuscular adipocytes,
we performed the fluorescence in situ hybridization, showing that lncIMF4 was localized in both
nucleus and cytoplasm (Figure 2E). The relative expression levels of LncIMF4 in the nucleus and
cytoplasm were consistent with it (Figure 2F).

Figure 2. The expression pattern of lncIMF4 in pig and its subcellular location in adipocyte. (A) The
levels of lncIMF4 during porcine intramuscular adipocytes proliferation. (B) The levels of lncIMF4
during adipocytes differentiation. (C,D) The levels of lncIMF4 in heart, liver, spleen, lung, kidney,
muscle, and fat from 3-day-old piglets (C) and 180-day-old pig (D). (E) Subcellular localization of
lncIMF4. (F) LncIMF4 expression in cytoplasm and nucleus. The results were representative of means
± SEM of three independent experiments.

3.3. LncIMF4 Knockdown Promoted the Proliferation of Porcine Intramuscular Preadipocytes

Proliferation is an important process for intramuscular adipose development. Therefore,
we explored the function of lncIMF4 in the proliferation of intramuscular preadipocytes. We transfected
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siRNA into proliferating intramuscular preadipocytes to knockdown lncIMF4. The efficiency of siRNA
meets the requirements of subsequent experiments (Figure 3A). CCK8 assay showed that the cell
number was increased (Figure 3B). Furthermore, by cell cycle analysis, we found that knockdown
of lncIMF4 increased the percentage of S phase cells and decreased the percentage of G1 and G2
phage cells (Figure 3C,D). The result of EdU assay was consistent with it (Figure 3E,F). Meanwhile,
knockdown of lncIMF4 increased the levels of cell cycle-related genes compared with that of NC
(Figure 3G,H). These results indicated that knockdown of lncIMF4 promoted the intramuscular
adipocytes proliferation.

Figure 3. Knockdown of lncIMF4 promoted intramuscular adipocytes proliferation. LncIMF4 negative
control (NC) or siRNA were transfected into cells at 40% density. (A) The inhibition efficiency of
lncIMF4 in porcine intramuscular adipocytes treated with lncIMF4 siRNA. (B) Cell count was measured
by Cell Counting Kit 8 (CCK8). (C) Cell cycle analyses. (D) The statistics results of cell cycle analysis.
(E) EdU assay was performed after transfection for 24 h. (F) The percentage of EdU positive cells/DAPI
positive cells was quantified. (G) RT-qPCR analyzed the cell cycle genes, cyclin B, cyclin D, and cyclin
E after transfection for 24 h. (H) Western blot of the cell cycle genes, cyclin B, cyclin D, and cyclin
E, after transfection for 24 h. The results were representative of means ± SEM of three independent
experiments. *, p < 0.05; **, p < 0.01.
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3.4. LncIMF4 Knockdown Promoted Intramuscular Adipogenic Differentiation

To explore the function of lncIMF4 during intramuscular adipocytes differentiation, we used
the siRNA to knock down it, and the efficiency of siRNA reached the subsequence experiment
requirement (Figure 4A). Oil Red O staining also showed a significant increase in intracellular lipid
droplets in siRNA group (Figure 4B,C). Key genes of adipocytes differentiation were significantly
increased after transfection with siRNA (Figure 4D). In addition, the protein levels of lipogenesis were
upregulated (Figure 4E,F). Cumulatively, these results indicated that knockdown of lncIMF4 promoted
adipocytes lipogenesis.

Figure 4. Knockdown of lncIMF4 promoted adipocytes lipogenesis. LncIMF4 siRNA or NC were transfected
into cells at 70% density at 50 nM. (A) The inhibition efficiency of lncIMF4 in porcine intramuscular adipocytes
after transfecting lncIMF4 siRNA with NC on 6 day of differentiation. (B) Oil Red O staining, scale bar = 100
μm. (C) Absorbance value at 510 nm after incubation with Oil Red O. (D) RT-qPCR analysis of adipogenic
and lipolytic genes on 6 day of differentiation. (E) Western blot analysis of adipogenic genes on 6 day of
differentiation. (F) The quantification of protein levels. The results were representative of means ± SEM of
three independent experiments. *, p < 0.05; **, p < 0.01.

3.5. LncIMF4 Knockdown Inhibited Lipolysis by Attenuating Autophagy in Porcine Intramuscular Adipocytes

In this study, we constructed the autophagy model of porcine intramuscular adipocytes by using
nonserum culture medium after 6 days. The results showed that the number of autophagy cell
was increased (Figure 5A,B). The levels of ATG7 and Baclin1 were also upregulated (Figure 5C,D).
These results indicated that the autophagy model was successfully constructed.
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Figure 5. Autophagy model of porcine intramuscular adipocytes was constructed.
(A) Monodansylcadaverine (MDC) staining of porcine intramuscular adipocytes after inducing
autophagy by serum-free medium for 3 h. (B) The quantification of autophagic cells/normal cells. (C,D)
RT-qPCR was carried out to detect the cell autophagic genes, ATG7 (C) and Beclin1 (D). Data were
representative of means ± SEM of three independent experiments. *, p < 0.05. NC, negative control;
TM, treatment.

We predict that lncIMF4 is related to autophagy according to the results of GO term, which showed
that lncIMF4 was enriched in autophagy-related pathway. Therefore, lncIMF4 were knockdown to
test whether adipocytes autophagy was regulated. After transfection with siRNA, cells with green
fluorescent dot particles were less than in the control group (Figure 6A,B). This indicated that autophagy
was decreased when lncIMF4 was knocked down. The mRNA and protein levels of ATG7 and Baclin1
were consistent with it (Figure 6C). Meanwhile, the markers of autophagy, p62 were significantly
upregulated and the LC3 were downregulated (Figure 6D). Furthermore, Oil Red O staining revealed
that lncIMF4 knockdown promoted porcine intramuscular adipocyte differentiation in autophagy
model (Figure 6E). Protein levels of PPARγ and AP2 showed the same result (Figure 6F). Consistently,
the mRNA and protein levels of ATGL and HSL, the key genes of lipolysis, were both decreased
after transfection with siRNA (Figure 6G,H). These results demonstrated that knockdown of lncIMF4
promoted porcine intramuscular adipocyte adipogenesis by attenuating autophagy. The function of
lncIMF4 is shown in Figure 6I.
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Figure 6. Knockdown of lncIMF4 inhibited lipolysis by downregulating autophagy. (A) MDC staining
of porcine intramuscular adipocytes transfected into cells at 70% density at 50 nM after inducing
autophagy by serum-free medium for 3 h. (B) The quantification of autophagic cells/normal cells. (C)
RT-qPCR was carried out to detect the cell autophagic genes. (D) Western blot analysis of autophagic
marker genes on 6 day of differentiation. (E) Oil Red O staining, scale bar = 100 μm. (F) Western blot
analysis of adipogenic genes on 6 day of differentiation in autophagy model. (G) The mRNA expression
level of lipolytic genes on 6 day of differentiation. (H) Western blot analysis and quantification of
lipolytic protein levels. (I) The function of lncIMF4 in porcine intramuscular adipocytes. Data were
representative of means ± SEM of three independent experiments. *, p < 0.05; **, p <0.01.

4. Discussion

Higher intramuscular fat content in pork plays an important role in improving meat quality [21].
Many factors are included in the biological processes. The regulatory role of lncRNA is an essential part
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of it [22]. In our previous study, we performed the lncRNA sequencing and found some lncRNAs related
to adipogenesis. lncIMF4 was a novel lncRNA, which is predicted to participate in cell differentiation
and autophagy. These processes could affect fat content in adipocytes [23–25]. This indicated that
lncIMF4 have an effect on lipid synthesis in porcine intramuscular adipocyte. Interestingly, further
research demonstrated that lncIMF4 was located both in nucleus and cytoplasm, so the role of it may
be complex. In this study, we used small interference to explore its function in adipocytes.

The development of adipose tissue includes adipocytes proliferation and differentiation [26].
Recently, studies reflected that lncRNAs affect cell proliferation through variety of signaling [27,28].
In this study, we found that the level of lncIMF4 changed regularly along with cell proliferation.
Based on this, we suspected that lncIMF4 participated in the regulation of proliferation of porcine
intramuscular adipocyte. Subsequent experimental results were consistent with this hypothesis.
Further study showed that knockdown lncIMF4 promoted intramuscular adipocyte proliferation.
It reflected that lncIMF4 was important for intramuscular adipose development. The adipocyte
differentiation is an important process regulating lipid deposition in adipose tissue. Adipocytes
hyperplasia arises in the early stage of differentiation. Then, small lipid droplets appear in the cells
and merge into large droplets after many adipogenic factors are activated. Finally, adipocytes become
hypertrophic. LncRNA has been known as a regulator to affect adipocyte differentiation [29–31].
However, there is little research on the role of lncRNA in porcine adipocyte differentiation. In our
study, GO term analysis showed that lncIMF4 is associated with cell differentiation. Furthermore,
the level of lncIMF4 is related to fat deposition closely. Therefore, we explored the effects of lncIMF4
on porcine intramuscular adipocyte. Consistently, the results demonstrated that knockdown lncIMF4
promoted adipogenic differentiation in porcine intramuscular adipocyte. It confirmed that lncIMF4
regulated porcine intramuscular adipocyte lipogenesis.

Autophagy is a biological process that maintains life survival by degrading organelles and proteins
when there is lack of nutrition, energy, or imbalance of environment. Defective autophagy, is associated
with numerous diseases, including neurological disorders, cancer, cardiomyopathies and metabolic
disorders [32]. Autophagy has a dilution effect on high intracellular lipids and influences lipid
metabolism in many ways, from lipogenesis to lipolysis [33,34]. The autophagosomes will wrap lipids
to ablate if autophagy occurs in adipocytes. Autophagy and lipolysis are both decreased with enough
food supply, while both are increased in nutrient deprivation [35]. In this research, bioinformatics
analysis predicts that lncIMF4 may have a particular regulatory effect on autophagy. Autophagy can
affect the differentiation and adipogenic processes of adipocytes. Many signaling pathways were
involved in these processes [36]. Therefore, we hypothesized that lncIMF4 regulated lipolysis to
affect lipid deposition through autophagy. This is a new insight to study the relationship between
lncRNA and intramuscular adipose. The autophagy of normal cells is very weak. To explore this
regulation, we firstly constructed an autophagy model of porcine intramuscular adipocyte. In recent
years, the induction of autophagy has focused on the construction of nutrient-deficient environment
and drug treatment. To reduce stress on cells and reduce cell loss, autophagy was induced by starvation
treatment in this study. The appropriate induction time was determined to be 3 h after the addition
of serum-free medium, which was more transient than the time in which the adipocytes induced
autophagy in other literature. Further study showed that in autophagy model, knockdown lncIMF4
promoted lipogenesis and inhibited lipolysis. Moreover, it also attenuated autophagy in porcine
intramuscular adipocyte. Generally, we confirmed that lncIMF4 knockdown promoted lipogenesis of
porcine intramuscular preadipocyte through attenuating autophagy. The underlying mechanism will
be the focus of our next experiment.

5. Conclusions

In conclusion, we identified lncIMF4 as a novel lncRNA, which is related to intramuscular fat
deposition. lncIMF4, located in both nucleus and cytoplasm, knockdown promoted proliferation and
differentiation of porcine intramuscular adipocytes, whereas inhibited lipolysis through attenuating
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autophagy. This research provides a new perspective to study the role of lncRNA in regulating porcine
intramuscular adipogenesis for promoting pork quality.
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Simple Summary: Mixing unacquainted growing pigs is a common practice in commercial herds to
adjust the group size to the pen dimensions and to balance the body weights of pigs within pens.
Aggressive behavior following regrouping may include fights that can result in skin lesions and
detrimental economic effects. Strategies aimed at limiting such issues can therefore improve animal
welfare in practice. In the present study, we investigated the effects of darkness, maintained for
48 h after the formation of new social groups, on the expression of agonistic behavior and on the
accumulation of skin lesions of growing pigs. The provision of 48 h of darkness significantly reduced
the number of skin lesions on the mid- and rear thirds of pigs’ body. However, no corresponding
reduction was observed in agonistic behavior, suggesting that darkness decreases the efficacy of
aggressions, rather than how often or for how long they are expressed. Furthermore, an analysis of
the location of lesions indicates that aggressions towards a fleeing companion, rather than reciprocal
ones, were those mostly affected by darkness. The present results identify in the provision of darkness
an easily applicable and relatively inexpensive intervention, that leads to the reduction of one of the
most problematic consequences of agonistic interactions, i.e., skin lesions.

Abstract: Agonistic behavior after the regrouping of unfamiliar pigs has been recognized as one of
the major welfare issues for pig husbandry, as it may result in lesions, lameness, and health problems.
One scarcely investigated strategy to curb agonistic behavior is reducing the availability of visual stimuli
potentially eliciting aggressions. In this study, we investigated the expression of agonistic behavior by
growing pigs and the resulting accumulation of skin lesions over a period of 14 days following the
formation of new social groups, which occurred in a condition of darkness maintained for 48 h. Compared
to a simulated natural photoperiod (12 h light/day), darkness significantly reduced the number of skin
lesions on the mid- and rear thirds of pigs’ body (p ≤ 0.01). A lack of corresponding decrease in frequency
and duration of agonistic interactions suggests that darkness acts by decreasing the efficacy, not the
expression, of aggressions. Furthermore, the location of lesions mostly affected by darkness indicates
that the latter mostly acted by reducing the possibility of pigs to convey damage to a fleeing conspecific,
rather than to one involved in a reciprocal fighting. The lighting regime provided did not affect growth
performance traits of a 17-weeks feeding trial. The present results identify in the provision of darkness an
easily applicable, and relatively inexpensive intervention, that leads to the reduction of skin lesions.

Keywords: aggression; agonistic behavior; darkness; light; mixing; photoperiod; pig; regrouping;
skin lesions; Sus scrofa
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1. Introduction

Growing pigs in commercial herds are usually subjected to mixing events with unrelated
and unacquainted animals [1]. This management procedure may occur several times from birth to
slaughter [2] and generally aims at balancing the body weight of pigs within pens, in order to increase
uniformity and to control stocking density by adjusting the group size to the pen dimensions [3].
Following regrouping, agonistic behavior may be intense, primarily serving to establish a new relative
social ranking, thereby reducing future needs of disputes among animals [4]. Agonistic behavior can
lead to fights, which result in skin lesions (SL), frequently used as a practical indicator of the extent
and the severity of post-mixing aggressive behavior [5], as well as increased risk of lameness and of
infections due to immunosuppressive effects [6]. Apart from the negative effects on animal welfare,
the regrouping of unfamiliar pigs may also cause detrimental economic effects, negatively affecting
growth rate and meat quality [3].

Agonistic behavior aimed at establishing relative social ranking in wild boars and feral pigs
rarely ends with severe aggressions (i.e., bites), thanks to greater freedom of movement due to space
allowance and fighting tactics based on complex and gradual behaviors [1,7]. Starting with reciprocal
visual and olfactory inspection and gentle nudging, the interactions may escalate up to full-blown
fights depending on signals indicating opponents’ intention to submit [8–11]. When the overt fight is
started, the behavioral patterns mainly aim at minimizing the risk of being bitten and increasing the
likeliness of biting. Accordingly, strategies at regrouping should reduce the number of interactions
that escalate to aggressions or reduce the efficacy of aggressions in terms of reciprocal injuries. In this
respect, several studies have investigated the efficacy of manipulating housing system, pen dimension,
stocking density, and group size as methods to reduce aggressive consequences [1,3]. The introduction
of environmental enrichment, which may increase the opportunity to carry out exploratory behavior
and diverting pigs’ attention from conspecifics, has been explored [12], though with controversial
results [1]. Other studies focused on the possibility to manipulate access to olfactory stimuli involved
in the escalation of interactions by exposing animals to a diverse class of chemicals capable of altering
olfactory information [13,14]. Much less attention has been paid to the possibility of manipulating
visual signals and lighting regime; that has proven to affect growth rate and meat and ham quality of
heavy pigs [15] and may be implicated in the escalation of inter-pig interactions.

To our knowledge, the manipulation of visual signals was only implemented by grouping animals
after sunset [16,17], taking advantage of the lower phase of the circadian rhythm in a pig’s activity.
In these conditions, the number of aggressions was reduced by about 50% in the 90 min following
mixing, but this effect disappeared the following morning, resulting in a comparable number of SL after
three days from regrouping. Although these results suggest that darkness only delays aggressions,
the beneficial effects of reducing visual information at mixing might have been biased due to the
duration of the treatment used. Indeed, the higher amount of fighting between pigs occurs in the first
24–48 h after regrouping [6], which suggests a possible advantage in applying darkness for longer
than one night. Moreover, if darkness affects aggression by reducing availability of opponents’ visual
information, extending its period of application could reduce outcome of aggressions (i.e., reciprocal
injuries), regardless of their occurrence.

The aim of the present study was to deepen our knowledge on the effects of darkness at regrouping
on aggressive behavior and skin lesions of growing pigs in a commercial farming situation.

2. Materials and Methods

2.1. Animals, Housing, and Experimental Design

The pigs involved in the present study are part of a larger feeding trial carried out at the research
farm of the DAFNAE Department of the University of Padova, Italy [18–20]. Pigs were reared in
accordance with EU Directive (2008/120/EC), and experimental procedures were reviewed and approved

98



Animals 2020, 10, 1729

by the Ethical Committee for the Care and Use of Experimental Animals of the University of Padova, in
accordance with the Italian legislation (D.Lgs. 26/2014, transposition of the EU 2010/63/UE directive).

Data were collected on 100 pigs (skin lesion counts) and 48 pigs (behavior observations)—specifically,
barrows and gilts belonging to four different genetic types used in Italy for the production of heavy
pigs to provide dry-cured hams. The piglets, who were born within the same week, arrived at the
research farm around 80 d old and with a body weight (BW) close to 38 kg. At arrival, and until the
beginning of the study, pigs were kept in four pens, homogeneous for genetic type (12 or 13 pigs/pen,
two pens for each genetic type) and fed the same commercial diets according to the same feeding
regime until the twenty-second week of age (86.5 ± 6.5 kg BW). Pens were located in two rooms
(four pens/room), managed with the same ambient conditions and with an identical arrangement
of pens within each room. Each pen was 5.8 × 3.8 m, had a slatted floor, and was equipped with a
single-space electronic feeder (Compident Pig–MLP; Schauer Agrotronic, Prambachkirchen, Austria).
Readers are referred to Schiavon et al. [18] for further details regarding the characteristics of pigs, their
diets, growth performance, and carcass traits.

At the beginning of the study, the pigs were mixed, with the formation of new social groups,
housed in the eight pens described above. Each of the eight groups was composed of 12 or 13
individuals (stocking density ≥ 1.6 m2/pig). Groups were balanced for BW, genetic types (e.g., each
pen containing three or four pigs per genetic type), and sex (six or seven gilts and barrows per pen,
and one or two of each sex, for each genetic type).

During mixing procedures (Day 0) and for the subsequent 48 h, a lighting regimen of darkness was
kept in one of the two rooms (Figure 1), thus affecting half of the pigs (n = 50) in the study; darkness
was obtained by covering the windows, the only source of ambient light in the room, with a fourfold
black plastic polypropylene sheets. Simulated natural photoperiod (12 h light/day) was reintroduced in
this room at h 10:00 of Day 2 and maintained for the rest of the experiment; that ended after two weeks
at Day 14. In the other room, a lighting regimen of 12 h light/day was kept for the entire duration of the
experiment (windows were covered in this room as well to obtain precise control on the photoperiod).
Apart from the lighting regimen in the first 48 h following mixing procedures, pigs of the two rooms
were managed and fed in the same way.

Figure 1. Schedule of skin lesion counting (on eight pens, n = 100 pigs) and behavior observations
(on four pens, n = 48 pigs), relative to the day of mixing (Day 0); darkness was applied to half of the
pens for the first 48 h after mixing (grey area).

2.2. Skin Lesion Counts

The total number of SL was recorded for each pig immediately before mixing (Day 0), after 72 h
post-mixing (Day 3), 24 h after the natural photoperiod was reintroduced in the darkened room, and at
Day 7 and Day 14 following regrouping (Figure 1). Lesions were recorded by direct observation
of each pig, and it was performed independently by two trained observers who counted the total
number of fresh lesions. A lesion was defined as a single and continuous scratch, regardless of severity,
whereas freshness was judged on the basis of lesion color, usually red-pink, and development of
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scabbing [21,22]. Lesions were recorded independently on three different locations of the body: front
(head, neck, shoulders, and front legs), middle (flanks and back), and the rear part of the animal (rump,
hind legs, and tail), because the accumulation of skin lesions in different locations has been associated
with different types of agonistic behavior [5,22].

2.3. Behavioral Observations

Infrared cameras, capable of recording in the dark, were installed overhead (Bullet IP cam, Y-cam
Solutions Ltd., London, UK). Each camera framed the area occupied by one pen. A total of four cameras
were installed, two for each room. Therefore, behavioral data were collected from a subsample of
48 animals, equally balanced between those subjected to darkness, and those kept in a 12 h photoperiod.
Unfortunately, it was not possible to identify pigs of different genetic type or gender on videos, so these
effects were not considered in the statistical models in which behavioral observations were analyzed.

To avoid interference due to the presence of operators performing the SL count, behavioral data
were collected during the 24 h preceding each SL count. The only exception was represented by the
behavioral data collected in the first 24 h following the regrouping of pigs, which occurred the day
after the first (baseline) SL count. Collection of behavioral data was performed with the Observer
software (ver. 12, Noldus Inc., Groeningen, the Netherdlands) on videos recorded on the following
days of the trial (Figure 1):

• First session: from 10:00 a.m. (immediately after the end of mixing procedures) to 9:59 a.m., of
Day 1;

• Second session: from 10:00 a.m. of Day 2 (immediately after reintroduction of the normal
photoperiod in the pens that received the dark lighting regimen) to 9:59 a.m. of Day 3;

• Third session: from 10:00 a.m. of Day 6 to 9:59 a.m. of Day 7;
• Fourth session: from 10:00 a.m. of Day 13 to 9:59 a.m. of Day 14 (end of the trial).

Observations were performed in one interval of 10 min for each of the 24 h of observation days,
resulting in a total of 24 intervals per day of observation and 96 intervals per pen for the whole study.
During each observation interval, the expression of agonistic behavior by individual pigs was recorded
with a focal animal, continuous sampling technique [23]. Agonistic behavior was defined as any
interaction involving bites, attempts to bite, physical contact aimed at displacing, or putting off balance
another pig (e.g., by pushing one’s body against the other, or by putting one’s muzzle under the body
of the other pig). When such agonistic interaction lasted less than 1 s (i.e., one bite or one attempt to
bite not followed by any other agonistic behavior), they were recorded as point events (AGO < 1 s).
When the interactions lasted more than 1 s (AGO > 1 s), their duration was recorded, resulting in both
number and duration of these interactions being used in statistical analysis.

Since the recording of agonistic behavior was performed for each pig in the pen, an interaction
involving only two pigs would result in two recorded episodes of agonistic behavior of identical
duration. For interactions involving more than two animals, as many episodes were recorded, as was
the number of animals involved; the duration of such episodes, however, could be different since
subjects could be involved for a different time in the same interaction (e.g., pig A starts an agonistic
interaction with pig B, then pig C is involved along with A and B, then B stops interacting, leaving A
and C to continue the interaction; in this case, three episodes of different duration would be recorded).

In addition to agonistic behavior, the number of animals in quadrupedal stance at the beginning
of the 10 min observation interval was recorded as a measure of overall activity in the pen within the
observation interval (STAND).

2.4. Performance Traits

In order to evaluate possible long-term effects of the darkness condition provided in the first 48 h
following mixing, the main performance traits recorded for pigs in the feeding trial were taken into
account. To this purpose, individual BW was collected at the start and at the end of the feeding trial for
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all the animals (100 pigs and eight pens), whereas individual feed intake (ADFI) was measured daily
through the electronic feeder [18]. Data collected were used to compute individual average daily gain
during the feeding trial (ADG), average individual daily feed intake, and individual feed efficiency,
expressed as gain to feed ratio (G:F).

2.5. Editing and Statistical Analysis

Total SL count was computed for each pig by summing the SL recorded on the three different
locations of the body. Behavioral observations were partitioned in two classes according to the daytime
hours in which they occurred (DH: 08:00 to 19:59 h and 20:00 to 07:59 h), which also corresponded
to the time at which lights were turned on/off, respectively, with the exception of the first 48 h in the
pigs subjected to the dark lighting regimen. After a preliminary analysis aimed at examining their
approximation to the normal distribution, data about the SL and the number of agonistic interactions
were log transformed prior to statistical analysis.

Log of SL counts were analyzed according to a linear mixed model (SAS 9.4, SAS Institute,
Cary, NC, USA) that included the fixed effects of sex (two levels), genetic types (four levels), lighting
regime in the first 48 h following mixing (LR, two levels), days of the trial (DAY, four levels), operator
(two levels), the DAY × LR interaction, and the random effects of pen within LR and of animal within
genetic type and sex. Polynomial contrasts were estimated between the least square means of DAY to
examine the response curve of each trait (linear, quadratic, and cubic components) with the advancing
of time after mixing. Contrasts between least squares means of LR were estimated separately within
each DAY for traits where the LR × DM interaction was significant (p < 0.05).

Data concerning the logarithm of the number of AGO < 1 s and AGO > 1 s, the total and mean
duration of AGO > 1 s, and the incidence of STAND were analyzed according to a linear mixed model
(SAS 9.4, SAS Institute, Cary, NC, USA) that included the fixed effects of LR, days from mixing (DM,
four levels), daytime hours (DH, two levels) and the LR × DM and LR × DH interactions, and the
random effects of hour of observation within DH and of pen within LR. Polynomial contrasts were
estimated between the four least square means of DM to examine the response curve of each trait
(linear, quadratic, and cubic components) with the advancing of time after mixing. Contrasts between
least squares means of LR were estimated separately within each DH for traits where the LR × DH
interaction was significant (p < 0.05).

Last, performance traits were analyzed according to a linear mixed model (SAS 9.4, SAS
Institute, Cary, NC, USA) that included the fixed effects of sex (two levels), genetic types (four
levels), diet (four levels), and LR, and the random effect of pen within LR and diet.

3. Results

3.1. General Statistics and Skin Lesions Count

Descriptive statistics of main performance traits recorded on pigs during the whole feeding trial,
of SL counts, and of behavioral observation traits during the two weeks following pigs’ regrouping are
given in Table 1.

At the beginning of the feeding trial, when the pigs were moved to new pens and regrouped,
the average BW of pigs approached 87 kg. At the end of the feeding trial, after around 17 weeks on
feed, the BW of pigs averaged around 165 kg, which is the target weight for heavy pigs aimed to
dry-cured ham production. The ADG was close to 0.66 kg/d and, given an ADFI around 2500 g/d from
the start to the end of the trial, the average F:G ratio approached 3.85. The coefficient of variability was
below 10% for all performance traits considered except for growth rate, which showed a coefficient of
variation close to 14%.

At the fourteenth day following the regrouping procedure, an average total number of 5.24 skin
lesions was recorded, with 56% of them being located in the front body area, whereas the middle
and rear body area showed a similar SL count distribution. Variation in SL count was high for all the
locations in the body.
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Table 1. Descriptive statistics of main performance traits of growing pigs and of skin lesions count,
number of agonistic interactions shorter and longer than 1 s (AGO > 1 s), total and mean duration of
AGO > 1 s, and incidence of standing pigs on total number of pigs in the pen (STAND).

Item No Mean SD Min Max

Main performance traits of pigs:
Initial body weight, kg 100 86.5 6.9 66.4 103.7
Final body weight, kg 96 164.4 13.4 131.0 196.7

Average daily gain, kg/d 96 660 94 428 844
Average daily feed intake, g/d 96 2515 236 1696 2903

Feed to gain ratio 96 3.85 0.35 3.29 4.77

Counts of skin lesions assessed on:
Front, no 798 2.98 3.58 0 29

Middle, no 798 1.21 2.01 0 17
Rear, no 798 1.04 1.54 0 12

Sum of skin lesions count, no 798 5.24 5.84 0 40
Agonistic interactions shorter than 1 s, no 383 1.78 3.42 0 26
Agonistic interactions longer than 1 s, no 383 2.59 5.16 0 38

Total duration of AGO > 1 s, s 114 56 99 2 649
Mean duration of AGO > 1 s, s 114 6.9 6.4 1 38

STAND, % 383 16.7 20.1 0 100

The average number of AGO > 1 s in the 10 min/h of observation interval approached 2.59, with an
average mean duration close to 7 s, whereas on average, 17% of pigs in the pen were standing at the
beginning of the 10 min of the observation interval. Additionally, for the behavioral observations,
the variation observed was very large.

Average accumulation of SL in the two weeks following pigs regrouping was not influenced by
the lighting regime adopted in the first 48 h from mixing (Table 2) independently from the body area.
Conversely, the day of trial significantly influenced the distribution of SL irrespective of their position
in the body (p < 0.0001). As a general trend, the change of log of SL with the advancing of days after
regrouping followed a quadratic (SL evaluated in the flanks and back and total sum of SL counts) or
cubic (SL evaluated in the front or in the rear part of the body) pattern. Namely, log of SL increased
from the day of mixing (Day 0 was considered as a baseline reference for SL) until Day 3 (head, neck,
shoulders, and front legs) or 7 from mixing (middle and rear part of the body and total sum of SL
counts), whereas it decreased thereafter in all positions of the body.

Moreover, we found a significant (p ≤ 0.01) LR × DAY interaction for all the SL counts except for
those in the front body area; this suggests that the dynamic of SL accumulation was different according
to the lighting regime provided to the pigs during the first 48 h since regrouping. Indeed, pigs kept in
the dark room during the first 48 h since regrouping showed a similar pattern of variation since the day
of mixing but lower SL accumulation 3 and 7 d following mixing, compared to those pigs provided
with a 12 h photoperiod for the whole trial (Figure 2). Differences in SL accumulation between pigs of
the two groups were no longer evident 14 d after mixing, with the only exception of skin lesions in the
rear part of the body.

Table 2. Least squares means of logarithm of skin lesions count (SL) for lighting regimen during the
first 48 h after mixing and days of trial.

Item
Body Location

Log of Sum of SL
Front Middle Rear

Lighting regimen (LR)
0 h/d light 1.00 0.47 0.36 1.33

12 h/d light 1.18 0.61 0.67 1.63
SEM 0.10 0.09 0.10 0.14

p value >0.10 >0.10 0.07 >0.10
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Table 2. Cont.

Item
Body Location

Log of Sum of SL
Front Middle Rear

Days of trial (DAY)
0 0.59 0.31 0.30 0.94
3 1.50 0.69 0.57 1.84
7 1.42 0.79 0.80 1.92

14 0.86 0.37 0.40 1.22
SEM 0.08 0.07 0.08 0.10

p value of effect <0.0001 <0.0001 <0.0001 <0.0001
p value of contrasts:

Linear <0.0001 0.05 0.0002 <0.0001
Quadratic <0.0001 <0.0001 <0.0001 <0.0001

Cubic 0.01 >0.10 <0.0001 >0.10
LR × DAY

p value >0.10 0.01 0.001 0.01

Figure 2. Least squares means of logarithm of skin lesions count assessed in: (a) front, (b) middle,
and (c) rear position and of (d) logarithm of sum of counts at different days from mixing (Days Mix) for
pigs kept in dark rooms (solid line) or with a 12 h photoperiod (dotted line) during the first 48 h after
mixing (*p < 0.05 for difference between means of the two groups within any given day from mixing).

3.2. Behavioral Observations

Table 3 reports the least squares means of the agonistic behavior variables and of the overall
activity, as a function of lighting regimen, days of trial, and daytime hours, as well as the LR × DM and
LR × DH interactions on the same variables. No effect was found for the LR or its interaction with
DAY on any of the agonistic behavioral variables or the overall activity.
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Table 3. Least squares means of the number of agonistic interactions shorter (AGO < 1 s) and longer
than 1 s (AGO > 1 s), of the total and mean duration of AGO > 1 s, and of the incidence of standing
pigs on total number of pigs in the pen (STAND) for lighting regimen during the first 48 h after mixing,
session of observation, and daytime hours 1.

Item AGO < 1 s, log AGO > 1 s, log

Duration of
AGO > 1 s, s STAND, %

Total Mean

Lighting regimen (LR)
0 h/d light 0.64 0.73 39 6 17.3
12 h/d light 0.57 0.64 41 5 16.2

SEM 0.14 0.14 20 2 2.6
p value >0.10 >0.10 >0.10 >0.10 >0.10

Session of observation (DAY)

First (day of trial 0 to 1) 0.70 0.88 103 9 20.3
Second (day of trial 2 to 3) 0.53 0.66 39 5 13.8
Third (day of trial 6 to 7) 0.54 0.60 4 5 15.9

Fourth (day of trial 13 to 14) 0.65 0.58 13 5 16.7
SEM 0.13 0.13 19 1 2.7

p value of effect >0.10 0.06 <0.0001 0.007 0.05

p value of contrasts:
Linear 0.01 <0.0001 0.01 >0.10

Quadratic >0.10 0.02 0.07 0.03
Cubic >0.10 >0.10 >0.10 >0.10

Daytime hours (DH)
08:00 to 19:59 h 0.86 1.02 65 8 24.1
20:00 to 07:59 h 0.35 0.34 15 3 9.3

SEM 0.13 0.14 17 1 8.0
p value 0.001 <0.001 0.02 <0.001 <0.001

LR × DAY
p value >0.10 >0.10 >0.10 >0.10 >0.10

LR × DH
p value >0.10 0.07 >0.10 >0.10 >0.10

1 Agonistic behavior and activity measured during the first 10 min of each hour.

There were more AGO < 1 during daytime than at night (p = 0.001); no change was observed in
the number of such interactions as a function of DAY.

There were more agonistic interactions longer than 1 s during daytime than at night, and they
were also longer, in terms of average as well as total duration. The mean and total duration of such
interactions decreased with increasing days from mixing, and fewer of such interactions occurred as
the days from mixing increased.

The incidence of standing pigs on total number of pigs in the pen was affected in a similar manner,
with a higher overall activity during daytime than at night, and a decrease of overall activity as a
function of days from mixing.

3.3. Performance Traits

As shown in Figure 3, the lighting regime during the first 48 h following regrouping did not affect
growth performance traits of a 17-weeks feeding trial (p > 0.10). Pigs of two groups showed similar
BW at the end of the feeding trial and comparable growth rate. As average feed intake was nearly
identical in pigs provided with 48 h dark or normal photoperiod after mixing, the feed-to-gain ratios
of the pigs of the two groups were also very similar.
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Figure 3. Least squares means of: (a) final BW, (b) overall average daily gain, (c) average daily feed
intake, and (d) feed-to-gain ratio of pigs given 0 h (grey bar) or 12 h light daily (white bar) during the
first 48 h after mixing (p value of the differences between means > 0.10).

4. Discussion

Agonistic behavior expressed when unfamiliar pigs are housed into newly formed social groups
has been recognized as a one of the major welfare issues for pig husbandry [1]. Although aggression
following mixing of growing or breeding pigs has been widely investigated in the last decades,
mitigation strategies proposed seem scarcely implemented in commercial herds, so that the problem
has not been reduced yet [3,4]. In the present study, we investigated if the provision of darkness in the
48 h after the formation of new social groups in growing pigs is effective in reducing the expression of
agonistic behavior, and its outcome in terms of accumulated skin lesions.

Skin lesions are a useful and practical indicator of aggressive behavior and poor welfare, as their
assessment requires little time, no specific equipment, and limited training [22]. Moreover, SL are a
direct outcome of physical damages due to agonistic interactions, and their frequency and intensity
can be related to the level of welfare impairment following regrouping.

In this study, a large variation in the total number of SL was found, similar to Turner et al. [5].
In agreement with the latter and other studies [5,9,24], lesions were mostly concentrated in frontal
part of the body. Turner and collaborators [5] suggested that lesions in such region are the outcome of
reciprocal active fighting, whereas those accumulated in the medium and rear part of the body are
correlated to receiving aggression and retreating.

The accumulation of SL progressively increased over time, from the third to the seventh day of
trial for front SL and middle, rear, and total ones, respectively. This pattern is generally consistent
with data from the literature, although the schedule of SL evaluation after regrouping is variable.
Turner and collaborators [5] observed an increase of SL 24 h post-mixing in the vast majority of pigs
evaluated, with a greater increase for front SL compared to the rear body part. Similarly, Wurtz and
collaborators [22] reported a steep increase of SL in all body locations 24 h following regrouping,
whereas three weeks after regrouping SL decreased and accumulation was generally lower than that
scored at regrouping. Stukenborg and collaborators [24] observed an increase in SL evaluated 48 h after
regrouping on the front part of the body on the majority of pigs considered; conversely, no positive
difference was found for over 60% and 70% of pigs in LS observed in the middle and rear regions,
respectively, concluding that their contribution in the prediction of agonistic behavior seemed to
be rather insignificant. Differences in the trend of variation of SL found in the present study could
corroborate such conclusion, as front SL peaked 3 d after mixing, including the period when agonistic
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behavior is particularly intense, whereas SL judged at the medium and rear parts of the body peaked
at later times.

Keeping pigs in the dark during the first 48 h since regrouping, compared to those provided
with a 12 h photoperiod for the whole trial, did not affect the average accumulation of SL over the
two weeks following regrouping or the pattern of variation of SL since the day of mixing; however,
it significantly decreased the sum of SL and the accumulation of SL in the medium and rear part of the
body in the first 7 d following regrouping, thus mitigating the negative effects of mixing unfamiliar
pigs on skin integrity. Barnett and collaborators [16] observed a short-term decrease of aggression in
pigs mixed 30 min after sunset compared to pigs mixed in the morning. However, the accumulation of
SL three days post-mixing was similar between groups, suggesting that mixing after sunset simply
delayed SL rather than really mitigating the effects of regrouping.

With regard to agonistic behavior, its expression was mostly affected by the time of day, with both
duration and frequency of agonistic interactions being fourfold higher during daytime than nighttime.
Our results are in agreement with previous studies reporting higher peaks in the expression of agonistic
interactions in the middle of the day and lower peaks at night following a circadian rhythm [24]. In the
present study, this pattern was clearly associated with the pigs’ overall activity level, which was also,
predictably, lower at night than during daytime. It is worth noting, however, that no difference in the
effect of daytime on agonistic behavior or activity levels was found between the two experimental
groups. Therefore, the provision of 48 h of darkness did not alter pigs’ circadian rhythm, at least in
terms of behavior. Although the timing by which photoperiod acts on agonistic behavior has not been
investigated before, other physiological traits, such as melatonin concentrations, have been shown to
closely follow abrupt changes in photoperiod; nonetheless, even melatonin secretion may take up to
one week to fully entrain after a new photoperiod is instated [25]. Thus, our findings are well consistent
with a lack of relevant effects in the provision of 48 h of darkness on circadian rhythm.

Agonistic behavior was also affected by the time elapsed from the day of mixing. The effect was
clearly evident on the average and total duration of agonistic interaction, which decreased linearly
(for average and total duration) or along a quadratic curve (average duration only), from Day 0 to
the fourteenth day after mixing. Additionally, the number of agonistic interactions longer than 1 s
decreased linearly with the advancing of days of trial, whereas no significant effect of day from mixing
was observed on the number of short, instantaneous agonistic events. Therefore, although agonistic
behaviors do not cease to occur, they appear to be solved significantly faster over time [26]. Therefore,
our results confirm that aggressive behaviors aimed at re-establishing a social hierarchy in the new
groups mostly occur during the first 48 h after mixing, as previously reported [6].

Previous studies suggested that impeding access to visual stimuli when groups of unacquainted
pigs are newly formed may reduce the expression of agonistic behavior [16]. However, as the aggressions
resume at the re-establishment of visibility (end of darkness period), this practice merely delayed the
expression of this behavior [16]. In our experiment, the expression of agonistic behavior was not affected
by the provision of 48 h of darkness, nor by its interaction with the time from mixing, indicating that
agonistic interactions were concentrated during the first days after mixing, and progressively decreased
over time, in both groups. This implies that there was no rebound in the frequency or duration of
agonistic interactions in animals that had been kept in darkness once visibility was re-established. Our
results are in contrast with those reported by Barnett et al. [16], who observed increased agonistic
interactions between pigs being mixed before a 12 h (overnight) of darkness as the end of this period
coincided with the peak of expression of agonistic behaviors within the group of pigs. On the contrary,
in our study, this peak occurred while pigs were still kept in the dark, indicating that the provision of
a 48-h period of darkness is sufficient to overcome such an acute agonistic phase; at the same time,
the period is long enough to avoid relapses when visual stimuli are again made available. A further
implication of the lack of differences between experimental groups in the expression of agonistic
behavior over time is that the removal of visual stimuli of conspecifics does not seem to prevent pigs
from engaging in agonistic interactions, nor to carry them on for as long as in plain visibility. Thus,
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at least in the conditions assessed by the present study, other sensory modalities seem sufficient to drive
pigs’ agonistic behavior. Again, this is in line with previous literature, showing not only a significant
role of olfactory [27–30] and pheromonal perception [14,31,32] on agonistic behavior, but also that
removal of visual stimuli (e.g., by temporarily blinding the animals, or by covering their heads with
hoods) brings no alteration in pigs ability to form and maintain a hierarchy [33,34].

At first glance, the significant effect of the provision of darkness in the first days after regrouping
on the accumulation of SL stands at odds with a lack of corresponding effects on the frequency and
duration of agonistic behavior. On a closer look, however, the two findings are quite informative of the
mechanism by which darkness affected pigs’ agonistic behavior. While the lack of availability of visual
stimuli did not seem to be a relevant factor in eliciting agonistic behavior, it did impact pigs’ abilities
to accurately aim at the opponent and inflict damage. It should be further noted that the difference
in SL between experimental groups was limited to the mid- and rear body regions, rather than the
frontal ones. As discussed above, the differential location of SL is thought to reflect a different role of
the animal in the agonistic interaction [5]. In this sense, the lack of access to visual stimuli, rather than
impacting the efficacy of close-contact, reciprocated fights, seems to have reduced the possibility of
pigs to convey damage to a fleeing companion.

Last, managing photoperiod in the first 48 h following regrouping did not affect long-term
performance of pigs. Indeed, pigs of the two groups evidenced comparable growth rate and feed
efficiency and ended the 17 weeks of finishing at similar BW.

5. Conclusions

In this study, we showed that provision of 48 h of darkness in newly formed groups of fattening
pigs significantly reduces the accumulation of skin lesions, particularly on the mid- and rear thirds of
pigs’ bodies. A lack of corresponding decrease in frequency and duration of agonistic interactions
indicates that darkness acts by decreasing the efficacy of aggressions. Furthermore, the location of
lesions mostly affected by darkness indicates that the effect was specific to aggressions towards a
fleeing subject. The present findings have both theoretical and practical relevance. On the one hand,
they shed light on the (limited) role of visual stimuli in eliciting agonistic behavior in pigs. They also
provide suggestive evidence that an abrupt alteration of photoperiod does not bear a relevant impact
on pig circadian rhythms, at least for what concerns overall activity levels and agonistic behavior.
On the other hand, the results identify in the provision of darkness an easily applicable and relatively
inexpensive intervention that leads to the reduction of one of the most problematic consequences of
agonistic interactions, i.e., skin lesions. Certainly, some aspects will have to be addressed in further
studies. For instance, it would be important to determine if the positive effects of darkness would
also be observed in different categories of pigs than the ones assessed in this study (e.g., younger
animals, intact males, pigs belonging to other genetic types). Moreover, it would be interesting to
assess whether longer extension of the darkness period would exert more profound effects on the
expression of agonistic interactions or their outcomes. However, considering the relatively quick effects
that abrupt changes may have in the circadian rhythm in pigs, it is possible that longer exposures to
darkness would have a larger effect, including possibly undesirable consequences on their welfare
or growth.
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Simple Summary: This paper aims to assess the main opinions of farmers and industrial entrepreneurs
on the implementation of the current Spanish Iberian Pig Quality Standards regulation as well as on the
processing technologies of Iberian cured products. The study is based on a qualitative research process
through in-depth interviews, and has allowed the identification of aspects that can be improved both
at the level of the Iberian meat industry and in the administrative processes in the view of the main
actors of the Iberian pork sector in Spain. The aspects of the Quality Standard related to the protection
of the base of the Iberian breed, the conditions of production in the traditional system (the montanera),
as well as the ripening time of the products were mostly supported by the farmers and industrial
entrepreneurs. However, they showed certain inconformity with the requirements established by the
Quality Standard for other production systems such as the non-free-range fodder-fed and free-range
fodder-fed, therefore they demanded changes in these aspects.

Abstract: Since 2014, the Quality Standard for Iberian meat, leg ham, shoulder ham and dry-cured
loin has regulated production factors and processes involved in the raw material and manufactured
products from Iberian pigs, the most important pig breed in both population size and economic
importance of the southwest Iberian Peninsula. Regarding the changes to the Quality Standard
that industrial entrepreneurs and farmers are currently demanding, a qualitative research study has
been developed through 14 in-depth interviews with the purpose of understanding the perception
of Iberian pig farmers and industrial entrepreneurs of the requirements of the currently-effective
Quality Standard, as well as the conditions under which this is being applied. The results showed a
consensus amongst the majority of the participants in aspects such as the maintenance of the breed
base as 100% Iberian for reproductive females, weight and age requirements at the time of slaughter
for the montanera category and the manufacturing lengths for dry-cured products. On the other
hand, there were discrepancies between the requirements defined by the Quality Standard and those
requested by the respondents for the non-free-range fodder-fed and free-range fodder-fed categories,
with the industrial entrepreneurs and farmers being inclined towards the reduction in the age of
slaughter of the former and the distinction in the production conditions of the latter.

Keywords: Iberian pork; quality standard; qualitative analysis; in-depth interviews
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1. Introduction

Pork meat consumption represents a major part of the diet of the European countries, with pork
being the most consumed and preferred meat, before chicken and beef [1]. In recent years there has
been an increasing demand of meat products deriving from autochthonous breeds that are reared in
extensive systems, which is potentially due to a positive perception of society as to their contribution
in the preservation of the environment [2], animal welfare [3], as well as the perceived high quality of
the derivative products [4].

This is the case of the Iberian pork, the most important pig breed in both population size and
economic importance of the southwest Iberian Peninsula [5]. High acceptance and demand of Iberian
products have enabled the development of the industry involved, which still has major problems to
deal with, such as the great variability of factors associated with the various stages of the production
chain, giving rise to a diversity of production models and therefore differences in the final quality
of the products. These factors include the genetic background of animal [6], the production system,
the feed provided to the animal, especially during the final finishing stage [7]. Additionally, animal
age and weight at the beginning of the finishing stage [8] and at the time of slaughter [9,10] are factors
to consider in the quality of the products derived. Further, this variability to which the Iberian pork
products are subjected makes it difficult for the detection of any fraudulent activity that may take place
within the industry [11].

The first Spanish Iberian Quality Standard [12] emerged in 2001 within this context with the main
purpose of guaranteeing and defining the quality traits and control process, regulating Iberian pig
production factors and the commercialization of their derived dry-cured products. Its subsequent
amendment in 2007 [13] extended its scope of application to pork cuts that are commercialized as fresh
meat. The current Spanish Iberian Quality Standard—known as the Quality Standard for Iberian meat,
leg ham, shoulder ham and seasoned pork loin—came into force in 2014 [14] (hereinafter, QS) as an
attempt to clarify and provide transparency to the industry, as well as providing a simpler perception
of the market products and their various agreed quality standards grouping them under a new labeling
system. Thus, four commercial categories (labels) were defined: the Black label (100% Iberian breed
acorn-fed pigs), Red label (at least 50% Iberian breed acorn-fed pigs), Green label (at least 50% Iberian
breed pigs, reared in pastures (dehesas) and fed on fodder and grass) and White label (at least 50%
Iberian breed pigs, reared in confinement and fed only on fodder (Table 1).

Thus, the commercialization of the products under the aforementioned labels requires an effort by
farmers, industrial entrepreneurs and traceability and control systems. This in turn means an increase
in the production costs, which at times is not compensated by the selling price, given that all this
effort to improve the industry is not always perceived and translated in the consumer purchasing
decisions [15].

Several years since the implementation of the current QS, there is certain degree of disagreement
amongst the involved stakeholders, i.e., farmers and industrial entrepreneurs, with regards to some
of the requirements set out in the QS for the various categories, specifically in relation to production
factor in the farm, certification process and technological processing of the products. Amongst others,
one of the factors raising most of the interest and controversy within the production aspects is the age
of slaughter of animals, which is determined according to production system (montanera, free-range
fodder-fed and non-free-range fodder-fed) and, disregarding the animal Iberian breed percentage.
Although traditionally, a long production cycle has been the preferred option for the Iberian breed in
order to obtain high-quality products [8], the improvement in the production parameters deriving
from the use of the Duroc breed [6]—authorized by the current quality standard—could generate a
misalignment between the QS’s required age of slaughter and the farmers’ interests, who broadly use
this breed in order to increase productivity, reduce production cycles and therefore costs. Nevertheless,
in spite of the relevance of the age of slaughter [16], as far as we are concerned, there are no studies that
explore the recommended age in association to genetics, and there are only few studies that assess its
influence on the quality of the meat derivatives [8], [17] and therefore that may combine the demands
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and interests of farmers and consumers alike. On the other hand, there is a clear lack of definition of
the feeding and rearing system used for pigs under the Green label category (free-range fodder-fed
animals), a fact that has even led to this category being excluded from sensorial studies on account of
the lack of uniformity of its production aspects [18].

Table 1. Requirements for the production aspects of the various categories of Iberian products and
manufacture minimum times according to the current Quality Standard (QS).

Production Aspects

Commercial Label

Black Label

 

Red Label

 

Green Label

 

White Label

 

Breed (100%, 75% and
50% Iberian) provided
that the female is 100%
Iberian breed and the
male is Duroc breed,
both registered in a

genealogic tree

100% 75%, 50% 100%, 75%, 50% 100%, 75%, 50%

Management system
(the animals can be

reared under various
levels of intensiveness)

Extensive Semi-intensive Intensive

(0.25–1.25 animals/ha) subject to the
wooded area available and the availability

of acorns

At least 100 square
metres/animal when

the live weight
exceeds 110 kg

At least 2 square
metres/animal when

the live weight
exceeds 110 kg

Weight and minimum
weight gain during the

finishing stage
46 kg for over 60 days At least 60 days prior

to slaughter

Minimum age at
slaughter 14 months 12 months 10 months

Feed allowed during
the finishing stage for

each category

Feed based only on acorn, grass and other
natural resources found during Montanera

in the dehesa

Feed based on fodder
made of cereal and
legumes with the
possibility for the
animals to either
fully or partially

rearing in Montanera

Fodder made of
cereal and legumes

Carcass minimum
weight 115 kg, except for 100% Iberian animals, which will be 108 kg

Product

Leg Ham Shoulder Ham Loin

Minimum time of
manufacture of the

products
W < 7 Kg 600 days, W ≥ 7 Kg 730 days 365 days (regardless

of weight)
70 days (regardless

of weight)

W: weight; Own source based on the current QS [14].

Additionally, the current QS does not contemplate any measures to help overcome the seasonality
to which Iberian products are subjected—especially montanera Iberian dry-cured loins, which are
launched to the market in the summer months with lesser demand, and considering that the period of
greatest consumption of this type of products is from November to December (because of Christmas
season), there is a gap between industry and consumer demand. In order to overcome this situation,
industrial entrepreneurs use practices such as freezing the raw material prior to its technological
process of curing, but the lack of European Regulations for the freezing of animal products [19],
together with scarce scientific literature [20,21], has led to a situation of uncertainty regarding how this
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practice may affect the quality of the end product, which in turn has made it difficult to regulate and
control it at the industrial level.

Given the above concerns and the over four years since the implementation of the QS, it is
vital to assess the current QS, as well as any improvement proposals made by the stakeholders,
and thus contribute to form a bases for a decision tool that may focus on these specific industry and
administrative issues.

In this context our purpose was to understand the main views of farmers and industrial
entrepreneurs on the application of the current QS for the Iberian product through an in-depth
interview qualitative research study, in order to identify the limitations and opportunities for the
commercialization of Iberian products in the current environment.

2. Materials and Methods

This research study has been based on a qualitative method throughout in-depth interviews on
account of its exploratory nature and because of the high level of controversy amongst the various
stakeholders involved in this industry. The research team selected a widely-recognized semi-structured
model that is largely used in these types of research studies [22]. Two versions of the interview
script were designed and adapted to the purposes of the study, one per type of stakeholder (farmers
and industrial entrepreneurs). Figure 1 presents the full methodological process followed for the
research study.

2.1. Data Collection

For the purposes of this research study, all the interviews were face to face interviews carried out
at the workplace of the respondents. The final sample was selected following a convenience sampling
process, which is a non-probability type of sampling that is broadly used in qualitative research [23,24].
For this piece of research, the respondent selection process was progressive, as interviews were
conducted at the same time as the respondents were classified by characteristics. Subsequently,
from the information obtained, new farmers and industrial entrepreneurs with different characteristics
from the ones that had already been interviewed were sought. This particular selection process was
adopted with the purpose of covering the various types of businesses in terms of size (small, medium
and large), categories (or labels) of products sold (Black, Red, Green and White label) and production
type; both in the case of farmers (closed cycle, only montanera/fodder, other integrations) and industrial
entrepreneurs (dry-cured products, fresh products, both) and finally, the various market plans for the
products (local, national or international).

Subsequently, a telephone conversation was held with the selected respondents, where the
purpose of the research study was explained, and they were asked cooperation in the conduction of
the semi-structured interviews. Additionally, they were assured that the data provided would be
confidential in compliance with the Spanish Data Protection Act. Fourteen in-depth interviews were
conducted in total, seven of which were conducted with farmers and the other seven with industrial
entrepreneurs. This number of interviews was in line with that of other qualitative research studies
carried out using semi-structured interviews [25]. All the participants were asked for their consent to
be audio recorded during the interviews and they all accepted. The average length of each interview
was approximately 120 min.
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Figure 1. Methodological process followed in order to carry out the in-depth interviews. * WebQDA
Software V 3.1. is a qualitative data software analysis. It allows editing, viewing, linking and organizing
different sources as text documents or audio files. It can create categories, codes, manage, filter, search
and question the data in order to answer the questions that emerge in the research. WebQDA Software
has been developed by the partnership Universidade de Aveiro; CIDTFF; Esfera Crítica and Ludomedia
(https://www.webqda.net/).

2.2. Interview Script Design

The interviews were structured in five sections designed to meet the purposes of the research study.
As Table 2 shows, the interviews included similar questions for farmers and industrial entrepreneurs,
although in some cases there were specific questions for each group.

2.3. Data Analysis

Once the interviews had been conducted, the recordings were transcribed and the information
collected was analyzed by means of a Content Analysis methodology [26]. Content analysis is method
attempting to obtain valid and applicable inferences from the texts with the purpose of reducing the
original material [27]. The webQDA software (v. 3.1, Ludomedia, Oliveira de Azeméis, Portugal)
was used for the purpose of this analysis, establishing a tree structure with a priori categories and an
“emerging” code system linked to each category. Building a priori categories consists of establishing
a preliminary hierarchical system prior to reading the documents, which for the purposes of this
research study was predetermined by the items included in the semi-structured interview. Coding
is a systematic way of developing and refining the data interpretation. The coding process includes
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the collection and analysis of all the data relating to subjects, ideas, concepts, interpretations and
propositions [28]. Specifically, emerging coding is characterized by being inductive or open with codes
being generated as the information is processed, in a way that as the data are being read or interpreted,
new amendments emerge. Subsequently, the frequency of mention of each opinion was obtained from
the views of each respondent that were coherent with the ideas or concepts contained in each code
with respect to the total of responses, converted to a percentage [29].

Table 2. Script of the interviews conducted with farmers and industrial entrepreneurs.

Interview Design Farmers Industrial Entrepreneurs

Demographics Information on the age, sex, education level, job title and experience in the position

Type of farm/industry

Business activity (farming, industrial or both), number of employees and their
distribution in the various departments, production type under the QS,

commercialisation channels and sales

Nº of pigs sold per category Main product type sold (fresh, cured)

Animal breed base Brands under which the products are
commercialised

Countries for export, if any

Views on the various aspects of the
Quality Standard (RD 4/2014)

Views on the requirements of the QS in terms of breed base, feeding type, weight
gain at the finishing stage and weight/age at time of slaughter

Views on the certification process for farms and industrial businesses
Manufacturing time for products according

to the QS

Views on production seasonality
and Iberian product demand

- Strategies used to correct discontinuity of
demand of Iberian products

-

Freezing of the fine cuts prior to the curing
process. Impact on the final quality of the

product and production costs. Need to
specify such practice on the label

Proposals for improvement Applicable measures aimed at improving the identified deficiencies or others not
referred to previously. Individuals responsible for their implementation.

QS: Quality Standard.

3. Results

The results are presented according to the a priori categories established in the methodological
process. These are a total of eight categories of which the first four are categories related to the
requirements of the QS at the farms, the next two have to do with the administrative aspects that the
QS also establishes, such as certification and inspection processes as well as product labeling. The last
two categories refer to aspects related to the processing of the products by the manufacturers.

3.1. Farmers and Industrial Entrepreneur Views on the Requirements of the Quality Standard for Farms

3.1.1. Requirements in Terms of the Breed Base of the Reproductive Animals

With the purpose of protecting the genetic value of the Iberian breed, the QS establishes that
all females must be 100% Iberian breed. These can be used for the Iberian female x Duroc male
cross-breeding, whereas the Duroc breed is reserved for the male line, provided always that both are
registered in the herd book. In Figure 2 we can see how in their majority, both farmers and industrial
entrepreneurs who are asked about this, are inclined towards the protection and preservation of a 100%
Iberian female, with 63.6% and 56.3% in frequency of mention, respectively.
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Figure 2. Industrial entrepreneur/farmer views on the requirements of the QS in terms of breed base.
(Scale: frequency of mention of each opinion. Percentage is based on responses in the given code out of
all responses to equal 100%).

The following were some of the literal comments made by the respondents:
“This has been one of the major contributions of the QS to the industry because it has maintained

production at the same time as preserving the pure Iberian female”.
“It is great for the Standard to protect the Iberian female because, otherwise, this would all get out

of hand”.
Another idea that was contributed during the interviews by industrial entrepreneurs and farmers

was the need to guarantee the breed purity of Duroc boars in the farms where they decide to
have cross-bred animal products, with over 18% in the frequency of mention both by farmers and
industrial entrepreneurs.

Lastly, some views were in favor of making the genetic requirements more flexible (Figure 2),
mainly amongst the industrial entrepreneurs (25.0% of frequency of mention), in a way that the QS
would allow animals whose characteristics were compatible with the breed standards, even when they
were not registered in the herd books. This goes against the currently effective regulations which are
supported by Iberian Breed Association [14].

3.1.2. Requirements in Terms of Minimum-Weight Gain at the Finishing Stage and Minimum
Carcass Weight

According to the current QS, the average weight of the animal lot at the beginning of the montanera
stage (Black and Red labels) must be between 92 and 115 kg, gaining a minimum of 46 Kg during at
least 60 days. In the case of animals produced under the free-range fodder-fed and non-free-range
fodder-fed categories (Green and White labels, respectively), the QS does not establish the weight gain
applicable during the finishing stage. As a common feature for all categories, the carcass weight must
be greater than 115 kg in cross-breeds (Iberian x Duroc), and 108 kg in pure Iberian animals.

Almost half of respondents when asked for this requirement, both from the farm and the industrial
backgrounds, were of the opinion that the weight gain and weight at slaughter were adequate (in order
to achieve the minimum carcass weight) in all categories (42.9% and 44.4% in frequency of mention,
respectively) (Figure 3). Examples of comments in this line are:

“With regards to weight, I think it is important to maintain the limits established by the QS,
because a pig that does not reach the adequate weight will not prove an adequate carcass later on”.

Nevertheless, some interviewed farmers would agree to not establishing minimum-weight gains
for animals reared under the montanera system (Black and Red labels) (21.4% of frequency of mention).

On the other hand, a large proportion of farmers, and especially industrial entrepreneurs, (35.7%
and 44.4%, respectively) pointed out that the issue might not be so much in the minimum carcass
weights required by the QS (108 to 115 kg) but in the minimum age of slaughter, which was inferred
from the interviews through comments such as the following:

“I think it is OK, although the industry complains about it being a bit high and with a little less
weight they would have better selling hams, especially because the new Duroc hams have caused the
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ham meat yield to increase and, back then, when the Standard was published in 2014, it was assumed
that a 115 kg carcass would yield 7–8 kg hams, which are easy to sell. They are now finding this is not
the case, the average weight per ham is 8.5 to 8.6 kg which is way higher than the expected average”.

 

Figure 3. Industrial entrepreneur/farmer views on the requirements of the QS (Quality Standard) in
terms of weight gain at the finishing stage and minimum weight at slaughter. (Scale: frequency of
mention of each opinion. Percentage is based on responses in the given code out of all responses to
equal 100%).

3.1.3. Requirements in Terms of Feeding at the Finishing Stage

The QS establishes that pigs reared under the montanera system (Black and Red labels) must be
only fed on natural resources (acorns and grass); free-range fodder-fed pigs (Green label) must feed
on fodder made of cereal and legumes, without prejudice to the use they may make of the natural
resources, and that non-free-range fodder-fed animals (White label) are fed only on fodder. Figure 4
collects the respondents’ main views on the aspects set out by the QS in terms of the feeding at the
finishing stage.

 

Figure 4. Industrial entrepreneur/farmer views on the QS (Quality Standard) feeding requirements.
(Scale: frequency of mention of each opinion. Percentage is based on responses in the given code out of
all responses to equal 100%).

The perception that “there are fraudulent practices with animals reared in the montanera
production system” represented 8.3% and 7.7%, in frequency of mention by industrial entrepreneurs
and farmers, respectively. On the other hand, there were some which were in favor of “including again
the free-range acorn + fodder-fed animal category that was contemplated in the previous QS” (16.7%
and 7.7% of frequency of mention by industrial entrepreneurs and farmers, respectively).
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With regards to the animal feeding requirements for free-range fodder-fed animals (Green label),
most of the views of the industrial entrepreneurs and farmers, with 33.3% and 23.1% in frequency of
mention, respectively, concluded that it was necessary to improve the current QS requirements.

Participants generally showed a consensus with the requirements of the QS in terms of feeding in
the non-free-range fodder-fed category (White label).

Lastly, in spite of not being a majoritarian view, some participants expressed the idea that there
are generally fraudulent practices in the industry in terms of the feeding at the finishing stage (coded
as “There is fraudulent activity everywhere”; Figure 4), which attempts to classify animals fed on
fodder as montanera animals.

3.1.4. Requirements in Terms of the Minimum Age for Slaughter

For each of the production systems set out in the QS, a series of requirements is established for
minimum age of slaughter: for pigs reared under the montanera system (Black and Red labels),
the minimum age for slaughter is 14 months and for free-range fodder-fed (Green label) and
non-free-range fodder-fed (White label) the age is 12 and 10 months, respectively.

A percentage of industrial entrepreneurs and farmers (30.0% and 45.5% in frequency of mention,
respectively) were supportive of a reduction in the age of slaughter by two months for non-free-range
fodder-fed pigs (White label), going from 10 to 8 months (Figure 5). Some examples of these
comments were:

“The fair thing to do would be to adjust the age of the animal in order to obtain a product that is
more adapted to the market and able to make it stable”.

“Thanks to the existing technological advances, pigs cannot be slaughtered at the age of 10 months,
which would not comply with the requirements of the market; this is where by trying to improve
the pig or other parameters, we may forget that the purpose is to sell it in a market demanding an
8-month-old pig, not because it is 8 months old, but because this is the age at which it can be sold into
the market; the consumer does not want a ham that weights more than 7 kg”.

“The age of slaughter should be earlier for non-free-range fodder-fed animals at least by two
months”.

“The genetics of pigs have been improved and currently 8-month-old pigs or younger would be
ready for slaughter”.

 

Figure 5. Industrial entrepreneur/farmer views on the QS (Quality Standard) requirements for age of
slaughter (Scale: frequency of mention of each opinion. Percentage is based on responses in the given
code out of all responses to equal 100%).

In the case of animals that are fed under the montanera system, industry entrepreneurs and farmers
thought—with 25.0% and 18.2% of frequency of mention, respectively—that the currently-established
age of slaughter is adequate. Amongst their statements, the following can be highlighted:
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“Animals like those my father used to rear, montanera all his life. If I tell him that the current
minimum is 14 months old, he will laugh at me, because that is so little time, if you think of the time an
animal with good qualities and traits needs to fully rear”.

Finally, other farmers and industrial entrepreneurs also expressed their views on keeping the
age of slaughter proposed by the QS for the various production systems as they thought they were
adequate (montanera, free-range fodder-fed and non-free-range fodder-fed), with 18.2% and 25% in
frequency of mention, respectively.

3.2. Farmer and Industrial Entrepreneur Views on the Certification Processes and the Product Labeling

3.2.1. Views on the Certification/Inspection Process

The certification and inspection processes are key for Iberian pigs and their meat products, as
they are the tool that guarantees they comply with the QS both at the production stage in the fields
and the manufacturing and commercialization stages. In this regard, various matters were dealt with
during the interviews, with the results being shown in Figure 6.

 

Figure 6. Industrial entrepreneur/farmer views on the requirements of the QS (Quality Standard) in
terms of certification/inspection. (Scale: frequency of mention of each opinion. Percentage is based on
responses in the given code out of all responses to equal 100%).

Notably, the participating farmers (52.6% in frequency of mention) complained about the excessive
control measures they are required to submit their practices, especially at production level, with the
purpose of ensuring the quality of the inspections, as well as the amount of documents that they need
to provide in order to prove their situation.

3.2.2. Views on the Labeling Process

In terms of the labeling of the Iberian pork products, the majority of the industrial entrepreneurs
mentioned the excessive importance that the QS places on the font size and type to be used, which was
considered irrelevant by the above in contrast with more important aspects, such as the information
that is provided to the consumer.

The participants thought it was much more important to mention the animal’s breed purity
(whether it is pure or a cross-breed with Duroc), the production system (extensive or in confinement)
and even indicating the age at which it was slaughtered.

On the other hand, they also felt that it would be important to select the key words to be used on
each label depending on the type of animal (words such as Iberian, black leg, free-range fodder-fed, etc.).
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3.3. Industrial Entrepreneur Views on the Processing of the Products by the Manufacturers

3.3.1. Views on the Freezing Process of Raw Materials

Part of industrial entrepreneurs saw freezing as a feasible solution to manage the excess product
in the industry and to adapt it to market demand, with 19.2% mentions. On the other hand, with the
same frequency of mention, industrial entrepreneurs pointed that freezing was a solution for importing
and exporting products since the useful life of fresh meat is quite limited. However, the participants
pointed out that consideration must be given to the alterations the product might suffer in terms of
quality. Thus, the same proportion of respondents indicated that freezing affects the quality of the
products as those stating that it does not (15.4%).

On the other hand, the seasonality to which the Iberian products are subject, especially those
deriving from pigs reared under the montanera system (Black and Red label), makes it necessary for
this industry to innovate in order to adapt production to consumer demand. A potential solution
would be freezing the hams raw material prior to their curing process as mentioned by the industrial
entrepreneurs in this research study with 11.5% frequency of mention (Figure 7).

Category Code

Frequency of mention
INDUSTRIAL 
ENTREPRENEURS

It is a good solution to help manage the 
excess product in the industry 19 2%

It is a good solution for imports/ exports
19 2%

Freezing reduces the product quality
15 4%

Freezing does not affect product quality
15 4%

It is a good solution to prevent seasonality 
issues 11 5%

Freezing increases cost too much
19 2%

Freezing of raw 
meats

Figure 7. Industrial entrepreneur views on the requirements of the QS (Quality Standard) in terms of
product freezing. (Scale: frequency of mention of each opinion. Percentage is based on responses in the
given code out of all responses to equal 100%).

On the other hand, other opinions were related with the idea that freezing the product increases
the costs.

Some contributed the above opinions with statements such as:
“The freezing process clearly increases the cost of the product, which does necessarily translate

into an increase in the final product”.
“Freezing the hams is a solution that would help optimize the facilities of this industry”.
“Slaughtering and acorn-fed animals have a seasonal component to them, and Christmas is

when most of the acorn-fed product is sold. For example, loin is always frozen in preparation for the
Christmas demand”.

3.3.2. Views on the Minimum Obligatory Maturity Time

An aspect that is defined by the standard is the minimum manufacturing times, which range from
600 to 730 days for leg hams, 365 days for shoulder hams and 70 for dry-cured loins. It is important
to point out that these timings are minimums, and the final maturity period can be much longer,

121



Animals 2020, 10, 1772

depending on the manufacturing method used in the industry. In this regard, Figure 8 portrays the
views of respondents on these maturity times.

Category Code

Frequency of mention
INDUSTRIAL 
ENTREPRENEURS

Adequate 85 7%

Non-adequate 14 3%

Obligatory 
minimum 

manufacturing times

Figure 8. Industrial entrepreneurs’ views on the requirements of the QS (Quality Standard) in terms of
the maturity times. (Scale: frequency of mention of each opinion. Percentage is based on responses in
the given code out of all responses to equal 100%).

As Figure 8 shows, with over 85% in frequency of mention, industrial entrepreneurs stated that the
maturity times for Iberian products—leg hams, shoulder hams and dry-cured loins—were adequate.

“The acorn-fed product fully complies with it under the traditional system and in the case of the
free-range fodder-fed product, it must comply too, as it is the case of a greased animal. If anyone were
able to put it out earlier in the market by artificial means, they will do it, but . . . to what extent should
we tell them: put it out now! One thing is clear: quality takes time and the standard is the reference
stating the times in order to prevent us from going the fastest way possible”.

4. Discussion

The regulation of the breed base of reproductive animals was certainly the main motivating aspect
for the implementation of the first QS in 2001 [12] and this has been maintained through to the current
QS [14]. Both sectors, farmers and industrial entrepreneurs, were of the opinion that this requirement
has given rise to a positive increase in the number of Iberian animals [30], thus preventing the loss
of purity of the Iberian breed against the cross with Duroc, as was the case before the application of
the first Iberian QS [11,31]. On the other hand, the main reasons for the need to guarantee the breed
purity of Duroc boars may be associated with characteristics of the Duroc breed itself, such as an
improvement in the production parameters, prolificacy, higher energy efficiency, lean meat yield and
growth ratio of the cross-bred animals, which are consistent with the scientific literature [6]. In spite of
this requirement being effective since the QS was published in 2001, it became more demanding with
the application of a new inspection protocol in 2017 [32]. This gave rise to an increase in the demand of
registered pure Duroc boars and a price increase [33].

With respect to the minimum-weight gain at the finishing stage and minimum carcass weight,
the fact that some responders, mainly farmers, considered not to establish a minimum-weight gain
during montanera could be explained due to years of bad weather resulting in lack of natural
resources (acorns and grass), and therefore inability to reach the minimum weight gain threshold
required—46 kg—on only natural resources. On the other hand, the large proportion of respondents that
indicated that the minimum age of slaughter was the main issue to solve, instead of the minimum-weight
gain during the finishing stage, could be attributed to financial terms. Thus, most of the animals
currently being slaughtered in Spain are those yielding White and Red label products, being 80% and
14%, respectively, of the total slaughtered animals [34], which are therefore Iberian-Duroc crossed
animals. Since the QS establishes the age at slaughter for each category, regardless of the breed purity,
the greater growth speed of Iberian × Duroc crossed animals [6] could lead to animals reaching the age
of slaughter required by the QS with heavier weights to those the farmer deems optimum to render the
most profit [35]. On the other hand, industrial entrepreneurs are faced with the difficulty of processing
hams from animals which are overweight, especially leg hams above 8 Kg, which forces the increase

122



Animals 2020, 10, 1772

of curing and stocking times, as well as the commercializing of products that are not in line with the
current trends and habits of consumption [36].

Regarding to the requirements in terms of feeding at the finishing stage it should be highlighted
that respondents think it is not well defined for free-range fodder-fed animals (Green label). This may
be due to the lack of specific criteria to differentiate the degree of intensiveness in which the animals
are reared (animals per hectare), as well as the percentage of feed the animal has eaten from natural
resources in the dehesa and from fodder. This situation gives rise to a lack of an adequate distinction
within the free-range fodder-fed category that is translatable into a differentiated type and therefore
into the price of the derived products, thus acting in detriment of the profitability threshold of the
extensive producer. In this sense, the scientific literature we find on the relevance of the production
factors [15] or the influence of the various QS Iberian packaged products [18] on consumer preference
have omitted the Green label as a commercial category due to the lack of uniformity of the farming
conditions and therefore the high degree of heterogeneity of the end product.

With respect to the requirements in terms of the minimum age for slaughter, the relative high
portion of respondents who agreed with the adequacy of the slaughtering age established by the QS
for montanera animals could be explained by the greater presence of 100% Iberian animals in the
montanera production system (Black label), which, according to the existing scientific literature, grow
and mature slowly and have low meat yield [16], which indicates the requirement for them to have
a longer production cycle in order to obtain quality products. In this line, there are studies which
analyzed the traits of the carcass and the meat quality of pure Iberian pigs by age, concluding that
the animals being introduced to the montanera rearing system at a younger age might not be mature
enough to make the most of it [17], and could led to poorer growth rate, as well as carcass quality and
fat traits [8]. As far as we are aware, there are no studies on the impact of the age of slaughter on
cross-breed pigs reared under the montanera system (Red label). The free-range fodder-fed animal
(Green label), however, has a more complex context, due to the great variability of the production
factors. On the one hand, extensive farmers state these animals are very similar to the pigs reared under
the montanera system and therefore, the age at slaughter is adequate. On the other hand, intensive
farmers state that the age of slaughter should be reduced or maintained due to its similarities with the
non-free-range fodder-fed animals (White label). Contrarily, most of the industrial entrepreneurs and
farmers agreed with a reduction in the age of slaughter by two months for non-free-range fodder-fed
pigs (White label), maybe because animals reared under this category come from Iberian × Duroc
crossed animals and therefore, they grow faster and yield more meat [6] in comparison to the pure
Iberian breed, and they could reach the optimum weight for slaughter at a younger age.

Moving to certification processes and the product labeling, the high frequency of mentions
reporting the too complicated certification process by farmers could be explained by overlap between
the various institutions carrying out inspections and the certifying companies in the first place, and then
the Autonomous Communities Authorities and Interprofessional Iberian Pig Association (ASICI, in its
Spanish abbreviation), which leads to a general sense of irritation in the industry [37]. To overcome
this situation, farmers and industrial entrepreneurs suggested that inspections could be conducted by
independent experts unrelated to the farming industry, but with sufficient knowledge and skills to
perform the job, since the main purpose of this is to prevent industry fraud.

On the other hand, the importance given by respondents to mention the animal’s breed purity in
product’s labeling may be due to the fact that participants understood that breed is a quality indicator for
the consumer, in spite of the fact that various studies may not support the same position, demonstrating
that consumer places much more importance on the type of feed than the breed [38] and concluding,
additionally, that consumers cannot distinguish—from the sensorial point of view—between dry-cured
products coming from pure Iberian pigs or crossed with Duroc, when the feed is the same [15].

In regard to the views on the freezing process of raw materials, there was no consensus about its
impact on quality. In this line, no detriment in quality has been reported in Iberian pork meat after
a year and a half frozen [39]. On the other hand, freezing raw material from pigs under montanera
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system could help to overcome the seasonality to which these products are subjected. However,
this practice is not contemplated by the current QS [14] nor by the European standards dealing with
freezing animal meats [19]. As far as we are concerned, there are few research studies relating to the
freezing of meats prior to their curing process and mostly carried out on leg ham from commercial
pigs [40,41]. Few studies deal with such topic in leg hams from Iberian pigs [42–44], and that analyze
its effects on Iberian loins [21], so further studies being required in order to assess the effects of freezing
on the final product as well as consumer acceptance.

Lastly, where a consensus was observed was in the fact that freezing the product increases the
costs. In the first place, because a frozen product translates into money that is not circulating and, in the
second place, because the maintenance of the freezing process implies a relevant cost for any industry.

With respect to the views on the minimum obligatory maturity time, the general agreement about
the manufacturing length follow the lines of the scientific literature. Research studies concluded [45]
that consumers prefer leg hams that have a long process to mature, as they positively associate this fact
with an improvement in texture, flavor and aroma. We can conclude that maturity time is a parameter
that does not give rise to much dispute, as the nature itself of the production process defines minimum
times that must be observed.

5. Conclusions

A qualitative research study involving the use of in-depth interviews allowed the stakeholders
to identify key aspects for future potential modifications in the current Iberian QS. Our findings
showed industrial entrepreneurs and farmers were of the same opinion in aspects of the QS that
have a significant impact on the profitability, the production yield and the quality of the end product.
There was general consensus in terms of the preservation of the Iberian breed for sows, the elimination
of the minimum weigh gains in animals under the montanera system as well as establishing an
additional difference within the free-range fodder-fed category. Additionally, the participants shared
the view that the age of slaughter established by the QS for non-free-range-fodder-fed animals is too
high, which leads to a detriment in the commercial value of derivatives due to excessive weight.

On the other hand, this research study highlighted the dissatisfaction of the participants with the
excessive bureaucracy required for the commercialization of products under the current QS. This aspect
could potentially pose a risk for the industry, as farmers may be inclined to abandon their activities
given the highly atomized environment with a lack of qualified personnel that characterizes the
Iberian sector.

With regards to technological processing, the participants thought freezing was an adequate
solution in order to manage the balance between production and demand, which was particularly
relevant for the animals reared under the montanera system. They believe that any future amendments
to the QS should take the regulation of such practice into account.
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Simple Summary: Recently, it has been shown that reducing dietary crude-protein levels during the
final fattening period prior to slaughter is a suitable strategy to increase intramuscular fat content
in Iberian pig meat, without affecting pig growth. Investigating the effect of a low-protein diet
on the metabolism, development, and composition of the adipose tissue of Iberian pigs, and the
obese porcine breed, was the objective of this study. Three groups of pigs fed under free-range
conditions and in confinement with concentrated diets with low- and standard-protein contents were
studied. All three groups exhibited the same backfat thickness at the end of the fattening period.
The level of hormones and activities of enzymes related to adipogenic metabolism were affected by
diet, with differences between free-range and intensive feeding systems. Therefore, we suggest that
feeding Iberian pigs on low-protein diets did not result in fatter carcasses, and is thus a useful strategy
to improve Iberian pig meat quality.

Abstract: The purpose of this study was to investigate the effect of diets with different protein contents
on carcass traits, plasma hormone concentration, lipogenic enzyme activities, and fatty acid (FA)
composition in the adipose tissue of Iberian pigs. Twenty-four castrated male Iberian pigs (eight per
feeding diet) were fed under free-range conditions with acorns and grass (FR), and in confinement
with concentrated diets with standard (SP) and low-protein contents (LP) from 116.0 to 174.2 kg live
weight. Backfat thickness was not affected by diet. The plasma leptin concentration was higher
(p < 0.001) in the FR group than in the LP and SP groups, while insulin concentration was higher in
the SP group than in the LP and FR groups. The lipogenic enzyme activities of glucose-6-phosphate
dehydrogenase, malic enzyme, and glycerol-3-phosphate dehydrogenase were lower in the FR
group compared to the LP and SP pigs. The activities of these enzymes were adipose-tissue-specific.
No differences were found in FA composition of adipose tissue between the SP and LP groups,
while the FR pigs had lower proportions of saturated FA and higher proportions of monounsaturated
and polyunsaturated FA than the SP and LP pigs. In conclusion, feeding low-protein diets in Iberian
pigs does not seem to affect adipose carcass traits, strengthening previous findings that indicate that
this is a good strategy to improve meat and dry-cured product quality.

Keywords: Iberian pig; extensive system; low-protein diet; adipose tissue; plasma hormones;
lipogenic enzymes; fatty acids
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1. Introduction

The high level of crude protein in pig diets, usually formulated to provide the requirements for
certain essential amino acids, leads to an excess of other essential amino acids [1] and excretion of excess
nitrogen [2], resulting in a lower efficiency of nitrogen utilization, and also protein fermentation in the
hindgut, which can damage the gut health [3]. Moreover, in the last years, there has been increased
interest in reducing ammonia emissions from pig farms due to their negative impact on the environment
and on human health [4]. Therefore, feeding pigs on low-protein diets is a tool not only to reduce feed
costs, nitrogen excretion, and gut health, but also could contribute to improving meat quality without
affecting pig production performance. In this sense, several studies have been carried out to explore
the effect of different nutritional strategies, based on reducing crude-protein content [5–10], essential
amino acids levels, such as lysine [11–15], or both of these [16] in the diet, on growth performance,
carcass composition, and meat quality of pigs. It is well known that a high amount of intramuscular
fat (IMF) is one the most relevant aspects of meat quality [17], and although low-fat pork could be
interesting for reducing caloric intake in humans, an IMF level below 2.5% is related to lower sensory
meat quality [18]. In a recent paper, we evidenced that reduced dietary crude-protein levels during
the final fattening period prior to slaughter in intensive conditions, as occur in free-range pigs reared
with natural resources (acorns and grass) in the south-west Iberian Peninsula, is a suitable strategy
to increase IMF content in Iberian pig meat, without affecting the pig growth [19]. The Iberian pig
is an autochthonous breed characterized by its low potential for lean tissue deposition and its high
tendency to accumulate fat [20], as a consequence of an excessive and continuous intake, since their
sensation of satiety is altered [21]. Therefore, it is of great importance to understand how a low-protein
diet affects the biochemical mechanisms related to the production and development of adipose tissue.
In this sense, some authors have reported that protein-deficient diets increased backfat thickness [5,22]
or modified monounsaturated fatty acids (MUFA) biosynthesis in muscle, by increasing the activity
and protein expression of stearoyl-CoA desaturase [23]. Katsumata et al. [11] reported an increase
in m(messenger)RNA abundance of PPARG (the nuclear hormone receptor involved in adipocyte
gene expression and differentiation) in the longissimus muscle. However, the effects of this type of
diet on biochemical mechanisms are different in muscle and subcutaneous backfat-adipose tissue [23].
In this context, it is very interesting to determine the effect of the reduction in the protein content in
the pig diet, not only on muscle tissue, but also on the metabolism, development, and composition of
the adipose tissue, mainly on the backfat, especially in the case of fatty pigs, as is the case with the
Iberian pig. The present study is, to our knowledge, the first report to look at the hormone profile
and lipogenic enzyme activity of the Iberian pig fed in free-range conditions compared with pigs fed
intensively on concentrate diets. With this background, we hypothesized that exploring the effect of
dietary protein deficiency on metabolic changes, studying plasma hormones and lipogenic enzyme
activity, and the fatty acid composition of different adipose tissues from Iberian pigs fed in free-range
and intensive conditions could help better understand the findings previously reported [19] on the
effect of this feeding strategy on Iberian pig productive performances and meat quality.

2. Materials and Methods

2.1. Animals, Experimental Design, and Diets

The experimental design carried out in this study was described in detail in a previous paper [19].
Briefly, 24 castrated male Iberian pigs of the Retinto variety were selected at a 116.0 ± 5.9 kg live weight
and an age of 425 days, and randomly divided into 3 groups according to the rearing system during
the fattening period. Eight pigs were fattened in the traditional extensive rearing system based on local
resources (acorn and grass) in a large enclosure (FR). The others were fed on two different concentrate
diets: 1 group of 8 pigs was fed on a standard protein diet (SP) and the other on a low-protein diet (LP);
both groups were fed in confinement. Diet composition, including daily feed intake of acorn, grass,
and concentrates; handling; and carcass sampling were detailed in the above-mentioned study by
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Tejeda et al. [19]. In brief, pigs were fattened for 45–57 days (45.4, 46.3, and 56.8 days for LP, SP, and FR
pigs, respectively) in order to reach a similar slaughter weight (174.2 ± 6.1 kg live weight), and daily
feed intakes were of 5161 and 5088 g DM/pig in LP and SP pigs; while in FR pigs estimated daily feed
intakes were of 3600 and 655 g DM/pig for acorn pulp and grass, respectively. The backfat thickness of
pigs was measured using a hand-held ultrasonic device (Aquila vet, Esaote Pie Medical, Genoa, Italy),
equipped with an ultrasonic linear probe (3.5 Mhz and 18 cm long) with a silicone acoustic loin adapter,
by placing the probe perpendicular to the loin at the level of the last rib. The captured images were
processed using the AutoCAD® 2008 software (AutoDESK®, Inc., San Rafael, CA, USA) to determine
total backfat thickness and the thickness of the 3 layers that can be differentiated into subcutaneous
fat [24] at 10 cm from the dorsal midline. These 3 layers will be referred to as SC1, SC2, and SC3,
for each of the outer, middle, and inner layers, respectively, in the following text. Pigs were restrained
in a crate during ultrasound scanning to restrict movement and maintain a standing posture and were
ultrasonically scanned the on the first and the last day (24 h before slaughter) of the fattening period.
The backfat thickness increase was calculated as the difference between the 2 ultrasonic measurements,
and divided by the total number of days in fattening period, and multiplied by 10 (backfat thickness
increasing every 10 days). Feed was withheld from animals for 12 h before slaughter. FR pigs were
locked in a pen and fed with acorns collected from the same place where they usually ate, until the
pre-slaughter fasting. Pigs were slaughtered by electrical stunning and killed by exsanguination. Then,
they were scalded, skinned, eviscerated, and split down both sides of the vertebral column according
to the standard commercial procedures of the Iberian pig industry. Hot carcass weights without pelvic
renal fat were recorded and used to calculate carcass yield. Samples of perirenal fat (PE), backfat, at the
level of the tailbone (TB), and samples from SC1, SC2, and SC3 layers of backfat at the level of the last
rib were collected for lipid analysis, frozen in liquid nitrogen, and stored at −80 ◦C until analysis. Blood
samples were collected during postmortem exsanguinations and were immediately stored at 4 ◦C in
tubes with heparin to prevent clotting, until arrival at the laboratory. In the laboratory, blood samples
were centrifuged at 5000× g for 10 min, and plasma was collected and stored at −80 ◦C until analysis.
Hams and shoulders were removed from the carcasses, weighed 2 h postmortem, and trimmed 24 h
later according to the approved procedure for the production of Iberian ham; they were weighed again
to calculate trimmed yields.

2.2. Analyses

2.2.1. Assessment of Plasma Hormone Concentrations

The circulating leptin and insulin concentrations were measured using the radioimmunoassay
(RIA) kits Multi-Species Leptin RIA Kit (cat. no. XL-85K, Merck Millipore, Darmstadt, Germany)
and Porcine Insulin RIA Kit (cat. no. PI-12K, Merck Millipore, Darmstadt, Germany), respectively.
The leptin and insulin assays were performed according to the manufacturer’s instructions, including
standard and sample tubes. Briefly, for leptin determination, 300 μL of assay buffer, 100 μL of standards,
and 100 μL of each sample were added to the respective tubes, followed by 100 μL of Multi Species
Leptin antibody; they were then vortexed, covered, and incubated overnight at 4 ◦C. After incubation,
100 μL of 125I-Human Leptin was added and incubated overnight again at 4 ◦C. On the third day, 1.0 mL
of cold (4 ◦C) precipitating reagent was added to the tubes, vortexed, and incubated for 20 min at 4 ◦C.
After that, the tubes were centrifuged for 20 min at 2500× g, the supernatant was decanted and counted
in a gamma counter (model 5500; Beckman Instrument, Irvine, CA, USA) for 1 min. The analyses
were carried out in duplicate, and the results were expressed as ng/mL human equivalent of leptin.
For insulin determination, after adding the assay buffer (300 μL), standards (100 μL), and samples
(100 μL) to the tubes, 100 μL of 125I-Insulin and 100 μL of Porcine Insulin antibody were added.
After mixing, this was incubated for 24 h at 4 ◦C. On the second day, 1.0 mL of cold (4 ◦C) precipitating
reagent was added to the tubes and re-incubated for 20 min at 4 ◦C. Finally, the tubes were centrifuged
(20 min at 2500× g) and the supernatant was decanted and counted in the gamma counter for 1 min.
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The analyses were carried out in duplicate, and the results were expressed as μU/mL of porcine insulin.
In both the leptin and insulin assays, the difference between the duplicate results of a sample was <10%
coefficient of variation, and the sensitivity was <1 ng/mL and <2 μU/mL, respectively.

2.2.2. Assessment of Lipogenic Enzyme Activity

The activities of 4 lipogenic enzymes, glucose-6-phosphate dehydrogenase (G6PDH) (EC 1.1.1.49) [25],
malic enzyme (ME) (EC 1.1.1.40) [26], glycerol-3-phosphate dehydrogenase (G3PDH) (EC 1.1.1.8) [27], and fatty
acid synthetase (FAS) (EC 2.3.1.85) [28] were assessed on subcutaneous (TB, SC1, SC2, and SC3) and
perirenal adipose tissue homogenates. The analytical procedure followed was: 0.7 g of adipose tissue,
previously frozen at −80 ◦C, was homogenized in 4 mL of STEG ice-cold buffer (containing 300 mM
saccharose, 30 mM trizma base, 1 mM EDTA and 1 mM glutatión, at pH = 7.4) using an Omni-Mixer
homogenizer (OMNI Int., Waterbury, CT, USA) at 50,000 rpm for 3 cycles of 10 s each. The homogenate
was filtered (20 μm pore size filter) and centrifuged at 4000× g for 10 min at 4 ◦C in an Eppendorf
Centrifuge 5810R (Eppendorf, Hamburg, Germany). The supernatant fraction was re-filtered (0.45 μm
pore size filter) and re-centrifuged at 14,000× g for 10 min at 4 ◦C. Then, the resulting supernatant
(cytoplasmic soluble fraction) was collected, filtered (0.45 μm pore size cellulose filter), and stored
at −80 ◦C for further analyses. The G6DPH, ME, G3PDH, and FAS activities were assessed at 37 ◦C
by absorbance at 340 nm using a spectrophometer (Fluostar Optima, BMG Labtech, Aylesbury, UK).
One unit of activity was defined as the amount of enzyme that increases (for ME and G6PDH) or
decreases (for FAS and G3PDH) the presence of 1 nmol of nicotinamide adenine dinucleotide phosphate
(NADPH) (NADH for G3PDH) per minute and per gram of fresh tissue. The amount of substrate was
adjusted so that the reactions were linear over time during the assay period.

2.2.3. Fatty Acid Composition

Fatty acid compositions of backfat and perirenal fat samples were determined, after lipid extraction
in a microwave oven [29], by acidic trans-esterification with 0.1 N sodium metal and 5% sulphuric
acid in methanol [30]. The fatty acid methyl esters were analyzed using a Hewlett-Packard HP-4890
Series II gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA) equipped with a split/splitless
injector and a flame ionization detector (FID). The derivatives were separated on a capillary column
(HP-INNOWax 30 m long, 0.25 mm id, 0.25 μm film thickness; Hewlett-Packard, Palo Alto, CA, USA)
containing a polar stationary phase (polyethylene glycol). The oven temperature was held at 260 ◦C
for 25 min. The injector and detector temperatures were held at 320 ◦C. The carrier gas was nitrogen at
1.8 mL/min. The methyl esters were identified by comparing their retention times with those of the
reference standard mixtures (Sigma Chemical Co., St. Louis, MO, USA). The results were labeled as a
percentage of the total fatty acids present, considering a total of 15 fatty acids.

2.3. Statistical Analysis

The mean and the standard error of the mean were used for the descriptive data analysis. The pig
was used as the experimental unit. One-way ANOVA was used to determine the effect of dietary
treatment on carcass traits and plasma hormone concentrations. The effect on lipogenic enzyme
activities and fatty acid compositions of the backfat and perirenal fat, and their interaction, was carried
out by Factorial (3 diet × 5 adipose tissue) ANOVA procedure. Tukey’s test was applied to compare the
means of each group. The General Linear Model procedure of the SPSS package (SPSS for Windows
Ver. 19.0; SPSS Inc., Chicago, IL, USA, 2004) was used. Differences between means were significant for
p < 0.05.
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3. Results

3.1. Carcass Measurements and Plasma Hormones

The results from the trimmed ham and shoulder, and backfat traits and from the plasma hormone
concentration are shown in Table 1. According to the data published by the authors in a previous
paper [19], the trimming, carried out according to the procedure approved for the production of
Iberian ham, leads to a reduction in the weight of the ham and shoulder by 21% and 30%, respectively.
The effect of the feeding system was only significant (p < 0.05) for trimmed shoulder yield, with the SP
group showing higher scores than the FR and LP groups. Backfat thickness, at the level of the last
rib, varied between 58.0 and 62.8 mm, without significant differences between the different feeding
systems. With respect to the thickness increase in the three backfat layers studied, it was observed
that the middle layer (SC2) showed the highest increase during the pig fattening period, followed
by the inner layer (SC3), and finally the outer one (SC1). However, no significant differences were
observed related to diet in terms of increasing thickness of any of the three layers studied. Regarding
hormone concentrations, leptin contents varied widely, with significantly higher levels (p = 0.001) in
the FR group than in the LP group; the SP pigs showed the lowest concentration. In contrast, plasma
insulin concentration was higher (p = 0.007) in the SP group than in the LP group, with the FR animals
showing intermediate levels.

Table 1. Carcass traits and plasma hormone concentrations from Iberian pigs fed with the
experimental diets.

Items FR LP SP SEM p-Value

Carcass traits
Trimmed ham weight (kg) 11.4 11.4 11.6 0.10 0.772

Trimmed shoulder weight (kg) 7.4 7.5 7.9 0.10 0.068
Trimmed ham yield (%) 16.6 16.6 17.1 0.18 0.415

Trimmed shoulder yield (%) 10.8 a 10.8 a 11.7 b 0.16 0.024
Backfat thickness (last rib) (mm) 1 62.8 62.6 58.0 1.86 0.490

Backfat thickness increasing (mm) 2

SC1 0.7 0.4 0.5 0.05 0.129
SC2 2.1 2.6 2.8 0.25 0.577
SC3 1.6 2.0 2.2 0.18 0.358

Hormone concentration
Leptin (ng/mL) 30.3 a 21.2 b 13.9 b 1.97 0.001
Insulin (μU/mL) 10.4 a,b 7.9 a 11.8 b 0.55 0.007

a,b Values within a row with different superscripts differ significantly at p < 0.05. SEM, standard error of the mean.
SC1, outer backfat layer. SC2, middle backfat layer. SC3, inner backfat layer. Diets: FR, Iberian pigs reared in
free-range conditions; LP, Iberian pig fed on experimental low-protein diet; SP, Iberian pig fed on experimental
standard protein diet. 1 Measurements were carried out ultrasonically, 24 h before slaughter, 10 cm from the dorsal
midline at the level of the last rib. 2 Increase was calculated as the difference between the two measurements carried
out ultrasonically on the first and the last day (24 h before slaughter) of the fattening period, and divided by the
total number of days in this period and multiplied by 10 (backfat thickness increasing every 10 days).

3.2. Fat Biochemical Characteristics

The lipogenic enzyme activities of the four enzymes determined in the different diets and adipose
tissues studied are shown in Table 2. The activities of the G6PDH and ME enzymes were similar
(on average, 427 and 421 nmol NADPH/min/g of lipids, respectively), but higher than the G3PDH
activity (189 nmol), with the FAS enzyme demonstrating the lowest activity (34 nmol). The activity of
G6PDH, ME, and G3PDH was affected by the feeding treatment. The FR diet displayed significantly
lower activities of G6PDH (−25%, p < 0.001), ME (−34%, p < 0.001), and G3PDH (−35%, p < 0.001)
compared to the LP and SP diets. The FAS activity was not affected by diet.
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Table 2. Effect of diet and adipose tissue on the lipogenic enzyme activities of backfat and perirenal
fat from Iberian pigs. Results are expressed in nmol of nicotinamide adenine dinucleotide phosphate
(NADPH) produced (ME, G6PDH) or consumed (FAS), and NADH consumed (G3PDH) per min and
per g lipids.

Diet Tissue p-Value

FR LP SP TB SC1 SC2 SC3 PE SEM Diet Tissue Int.

G6PDH 352 a 456 b 472 b 497 a 484 a,b 438 a,b 423 b 297 c 12.9 0.000 0.000 0.851
ME 315 a 490 b 459 b 357 a 481 b 477 b 413 a,b 379 a 15.4 0.000 0.000 0.458

G3PDH 140 a 213 b 212 b 238 a 207 a,b 186 b,c 155 c 158 c 6.6 0.000 0.000 0.993
FAS 29 34 33 34 37 28 29 36 1.7 0.689 0.434 0.951

a,b,c Values within a row with different superscripts differ significantly at p < 0.05. SEM, standard error of the
mean. Int., interaction Diet × Tissue. G6PDH, glucose-6-phosphate dehydrogenase; ME, malic enzyme; G3PDH,
glycerol-3-phosphate dehydrogenase; FAS, fatty acid synthase. Diets: FR, Iberian pigs reared in free-range conditions;
LP, Iberian pig fed on experimental low-protein diet; SP, Iberian pig fed on experimental standard protein diet.
Tissues: TB: backfat, at the level of the tailbone; SC1, outer backfat layer; SC2, middle backfat layer; SC3, inner
backfat layer; PE, perirenal fat.

For TB, backfat layers, and PE, significant differences were also detected in G6PDH, ME,
and G3PDH enzyme activities. The FAS activity did not differ between the five different tissues studied.
For G6PDH, TB exhibited the highest enzyme activity, followed by SC1 and SC2, SC3, and finally, PE.
A similar trend was followed by G3PDH, with the highest levels being in TB and the lowest in PE and
SC3; SC1 and SC2 showed intermediate levels. In contrast, ME showed lower enzyme activity in TB
and PE than the SC layers. No interaction was observed between diet and tissue.

3.3. Fatty Acid Composition

The fatty acid composition of total subcutaneous fat at the level of the tail bone (TB), including
the outer (SC1), middle (SC2), and inner (SC3) layers, and perirenal (PE) fat is presented in Table 3.
Pigs reared in free-range conditions (FR) had significantly lower proportions (p < 0.01) of C16:0, C18:0,
C20:0, and total saturated fatty acids (SFA) than pigs fed intensively with standard (SP) and low-protein
diets (LP). In contrast, FR pigs showed higher (p < 0.05) percentages of C18:1 n-9, C18:2 n-6, C18:3 n-3,
total monounsaturated (MUFA), and total polyunsaturated fatty acids (PUFA) than SP and LP pigs.
However, no differences were found in any of the above-mentioned fatty acids between the SP and LP
groups. With respect to the fatty acid composition of the different adipose tissues studied, the effect
was significant in most of the fatty acids analyzed. Briefly, the fatty acid composition of total backfat
at the level of the tail bone (TB) and the outer layer of subcutaneous fat (SC1) at level of the last rib
were quite similar, but different to the SC2 and SC3 layers. Perirenal fat (PE) presented a different fatty
acid composition, mainly SFA and MUFA, compared to the other fat tissues studied. The proportions
of C18:1 n-9, C20:1 n-9, and total MUFA were higher in TB and SC1 than in SC2 and SC3, with PE
showing the lowest percentages (p < 0.001). In contrast, total SFA, including C16:0 and C18:0, the two
main saturated fatty acids, were lower in TB and SC1 compared to SC2 and SC3, with the highest
proportions in PE (p < 0.001). Regarding PUFA, significant differences (p < 0.05) were observed between
the different tissues studied, although they were less marked than those described in SFA and MUFA.
No significant effect (p > 0.05) of interaction between the diet and adipose tissue was observed.
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Table 3. Effect of diet and adipose tissue on fatty acid composition (%) of the backfat and perirenal fat
from Iberian pigs.

Diet Tissue p-Value

FR LP SP TB SC1 SC2 SC3 PE SEM Diet Tissue Int.

C14:0 1.21 1.21 1.18 1.21 1.21 1.20 1.16 1.21 0.010 0.335 0.402 0.082
C16:0 20.79 a 21.61 b 21.55 b 20.29 a 20.02 a 21.03 b 21.57 b 23.66 c 0.144 0.000 0.000 0.053

C16:1 n-7 2.04 2.14 2.22 2.22 a 2.34 a 2.26 a 2.03 a,b 1.81 b 0.039 0.116 0.000 0.635
C17:0 0.34 a 0.31 b 0.34 a 0.28 a 0.33 a,b 0.39 b 0.33 a 0.32 a 0.007 0.044 0.000 0.969
C17:1 0.34 0.32 0.35 0.33 b 0.38 a,b 0.41 a 0.33 b 0.24 c 0.008 0.273 0.000 0.993
C18:0 10.66 a 12.14 b 11.92 b 9.63 a 9.51 a 11.12 b 12.22 c 15.39 d 0.237 0.000 0.000 0.863

C18:1 n-9 51.10 a 49.88 b 49.99 b 53.04 a 52.72 a 50.07 b 50.31 b 45.49 c 0.293 0.003 0.000 0.880
C18:2 n-6 9.93 a 8.70 b 8.84 b 9.10 a,b 9.53 a,b 9.66 b 8.62 a 8.88 a,b 0.120 0.000 0.013 0.813
C18:3 n-3 0.80 a 0.71 b 0.71 b 0.69 a,b 0.74 a,b,c 0.80 b,c 0.66 a 0.81 c 0.014 0.012 0.002 0.999

C20:0 0.18 a 0.21 a,b 0.25 b 0.19 0.25 0.22 0.21 0.19 0.010 0.042 0.429 0.533
C20:1 n-9 1.47 a 1.67 b 1.58 a,b 1.82 a 1.70 a,b 1.60 b 1.55 b 1.19 c 0.028 0.001 0.000 0.342
C20:2 n-9 0.63 0.62 0.59 0.70 a 0.69 a 0.68 a 0.55 b 0.43 c 0.013 0.135 0.000 0.172
C20:3 n-6 0.10 0.09 0.10 0.09 a,b 0.11 a 0.11 a 0.09 a 0.07 b 0.002 0.314 0.000 0.446
C20:4 n-6 0.15 0.13 0.15 0.13 a 0.15 a,b 0.17 b 0.14 a,b 0.14 a,b 0.003 0.138 0.012 0.908
C20:3 n-3 0.26 0.26 0.25 0.27 a,b 0.31 a 0.30 a 0.23 b 0.16 c 0.007 0.759 0.000 0.474

SFA 33.18 a 35.47 b 35.23 b 31.60 a 31.32 a 33.95 b 35.48 c 40.78 d 0.368 0.000 0.000 0.583
MUFA 54.95 a 54.02 b 54.14 b 57.42 a 57.14 a 54.33 b 54.23 b 48.74 c 0.325 0.036 0.000 0.929
PUFA 11.86 a 10.51 b 10.63 b 10.97 a,b,c 11.53 a,b 11.72 a 10.29 c 10.49 b,c 0.146 0.000 0.002 0.856

a,b,c Values within a row with different superscripts differ significantly at p < 0.05. SEM, standard error of the mean.
Int., interaction Diet × Tissue. SFA, total saturated fatty acids; MUFA, total monounsaturated fatty acids; PUFA,
total polyunsaturated fatty acids. Diets: FR, Iberian pigs reared in free-range conditions; LP, Iberian pig fed on
experimental low-protein diet; SP, Iberian pig fed on experimental standard protein diet. Tissues: TB: backfat, at the
level of the tailbone; SC1, outer backfat layer; SC2, middle backfat layer; SC3, inner backfat layer; PE, perirenal fat.
Results are expressed as means in percentage of a total of 15 fatty acids identified.

4. Discussion

The purpose of this study was to investigate the influence of a protein-restricted diet on the
lipogenic response of the main fat depots of Iberian pigs carcasses, such as subcutaneous and perirenal
fat [31]. Subcutaneous fat tissue in pigs consists of two or three layers (SC1, SC2, and SC3), depending
on the carcass point [24], with differences in allometry coefficients and the composition between
them [32], which suggests that it would be better to study the composition of individual fat layers as an
indicator of carcass composition [33]. However, the Spanish Ministry of Agriculture, Fishery, and Food
established a procedure to take backfat samples in Iberian pigs from the area of tail insertion in the
coxal region of the carcass (TB), where no differentiation between the different layers is observed [34],
in order to avoid the possible error that would be made if only one of the layers were sampled. Perirenal
fat (PE) is a tissue that is found close to pig maturity [35], which probably could better reflect the diet
composition at the end of the fattening period.

4.1. Carcass Traits

Trimmed shoulder yield was affected by Iberian pig diet, which implies a higher lean percentage
in the SP trimmed shoulders than in the FR and LP trimmed shoulders, in agreement with the results
observed previously in longissimus thoracis and lumborum muscle [19]. Trimming, the procedure that
removes rind and external fat in the traditional V-shape, facilitates the salting phase and standardizes
the subcutaneous fat thickness [36]. However, no significant effect of diet was observed as regards
the final weight and yield of trimmed hams, in accordance with others studies carried out in Cinta
Senese [10] and Large White × Landrace [7] pigs, respectively. This is important because ham is
the main dry-cured product obtained from Iberian pigs, characterized by its high sensory quality
and high price in the market [37]. In the same way, backfat thickness and backfat thickness increase
were not affected by diet, showing that low-crude-protein diets did not result in fatter carcasses,
in agreement with the data from previous studies in heavy [7,13] and lighter [8,38] pigs. Furthermore,
other authors [32,39] reported that total backfat thickness and the different backfat layers thickness
were no influenced by the feeding of Iberian pigs in extensive or intensive conditions. In the same way,
these authors reported a slight increase over the finished fattening period in the external subcutaneous
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layer compared to the medium and internal ones, the medium layer representing nearly 60% of the
total backfat [39]. A similar trend was observed by González et al. [40], who reported that the middle
layer of backfat showed more growth than the inner layer, with the outer layer demonstrating the
lowest fat thickness. In contrast, the increase in backfat thickness in pigs fed on low-protein diets has
been previously reported [5]. These discrepancies between the published results could be related to the
extent of crude-protein reduction in the diet, the amount of indispensable amino acids supplemented,
and the net energy of the diet [7]. A great reduction in protein percentage, i.e., greater than about
3% below the control values, could significantly affect backfat thickness [8], since this diet protein
reduction would cause levels of other important amino acids to be too low [41].

4.2. Plasma Hormones

Regarding the plasma hormone concentrations, significant differences in leptin and insulin
contents were observed between the three diets studied. Iberian pigs fed on the SP diet had 55% and
35% less leptin content than the FR and LP groups, respectively. Leptin is a protein encoded by the
gene responsible for obesity. The positive correlation between plasma leptin levels, pig fatness [21],
and subcutaneous fat depth [42] is well documented, since this hormone is synthesized and secreted
by adipocytes [43]. The effect of the dietary treatment of Iberian pigs on plasma leptin concentration
has been reported by several authors [14,21]. To our knowledge, no studies have been previously
carried out to determine plasma leptin levels in Iberian pigs fed in free-range conditions, according
to the traditional system known as montanera, with acorns and pasture, which is recognized as a
poor natural source of protein [44]. Therefore, there are no studies that compare the free-range and
the intensive feeding systems. However, differences in the plasma leptin levels of Iberian pigs fed
intensively with crude-protein diets or lys-deficient diets have been previously evidenced [14], with
the pigs with greater relative weights of fatty components (backfat, belly, kidney fat, and mesenteric
fat) [14] and intramuscular fat [15] demonstrating higher hormone levels. Nevertheless, these authors
revealed only slight differences in subcutaneous fat depth measured at the first and last rib and last
lumbar vertebra [15], in agreement with our results, where no differences in backfat thickness between
the three feeding systems studied were detected. Furthermore, in accordance with the study carried
out previously in our lab, Iberian pigs fed according to the FR system, with higher plasma leptin
concentrations, exhibited greater intramuscular fat content compared to pigs fed on diets with higher
protein contents (SP) [19].

Plasma insulin concentration was also influenced by diet, with SP pigs demonstrating higher levels
than FR and LP pigs (p < 0.01). Some studies reported that the reduction in the crude-protein [45] or
lysine [46] content in the pig diets resulted in a decrease in plasma insulin levels, which is in agreement
with our results. The difference between diets in plasma insulin concentration, in spite of a higher
intake of carbohydrates in LP compared to SP pigs, could be attributable to the higher protein content
in SP diet, since the ingestion of protein elicits a rise in insulin in non-ruminants [47]. On the contrary,
other studies reported no difference in the plasma insulin concentration of pigs fed different levels of
protein [21,48]. These differences could be explained by the level of protein or lysine reduction in diets.
Therefore, as suggested by Fernández-Figares et al. [21], apparently only severe protein restriction is
able to elicit changes in the hormonal profile of pigs. The lipogenic action of insulin on adipose tissue
is well documented [49]. The lack of differences in backfat thickness between Iberian pigs fed on the
three diet treatments in our study could indicate that the lipogenic effect of insulin, as occurs with
lipogenic enzyme activities [23], could be expressed less readily in subcutaneous fat than in muscle.

4.3. Effect of Diet and Adipose Tissue on Lipogenic Enzyme Activity

Lipogenic pathways could play a determining role in the amount of lipid deposited in tissues [15],
because more than 80% of the total fatty acid deposition in pig tissues is attributed to de novo
synthesis [50]. To further investigate adipogenesis and metabolism in different carcass adipose
tissues, such as backfat—total (TB) and the SC1, SC2, and SC3 layers—and perirenal (PE) fat in
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Iberian pigs fattened in free-range and in intensive conditions, with different protein contents in
their diets, the activity of four lipogenic enzymes (G6PDH, ME, G3PDH, and FAS) was analyzed.
These enzymes play an important role in lipid metabolism: G6PDH and ME are involved in reduced
nicotinamide adenine dinucleotide phosphate (NADPH) supply for de novo fatty acid synthesis;
G3PDH produces glicerol-3-phosphate, involved in triglyceride synthesis, from the glucose; and FAS
catalyzes the palmitate synthesis pathway from malonil-CoA and is therefore also involved in de novo
fatty acid synthesis.

Differences in lipogenic enzyme activity between lean and fatty pig breeds during the fattening
period have been pointed out by several authors [51,52], which lead to a more intense lipid
metabolism [15] and greater capacity for tissue lipid synthesis in fatty pigs, such as Iberian pigs,
as compared to conventional pigs [53]. The effect of animal tissue, muscle, and adipose tissue on
lipogenic enzyme activity is also well known [13,23], which would suggest different regulatory
lipid metabolism mechanisms for subcutaneous and intramuscular fat [15]. Finally, feeding regimes
involving dietary crude protein [22,23] or lysine [13,15] restriction can also affect the lipogenic enzyme
activity in pigs, although this effect is closely related to the fatty tissue studied, as mentioned above.
The results of lipogenic enzyme activity in adipose tissues between diet regimes in our study showed
a significant difference between Iberian pigs fed on natural resources in free-range conditions (FR),
with lower G6PDH, ME, and G3PDH activities, compared to pigs fed intensively on concentrates (LP
and SP). A possible explanation for this difference between the FR group and intensive fed pigs could
be the very high amount of feed consumed by the SP and LP pigs (see Tejeda et al. [19]), which results
in high-energy intake, leading to an increase in fat synthesis and consequently an increase in lipogenic
enzyme activity. However, no differences in backfat thickness measured at the end of the fattening
period were detected, probably because the FR pigs exhibited a lower average daily intake and needed
more days to reach slaughtering weight compared to the LP and SP pigs (56.8 vs. 45.4 and 46.3 days,
respectively) [19]. In contrast, the present results evidenced that diet protein restriction in Iberian
pigs fed intensively with standard (SP) and low-protein concentrates (LP) had no effect on backfat
and perirenal fat lipogenic enzyme activity, which is in agreement with previous studies carried
out with protein [51] or lysine [11] deficient diets, both in Iberian and lean pigs, which could help
explain the absence of differences in the carcass traits of the pigs, specifically the backfat thickness
and thickness increase in the three backfat layers studied. The differences in the enzymatic activity of
lipogenic enzymes between subcutaneous fat and muscle, as suggested by Palma Granados et al. [15],
could be the cause of the significant effect of low-protein diet on IMF content in Iberian pigs previously
reported in our lab [19], and by other authors [54], compared to the absence of effect on subcutaneous
or perirenal fat. Nevertheless, it would be interesting to study further the lipogenic enzyme activity in
Iberian pig muscles to find more evidence of the effect of low-protein diets on carcass and meat quality.

With respect to the effect of adipose tissue on the lipogenic enzyme activity, our results show
differences between backfat (TB, SC1, SC2, and SC3) and PE fat from Iberian pigs, with the metabolic
enzyme activity being less intense in global terms in PE compared to subcutaneous fat. These results
confirm the effect of tissue on lipogenic enzyme activity as studies comparing muscle and subcutaneous
tissues demonstrated [13,15,23]. This fact could help explain the significantly different enzyme activity
described in our study in PE with respect to TB, SC1, SC2, and SC3, since PE is a tissue that develops at
a later age compared to other fat depots [35].

4.4. Effect of Diet and Adipose Tissue on Fatty Acid Composition

The fatty acid composition of pig tissues can be altered by several factors, such as genotype, sex,
age, slaughter weight, and environmental temperature, with the diet being the main factor through
which this fatty acid profile can be modified [54,55]. In the present study, no effect was observed
regarding protein restriction in the diet in the different adipose tissues studied. In agreement with our
results, Daza et al. [56] reported that a low-crude-protein diet had no effect on the major fatty acid
proportions of the total subcutaneous fat. In addition, partially agreeing with our results, Aquilani et
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al. [10] did not detect any effect as regards crude-protein restriction on the backfat inner layer from
Cinta Senese pigs, corresponding to the middle layer in our study. However, this was opposite to the
findings of most studies, which reported dietary crude-protein reduction having a significant effect
on the fatty acid composition of subcutaneous [23,38] and intramuscular [38] fat from finishing lean
pigs, as well as in Iberian piglets growing from 10 to 25 kg in body weight and fed on low-lysine
diets [14,15]. All these studies have an increase in SFA and MUFA, and a reduction in PUFA in pigs fed
on low-protein compared to standard-protein diets in common, which could indicate an activation of
lipogenic enzymes at the adipose or muscular tissue [57], and consequently, the increase in de novo
fatty acid synthesis and stearoyl-CoA desaturase activity [23]. In this regard, it has been pointed out
that these discrepancies in the results described in the literature could be related to the level of dietary
protein reduction [38], in addition to genetic factors and the slaughter age of the pigs in the different
studies [14,15,38]. The increase in de novo synthesis in pigs fed on the LP diet compared to those
fed the SP diet could be diminished as a result of the high proportion of oleic acid (about 72%) in
the concentrated feed used in our study. Moreover, it is important to highlight again that the Iberian
pig is a rustic fatty pig slaughtered at high weights, which could also contribute to the lack of effect
related to diet protein level on fatty acid composition of the different fatty tissues studied. The dietary
effect detected in the current study was associated with free-range rearing vs. feeding in intensive
conditions, since FR pigs exhibited lower C16:0, C18:0, C20:0, and SFA, and higher C18:1, C18:2, C18:3,
MUFA, and PUFA in adipose tissues compared to LP and SP pigs. An explanation for these results
could be related to the composition of natural resources (acorn and grass) consumed by pigs during
the fattening period [19,58,59].

Regarding the effect of carcass fat tissue on the fatty acid composition, our results are in
accordance with those previously reported [60] for Iberian pigs, with differences between the three
subcutaneous layers studied, with the outer layer (SC1) showing the highest proportions of MUFA,
mainly C18:1 n-9, and PUFA, mainly C18:2 n-6 and C18:3 n-3, and the lowest of SFA, mainly C16:0
and C18:0. The same trend was observed in Cinta Senese pigs, an obese genotype characterized
by great lipogenic potential [10], similar to the Iberian pig, although these authors only studied
two subcutaneous fat layers. These differences in the fatty acid composition could be attributed to
variations in lipogenic enzyme activity in the different fat depots. The hierarchy observed in the G3PDH
activity, with higher values in the outer compared to the inner layers, and the observed decreasing
tendency in G6PDH and ME activities in the outer, middle, and inner backfat layers (SC1, SC2, and SC3,
respectively) and in PE tissue in our study, evidenced the tissue-specific lipogenic enzyme activity.

5. Conclusions

Under the experimental conditions of our study, which was carried out on Iberian pigs, a fatty,
rustic breed, slaughtered at an advanced age and weight, dietary crude-protein restriction during the
final fattening period prior to slaughter did not affect the carcass fatness or the enzyme activity and
fatty acid composition of fatty tissues. This fact provides relevant details regarding the usefulness
of feeding Iberian pigs with LP diets in intensive conditions to improve meat quality. On the other
hand, our results showed that the free-range feeding system, characterized by a low-crude-protein
content, increased the plasma leptin content, but had no effect on carcass fatness traits, supporting
the described leptin resistance of the Iberian pig. The extensive feeding system, which implies a
slower pig growth, and consequently, a longer fattening period in order to reach the final fattening
weight as compared to intensive feeding system, decreased the lipogenic enzyme activity and modified
the fatty acid composition of fatty tissues. Additionally, the present results confirm that lipogenic
metabolic pathways are adipose tissue-specific, with the different adipose tissues being affected by the
feeding system.
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Simple Summary: This study aimed at investigating which pre-slaughter parameters determine
variations in the quality of the loin derived from pigs intended for Italian PDO (Protected Designation of
Origin) products. Data were collected on 44 commercial shipments of Italian heavy pigs. Meat quality
parameters (pH, color lightness, drip loss, cooking loss, and shear force) identified two clusters:
‘Higher Quality’ (HQ) and ‘Lower Quality’ (LQ). The parameters which differed more widely
between the two clusters were journey duration, ambient temperature, distance traveled and irregular
behaviors (slipping, falling, and overlapping) at unloading. Among the pre slaughter parameters
which negatively affect pork quality, consideration should be given to ambient temperatures above
22 ◦C, distance traveled above 26 km, travel duration between 38 and 66 min, and more than 5.9%
of animals showing irregular behaviors at unloading. Journeys involving one or more of these risk
factors may require additional attention in terms of animal welfare in order to obtain meat suitable
for high-quality productions.

Abstract: This study focused on loin quality in Italian heavy pigs intended for the production of
PDOs (Protected Designation of Origin) products, and investigated the pre-slaughter factors which
negatively affect the quality of fresh meat. Data were collected on 44 shipments (loads) of pigs.
Shipments were carried out under commercial conditions. Several pre-slaughter parameters were
recorded within the entire process (on-farm, during transport, and at the slaughterhouse). On a subset
of pigs (10 animals from every load, N = 440), serum cortisol and creatine kinase were measured
and loin samples were analyzed for pH, instrumental color, drip loss, cooking loss, shear force,
and sensory quality. Cluster analysis of the instrumentally-assessed meat quality parameters
allowed the categorization of the shipments into two clusters: lower quality (LQ) and higher quality
(HQ). Our results showed that the factors with significant differences between the two clusters
were journey duration, ambient temperature, distance traveled, and irregular behaviors (slipping,
falling, and overlapping) at unloading (all greater in LQ, p < 0.05). The pre-slaughter conditions
associated with lower loin quality were ambient temperatures above 22 ◦C, distance traveled above
26 km, travel duration between 38–66 min, more than 5.9% of animals showing irregular behaviors
at unloading.

Keywords: animal welfare; transport; stress; pigs; meat quality
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1. Introduction

Animal welfare and meat quality in relation to road transportation have received much attention
in terms of experimental research, but the effects of road transportation on animal welfare are difficult
to monitor and validate under practical conditions, because of the numerous situations and variables
which can change during the process (e.g., road condition, driver experience, animal handling,
microclimate, etc.) [1]. Besides, according to a recent review [2] the literature currently available on
pig transportation mostly focuses on pigs weighing between 100 and 135 kg, and little information is
available on heavier pigs, which may react differently to transportation stressors. Besides the case of
Italy, where pigs are traditionally transported and slaughtered at a minimum age of 9 months and at the
average body weight (BW) of 160 kg ± 10% for the production of typical PDO (Protected Designation of
Origin) products (such as Parma Ham, Salame Brianza, Coppa Piacentina, etc.) [3], other European and
worldwide countries have been increasing pigs’ slaughtering BW over the past decade. This increase is
driven by both the dilution of fixed production cost over more weight per pig and the improvement
of genetic selection of lean-type pigs [4]. Several studies evaluated the effects of greater slaughter
weights on profitability, carcass quality, primal cuts yield, and pork quality (e.g., [5–10]); however,
only in a few studies the slaughter weight considerably exceeded 125 kg [5,10]. This framework
results in a pronounced lack of knowledge concerning the quality of the fresh meat of heavy pigs,
and in particular on how pork quality of this productive category may be affected by pre-slaughter
stressors under conventional conditions. Additionally, according to a recent review, the quality of
dry-cured hams, which are the most valuable products, greatly depends on raw material properties
(e.g., meat physicochemical properties such as pH and water holding capacity) and intrinsic properties
of the muscle (moisture, fat, and enzyme activities), all of which are influenced by various ante-mortem
factors [11]. The few available studies on pre-slaughter handling of Italian heavy pigs highlighted
that animal losses increase when animals are kept in lairage overnight at the plant [12]. This effect,
however, was observed to vary largely, depending on the characteristics and management of the
lairage area at the slaughterhouse (i.e., presence of large open windows, stocking density in the lairage
pens, and the use of cooling devices such as sprinklers) [13]. When heavy pigs are subjected to
pre-slaughter handling and short transportation, the parameters found to have a negative impact on
blood stress indicators were the following: high average speed of the vehicle during transport, low
welfare index at slaughter, low TSWI (overall transport and slaughter welfare index), greater distance
traveled, and greater percentage of irregular behaviors (slips, falls, and overlaps) during unloading [14].
However, in the mentioned studies, the consequences of different pre-slaughter handling on meat
quality have not been evaluated [12,13], or have produced results inconsistent with the level of stress
experienced by the animals (evaluated in terms of blood indicators) [14].

The aim of the present paper, which is part of a wider research project [14], was to fill this
lack of knowledge by investigating the relationships between a some pre-slaughtering parameters
(measured upon departure, during transport, and at slaughter) and loin quality, to identify which
pre-slaughtering have the largest impact on pork quality. Within the framework of a typical pork
production mainly focused on cured products, the identification and control of the parameters that
have a positive effect on meat cuts to be consumed fresh can help reduce food wastage and promote
higher standards of animal welfare.

2. Materials and Methods

2.1. Ethical Statement

The experiment did not include any invasive procedure in vivo, therefore no specific
authorization by the institutional ethical committee was required (Directive 2010/63/EU [15]). Rearing,
transport, and slaughtering were carried out in commercial farms/trucks/plants and according to
the EU legislation (Directive 2008/120/EC [16], Council Regulation-EC-no. 1/2005 [17], and Council
Regulation-EC-no. 1099/2009 [18]).
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2.2. Experimental Design and Data Collection

Data were collected by monitoring 44 shipments of Italian heavy pigs. As per common
commercial practice, animals were raised and transported in mixed-sex groups (gilts and barrows).
Shipments originated from 11 randomly-selected commercial farms located in Northern Italy
(Emilia Romagna region), with each farm providing 4 loads of pigs (2 during the warm and 2 during the
cold season). All animals involved in the study were commercial hybrids suitable for the production
of Parma hams according to the production rules [3]. Loads varied between a minimum of 59 and
a maximum of 145 pigs (average: 118). Descriptive statistics of the transports analyzed in the
present study can be found in Sardi et al. [14]. All animals were transported to the same commercial
slaughter plant, where they were electrically stunned and then immediately exsanguinated. For each
of the shipments, the experimental protocol included: (a) the assessment of several pre-slaughtered
parameters; (b) the collection of blood samples from a subset of pigs, for the evaluation of stress
biomarkers; and (c) the collection of meat samples from the same subset of animals, for meat quality
and sensory evaluations. The methods by which these data/samples were collected and analyzed are
fully described in a previous paper [14] and will be briefly outlined in this section.

2.2.1. Pre-Slaughter Parameters Checklists and Scores/Indexes Calculation

For every shipment (or load) of pigs (N = 44), several pre-slaughter parameters were assessed by
filling three checklists: one upon departure from the farm, one during transport, and one at slaughter.
All observations were carried out by the same two trained assessors, who worked together. Data were
then submitted to a calculation system which allowed the calculation of (1) a farm (on departure) score;
(2) a transport score; (3) a slaughter score, and (4) an overall TSWI (Transport and Slaughter Welfare
Index). Additional information on the assessment method, together with a full list of the parameters
assessed and how they were scored can be found in Barbari et al. [19] and in Sardi et al. [14]. Briefly,
the characteristics of the indexes/scores can be summarized as follows:

• On departure (from the farm) checklist. The parameters assessed were: loading duration, path from
the pen to the truck (length, width, design, flooring, presence of internal and external corridors,
ramps, loading facilities), time taken to move the pigs, handling (tools used and mode of use),
irregular behaviors during handling (pigs slipping, falling, overlapping). The integration of
observations made according to this checklist resulted in an ‘on-departure score’, whose values
could range from the lowest theoretical value of −30.5 points (pts) for the minimum possible
welfare level to the highest theoretical value of 15.5 pts for the maximum possible welfare level.

• Transport checklist. The parameters assessed were: distance and duration of the journey,
space allowance per pig, presence and number of drinkers, cooling systems, other characteristics
of the lorry (possibility to inspect animals and take care of them, internal illumination, floor type
and condition, presence or absence of bedding). The integration of the observations made
according to this checklist resulted in a ‘transport score’ whose values could range from the lowest
theoretical value of −18.0 pts for the minimum possible welfare level to the highest value of 9.5 pts
for the maximum possible welfare level.

• Slaughter checklist. The parameters assessed were: unloading duration, path from the truck to
the lairage pen and from the lairage pen to the stunning area (flooring, passages, presence of
one-way gates), handling (tools used and mode of use), irregular behaviors during handling
(pigs slipping, falling, overlapping), lairage pens characteristics (stocking density, ventilation,
illumination, thermal insulation, conditions of floors and surfaces, type of pens, presence of
mobile partitions, drinkers, cooling systems), stunning area characteristics (partitions, gates,
devices, stunning method, stun-to-stick interval, procedures for the use and to check the efficiency
of the stunning system, emergency stunning procedures, training of the personnel involved).
The integration of the observations made according to this checklist resulted in a ‘slaughter score’,
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which could range from the lowest theoretical value of −41.5 pts for the minimum possible welfare
level to the highest theoretical value of 50.5 pts for the maximum possible welfare level.

• TSWI: The Transport and Slaughter Welfare Index summarizes the welfare experienced by the
animals during the entire pre-slaughter period (from when they are taken from their pen at the
farm until when they are slaughtered). The TSWI integrated the three previously calculated scores
and its theoretical values could range from a minimum of −90.0 pts for the lowest possible welfare
level to a maximum of 75.5 for the highest possible welfare level.

2.2.2. Blood Sampling and Analysis

Blood samples were collected at exsanguination from 10 randomly-selected animals from each of
the 44 loads (N = 440). Blood was refrigerated and transferred to the laboratory of the Department of
Veterinary Medicine of the University of Bologna (Italy), where plasma was immediately separated and
stored at −20 ◦C, pending subsequent analysis for cortisol, creatine kinase, and aldolase. Cortisol was
used in this study as an indicator of acute pre-slaughter stress (e.g., during handling, transport,
and/or restraint) [20]. Creatine kinase (CK) was chosen as a subacute indicator of intense physical
activity (due for example to exhaustion, loading, or harsh handling) and as a biomarker of overall
welfare during transport [21]. Blood CK concentration rises up to a peak approximately 6 h after
muscle damage and returns to basal levels between 8 h and 48 h [22,23]. Aldolase is a less-studied,
possible long-term indicator of muscle damage. Its blood concentration peaks after at least 48–72 h
from the damage [24] and its activity has been correlated to meat quality traits such as pH and
myofibrillar protein solubility [25]. Aldolase has been used in human medicine as a more accurate
and objective indicator of muscle damage than CK due to its lower inter-individual variability [24].
In the present paper, cortisol concentration (which will be expressed as ng/mL) was measured using
a radioimmunological assay technique [26], whereas creatine kinase and aldolase concentrations in
plasma (which will both be expressed as U/L) were measured using two commercially available kits
based on a colorimetric method with subsequent spectrophotometric UV readings (CK Nac Liquid and
Aldolase, Sentinel Diagnostics, Milano, Italy).

2.2.3. Meat Sampling and Meat Quality Assessment

The meat parameters were measured on the longissimus thoracis and lumborum (LTL) muscle of
the same animals from which the blood samples were collected (10 animals per shipment, N = 440).
At the slaughter plant, carcass lean content was measured using a Fat-o-Meater (F-o-M SFK, Copenhagen,
DK), and pH at 45 min (pH 45) was measured in the LTL muscle (at the second/third last rib level)
using a portable pH meter equipped with a glass spear tip electrode and a temperature compensation
probe (model 250A—Orion Research, Boston, MA, USA). Two portions of the LTL muscle were
collected from each carcass, refrigerated and transferred to the laboratory for the assessment of
instrumental color, pH at 24 h post mortem (pH 24), Drip Loss, Cooking Loss, and Warner–Bratzler
Shear Force (WBSF). Measurements of pH were carried out by means of the same portable pH meter
described above. Color was measured according to the CIE Lab (lightness index L*, green/red index a*,
blue/yellow index b*) color space system [27] using a Minolta Chromameter set with D65 illuminant
(model CR-400—Konica Minolta optics INC., Tokyo, Japan). Drip Loss, Cooking Loss (water bath
cooking until core temperature reached 75 ◦C), and WBSF were assessed subsequently on the same
meat sample according to the methods described previously by Honikel [28] and also reported by
Sardi et al. [14].

The second muscle portion was transferred to the laboratories at the Research Centre on Animal
Production (Reggio Emilia, Italy). Here samples were vacuum-packed and stored at −20 ◦C pending
sensory analysis, which was carried out within a month by a panel of trained experts, according to the
method described by Della Casa et al. [29]. The sensory analysis included a visual assessment on raw
samples (lean color and marbling) and a subsequent evaluation of the cooked sample (initial tenderness,
chewing tenderness, juiciness, final residue, chewiness, aroma intensity, buttery aroma, and off-flavors).
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Photographic scales were provided for the assessment of lean color (0 = light pink, reference sample
chicken breast; 10 = brown, reference samples horse steak after a few days) and marbling (0 = absent or
low, on one side of the slice; 10 = high on all sides of the slice) [29]. All other factors were evaluated
using a structured continuous scale with values ranging between 1 and 10 (1 = sensation absent,
10 = sensation of the greatest intensity).

2.3. Statistical Analysis

Statistical analysis was carried out using the software JMP v15.1 (SAS Institute Inc., Cary, NC,
USA). Meat quality parameters (pH45, pH24, L*, Drip Loss, Cooking loss and WBSF) within the
corresponding shipment were used in a k-means cluster analysis to differentiate clusters of animals
based on their instrumentally-assessed meat quality. Three different models (with two, three, and four
clusters) were tested and compared for their cubic clustering criterion (CCC) values. The two-cluster
model was chosen, based on its greater fit statistics (CCC values of −1.4887, −3.1458, and −4.7393 for
the two-, three-, and four-cluster model, respectively). The two-cluster model allowed the identification
of two groups, including 34 and 10 shipments (clusters characteristics will be described more in detail
in Section 3.1). For numerical variables, a linear mixed-model procedure was used to identify statistical
differences between the two clusters in the pre-slaughter measures (including measures taken on
departure, during transport, and at slaughter). Each shipment from the farm of origin was considered
as an experimental unit and used as a random variable for all analyses. For blood parameters and
meat quality, each shipment was used as the experimental unit, and the 10 measures for each shipment
were considered as repeated measures with an autoregressive covariance structure (AR1). The cluster
grouping was used as a fixed effect within the model. Means were separated based on least-square
mean, and all pairwise multiple comparisons were carried out using Tukey post-hoc test. For categorical
variables, a nominal logistic model with the chi-square likelihood ratio test was carried out. A p-value
≤ 0.10 was considered as a tendency, a p ≤ 0.05 was considered statistically significant.

A random K-fold (5-fold) neural network model was also run to recognize underlying relationships
between the meat quality clusters and the pre-slaughter variables. In the training set, the R-square
statistic and the RMSE (root-mean-square error) were 0.9307 and 0.1469, respectively. In the validation
set, the R-square statistics and the RMSE were 0.9032 and 0.1703, respectively. A ROC (receiver operating
characteristic) curve procedure was used to identify thresholds, sensitivity, and specificity of a list of
individual pre-slaughter variables.

3. Results and Discussion

3.1. Clusters Based on Meat Parameters

Meat quality parameters (pH45, pH24, L*, Drip Loss, Cooking Loss and WBSF) allowed
the separation of the shipments in two clusters (which are graphically shown in Figure 2).
Cluster 1 (red color) included 34 shipments (N = 340 meat samples), and cluster 2 (green color)
included 10 shipments (N = 100 meat samples). The average value of the main instrumental meat
quality parameters for the two clusters and the statistical differences between clusters are summarized
in Table 1.

Concerning the parameters used for clusterization, Cluster 1 included shipments with animals
having significantly greater (p < 0.0001) average pH45′ and pH24 h, as well as significantly lower
(p < 0.0001) L* and Drip Loss values than Cluster 2. Cooking Loss tended to be lower (p = 0.064)
in Cluster 1 than in Cluster 2. For these reasons, Cluster 1 and Cluster 2 were renamed Higher Meat
Quality (HQ), and Lower Meat Quality (LQ), respectively. Shear force (WBSF) was significantly greater
in HQ than in LQ cluster (p < 0.0001). Significant differences were observed also in a*, b*, and Chroma
values, which were all greater in Cluster 2 (LQ). Carcass lean content was similar between clusters.
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Figure 1. Three-dimensional representation of the shipments clustered according to meat quality
parameters (pH 45, pH 24, L*, Drip Loss, Cooking Loss and WBSF) and seen from different angles
(a) and (b). Each dot on the graph represents a shipment. Cluster 1 (red color, 34 shipments),
Cluster 2 (green color, 10 shipments). The colored area represents the area around the cluster centroid.

Table 1. Summary of the meat quality characteristics of the two clusters. Variables in italics were used
for data clusterization.

Parameter,
U.M. 3

Cluster 1 (HQ 1)
(N = 340 Pigs)

Cluster 2 (LQ 2)
(N = 100 Pigs)

p-Value

Estimate SE 4 Estimate SE 4 -

pH 45 6.06 0.02 5.80 0.04 <0.0001
pH 24 5.54 0.006 5.43 0.01 <0.0001

L* 46.6 0.5 53.0 0.9 <0.0001
Drip Loss, % 0.98 0.04 1.47 0.08 <0.0001

Cooking loss, % 25,8 0.6 28.1 1.0 0.0643
WBSF 5, kg/cm2 4.0 0.1 3.4 0.2 0.0054

F-o-M 6 48.6 0.2 48.3 0.4 0.3413
a* 3.9 0.2 4.7 0.3 0.0491
b* 4.6 0.2 5.9 0.3 0.0002

Hue 7 0.89 0.01 0.91 0.02 0.382
Chroma 8 6.2 0.2 7.7 0.4 0.0016

1 Higher Quality; 2 Lower Quality; 3 Unit of Measurement; 4 Standard Error; 5 Warner–Bratzler Shear Force;
6 Carcass lean content was measured using a Fat-o-Meater; 7 Hue =

√
(a*2 + b*2); 8 Chroma = arctan(b*/a*).

Overall, the meat quality profile of Cluster 1 (HQ) indicates more favorable characteristics, due to
the more limited rate and extent of pH decline, leading to a lower degree of protein denaturation
and disintegration of cellular structures [30], resulting also in greater water holding capacity (WHC)
both during conservation at +4 ◦C (drip loss) and during cooking (cooking loss). The combination of a
high protein denaturation degree and a low WHC usually results in light meat color, due to greater
light-scattering properties of the shrunk proteins, as it also happens in meat with the PSE (pale, soft,
and exudative) defect [31]. Accordingly, greater L* values were observed in Cluster 2 (LQ), compared to
Cluster 1 (HQ). The main characteristics of the LQ meat are compatible with the PSE definition,
including also the consistency of meat assessed on the cooked samples, which was softer (lower WBSF
values) in the LQ than in the HQ cluster. While several studies observed a reduced tenderness of PSE
meat [32], our results seem to agree with Tornberg, who hypothesized that, when meat is cooked at
temperatures above 60 ◦C, the WBSF decreases as the degree of contraction of the fibers increases [33].

148



Animals 2020, 10, 2386

This would imply that cooking PSE meat, which has a greater degree of longitudinal contraction,
would result in a greater tenderness (i.e., a lower WBSF). It is, however, noteworthy that the drip loss
observed in heavy pigs meat (being it either normal or similar to PSE) is usually considerably lower
than what observed in lighter animals (e.g., [34,35]), probably due to the different age and weight at
slaughter, reflecting on the moisture content of the carcass (and meat) [36].

Statistically significant differences between clusters were observed also with respect to the
instrumentally-assessed meat color, with LQ cluster having greater redness index (a* value)
and yellowness index (b* value), and an overall greater chroma value than HQ (p < 0.05 for the
three variables). Such small differences in color, likely not detectable by the human eye, probably
indicate that the meat belonging to the LQ cluster may fall within the case of untypical deviations like
RSE (reddish-pink, soft, exudative), which can be defined as a mild occurrence of PSE [30,35].

3.2. Differences in Transport Variables, Blood Parameters, and Sensory Meat Quality between Clusters

Table 2 shows the linear mixed model applied to some of the pre-slaughter variables measured in
the TSWI checklists.

Table 2. Results of the linear mixed-model procedure to identify statistical differences between the two
clusters in the measured transport and slaughter variables.

Number of Shipments
HQ 1 LQ 2

34 10

Variable Estimate SE 3 Estimate SE p-Value

Loading duration, min 47.7 3.7 43.9 6.9 0.6469
Pigs loaded per hour, n 170 11 170 20 0.9870

Irregular behaviors (slipping, falling, overlapping) at loading, % 17.3 1.9 21.0 3.4 0.3362
Waiting time at the farm (before departure), min 14.3 0.8 11.5 1.5 0.1173

Journey duration, min 33.8 3.1 48.6 5.7 0.0277
Ambient temperature, ◦C 15.3 1.4 21.9 2.6 0.0291

Distance traveled, km 23.3 1.8 36.1 3.3 0.0014
Average vehicle speed during transport, km/h 72.0 2.8 77.7 5.2 0.3433

Waiting time at the slaughterhouse (before unloading), min 20.4 2.5 24.2 4.7 0.4796
Total journey duration (from loading to unloading), min 133.4 5.6 143.7 10.4 0.3906

Total waiting time on the truck (farm + slaughterhouse), min 34.7 2.8 35.7 5.2 0.8672
Unloading duration, min 17.4 0.9 15.5 1.6 0.3209
Pigs unloaded per hour, n 427 22 452 40 0.5919

Irregular behaviors (slipping, falling, overlapping) at unloading, % 4.82 0.58 7.77 1.06 0.0192
Total irregular behaviors (slipping, falling, overlapping), % 22.1 2.1 28.8 3.8 0.1243

Lairage duration (from unloading to stunning), min 576 89 528 164 0.7986
Transport + lairage duration, min 710 90 672 165 0.8423

Stable (unmixed) groups, odds ratio 0.59 0.39 0.70 0.39 0.5183
On-departure (at farm) score, pts 1.66 0.29 2.05 0.55 0.5391

Transport score, pts 3.10 0.28 3.90 0.51 0.1798
Slaughter score, pts 27.97 0.39 28.45 0.73 0.5645

TSWI 4 (farm + transport + slaughter), pts 32.73 0.59 34.40 1.09 0.1875
1 Higher quality, 2 Lower quality; 3 Standard error; 4 Transport and Slaughter Welfare Index.

According to our model, some of the pre-slaughter parameters statistically differed between the
two clusters. In particular, the variables journey duration, ambient temperature, distance traveled,
and irregular behaviors (total of slipping, falling, and overlapping) observed at unloading were all
significantly greater (p < 0.05) in the LQ than in the HQ cluster. The other variables and the calculated
scores/indexes (on-departure score, transport score, slaughter score, and TSWI) did not significantly
differ between clusters.

Despite the statistically significant differences found between the two clusters, it can be observed
that some variables, such as transport duration and distance traveled, indicate that on average both
groups of animals were transported for a short time and over small distances (for journey duration:
average 37.2, SD 18.8, minimum 18, maximum 90 min; for distance traveled: average 26.2, SD 11.6,
minimum 11, maximum 59 km, data shown in [14]). Short travel duration is common for Italian heavy
pigs, and previous research indicated that between one half and 90% of these animals are transported
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for less than 2 h [12,13]. In the present study, however, differences in meat quality were observed
despite the short average transportation time, with relatively greater transportation times and greater
distances traveled negatively affecting meat quality. This result is in partial disagreement with the
findings on lighter pigs of Warriss et al. [37], who compared two relatively short travel durations
(1 h vs. 4 h) and found no major effects on meat quality. This may indicate that the meat quality of
heavy pigs is more subjected to alterations even during short time transportations. It is, however,
worth observing that, under some circumstances, short time (1 h) transportation has been deemed to
be more stressful than longer ones (3 h) because, if conditions on the truck are good, during the journey
animals can recover from the stress suffered at loading [38]. In our case, this may indicate that the
transport conditions were quite good regardless of the cluster, and this is confirmed by the transport
score value, which was similar between the clusters (3.10 vs. 3.90) and fell in the moderate-to-high
welfare range. In fact, as shown in the Materials and Methods section, transport score ranges from
−18 pts for the lowest welfare level possible to 9.5 pts for the highest welfare level; therefore, values of
about 3–4 pts collocate the transport in the top 25% of the assessment checklist, indicating that most of
the required parameters illustrated in Sardi et al. ([14]) were met.

The differences observed concerning ambient temperature are in agreement with the literature.
It is well known that acute heat stress before slaughter stimulates muscle glycogenolysis and can
therefore lead to low WHC and to PSE meat [39]. Accordingly, a study on lighter pigs (127 kg BW)
showed that transports carried out during summer resulted in paler meat color (i.e., in greater L* value)
than during winter [40]. Čobanović et al. [34] observed the lowest pH and the highest thawing loss,
L* and b* values, and occurrence of PSE meat in pigs (110 kg BW) transported during summer.

To the best of our knowledge, no study specifically investigated the relationship between irregular
behaviors and meat quality, although it has been observed that harsh handling or bad facility design
(resulting in more slips, falls, and overlaps), especially at loading, is correlated with more intense stress
response and reduced pork quality [41,42]. This may warrant the need for future studies on behavior
during unloading.

Table 3 shows the results of the linear mixed model applied to the blood parameters and to the
sensory meat quality traits. Our results show no substantial difference between clusters in stress and
muscle damage parameters (cortisol, CK, and aldolase). This seems to confirm the poor-to-moderate
relationship between physiological response to pre-slaughter stress and meat quality which has been
previously observed in other studies (e.g., [43,44]).

As concerns sensory parameters, from a general standpoint, it can also be observed that several
variables, despite not showing statistically significant differences, were in general agreement with the
higher vs. lower meat quality characteristics observed in the two clusters (i.e., numerically greater
marbling score, initial tenderness, chewing tenderness, juiciness, chewiness, and aroma intensity in the
HQ cluster). Conversely, significant differences were observed in some sensory traits, with LQ cluster
having a lower (i.e., paler) color score, and a greater final residue and buttery aroma scores. Color and
final residue are in agreement with the instrumentally-measured meat characteristics described above
(L* and WHC, respectively), whereas the differences in the buttery aroma are harder to explain,
especially considering the almost identical marbling score and carcass lean meat content between
the two clusters. It should, however, be mentioned that—despite being significant—the difference
observed in the buttery aroma was detected by a panel of trained experts and amounted to 0.3 points
out of a 10-point sensory scale, therefore it may not be easily perceived by the average consumer.
The same observation can also be made for the differences detected in visually assessed color.
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Table 3. Results of the linear mixed-model procedure to identify statistical differences between the two
clusters in the measured blood parameters and sensory attributes of meat. Back-transformed data are
presented between square brackets.

Number of Samples
HQ 1 LQ 2

340 100

Variable Estimate SE 3 Estimate SE p-Value

log Cortisol, ng/mL 1.033
[10.79] 0.030 1.040

[10.96] 0.054 0.9176

log CK 4, U/L
3.291
[1954]

0.01
4

3.263
[1832] 0.026 0.3623

log Aldolase, U/L 1.647
[44.36] 0.027 1.618

[41.50] 0.049 0.605

Color score 4.72 0.06 4.45 0.09 0.0126
Marbling score 4.96 0.11 4.89 0.17 0.7300

Initial tenderness 5.52 0.11 5.27 0.18 0.2676
Chewing tenderness 5.07 0.11 4.80 0.18 0.2282

Juiciness 3.88 0.13 3.76 0.21 0.6127
Final residue 2.90 0.05 3.16 0.07 0.0076
Chewiness 5.43 0.09 5.31 0.14 0.4788

Aroma intensity 5.38 0.12 5.27 0.18 0.5929
Buttery aroma 2.81 0.06 3.08 0.10 0.0318

Off-flavors 2.28 0.05 2.31 0.08 0.7858
1 Higher quality, 2 Lower quality; 3 Standard error 4 Creatine kinase.

3.3. Results of the Neural Network Model to Identify Possible Thresholds for Meat Quality Variation in the
Pre-Slaughtering Variables

As concerns the neural network analysis, the high R-Square statistic for the validation set (above 0.9)
indicates that the model is predicting well on data not used to train it, and also indicates a good
capability of the model to describe a phenomenon. Figure 2 shows the profile graphs resulting from
the neural network model for each of the pre-slaughter variables presented in Table 2, to visually
understand how the variables affect the predicted meat quality clusterization. For completeness,
all variables considered are presented in Figure 2 and briefly described in the next paragraph, but only
those significantly differing between the meat quality clusters will be discussed in detail. To improve
readability, the caption below each graph indicates the variable plotted on the x-axis. Each graph
indicates how the probability of the transport to be classified as either HQ or LQ changes as the
pre-slaughter variable indicated on the horizontal axis varies.

This paragraph provides a general description of the results of the neural network shown in Figure 2.
Some of the variables (loading duration, number of pigs loaded per hour, total journey duration,
total waiting time on the truck, unloading duration, lairage duration, transport + lairage duration,
slaughter score) showed no appreciable relation with the cluster classification. Other parameters
(i.e., irregular behaviors at loading, average vehicle speed, waiting time at the slaughterhouse,
pigs unloaded per hours, total irregular behaviors, groups stability, farm score, transport score,
and TSWI) seemed to show an overall negative relationship with the meat quality clusters (as the
value of the variables increased, shipments were more likely to be classified in the LQ clusters).
However, as previously described, these variables failed to reach statistically significant differences
between clusters. Similarly, a positive correlation (leading also in this case to no statistically significant
differences between clusters) was observed only for the variable ‘waiting time at the farm’ (as the
waiting time increased, the shipments were more likely to be classified in the HQ cluster). This may
indicate that a short waiting time at the farm, especially if the weather is mild, may give to the animals
the possibility to adapt (at least partially) to the truck environment before the beginning of the journey.
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According to our statistical model, in fact, a 14-min waiting time increased the probability of having
HQ meat (specificity 0.70, sensibility 0.59).

Figure 2. Cont.
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Figure 2. Profile graphs of the neural network model for all the pre-slaughter variables presented
in Table 2. For each graph, the name of the variable plotted on the x-axis is indicated below
the figure. (HQ = High quality cluster; LQ = Low quality cluster). Variable names highlighted in
bold character indicate statistically significant differences (p < 0.05) between clusters, as presented
in Table 2. (a) Loading duration, min. (b) Pigs loaded per hour, n. (c) Irregular behaviors at
loading, %. (d) Waiting time at the farm, min. (e) Journey duration, min. (f) Ambient temperature, ◦C.
(g) Distance traveled, km. (h) Average vehicle speed, km/h. (i) Waiting time at slaughterhouse, min.
(j) Total journey duration, min. (k) Total waiting time on the truck, min. (l) Unloading duration, min.
(m) Pigs unloaded per hour, n. (n) Irregular behaviors at unloading, %. (o) Total irregular behaviors.
(p) Lairage duration, min. (q) Transport + lairage duration, min. (r) Stable (unmixed) groups, odds ratio.
(s) On-departure (at farm) score, pts. (t) Transport score, pts. (t) Slaughter score, pts. (u) TSWI, pts.

Among the variables which, as described in Section 3.3, statistically differed between the two
clusters (journey duration, ambient temperature, distance traveled, irregular behavior at unloading),
three (namely ambient temperature, distance traveled, irregular behaviors at unloading) showed a
negative correlation with the cluster classification. More specifically, for ambient temperature,
the observed cut-off value (as assessed using the ROC curve) was at 22 ◦C (sensitivity 0.88;
specificity 0.60); and transports carried out above this temperature had a greater probability of resulting
in lower meat quality. Previous studies on Italian heavy pigs found an increase in transport losses
during the summer [12], and in particular when the THI (temperature humidity index) exceeded 78.5
(corresponding, for example, to combinations of temperature and relative humidity of about 35◦ and
20%, or 30◦C and 50%, or 27 ◦C and 80%) [13]. Our results, therefore, indicate that adverse effects
on meat quality can be already observed at lower ambient temperatures. Interestingly, even lower
temperatures were indicated in studies on the mortality of market-weight pigs, in which in-transit
losses have been reported to increase beyond ambient temperatures of 16–17 ◦C [45,46]. It is also

153



Animals 2020, 10, 2386

worth pointing out that, in terms of thermal comfort, a more accurate evaluation of the heat stress level
experienced by the animals could be carried out by implementing more complex measurements, such as
continuous monitoring of the pigs’ internal temperature [47], monitoring the microclimate inside the
tuck (e.g., by assessing times derivatives of temperature or enthalpy [48]) or including a quantification
of the heat and moisture generated by animals during transportation [49]. Such complex evaluations,
however, fall outside the scope of the present paper, in which the evaluation of pre-slaughter variables
was carried out only using a checklist system and no sensors were installed on the truck or placed
on/inside the animals’ body.

As concerns irregular behaviors at unloading, the observed threshold was at 5.9% (sensitivity 0.74;
specificity 0.90), implying that transports in which more than this percentage of animals showed
slipping, falling, or and overlapping at unloading were more likely to belong to the LQ cluster.

As concerns distance traveled, the cut-off value was 26 km (sensitivity 0.80; specificity 0.79),
with animals transported for 26 km or above having lower meat quality. Journey duration showed a
bimodal trend, in which transports lasting between 38 min (sensitivity 0.80; specificity 0.73) and 66 min
(sensitivity 0.30; specificity 0.94) were associated with worse meat quality. This seems to indicate that
shorter transports do not consistently affect meat quality. As concerns longer journeys, it has previously
been observed that, provided that conditions on the means of transportation guarantee adequate
comfort, animals may (at least partially) recover from the stress and muscular fatigue experienced
during loading [38].

These threshold values could be used as indicators (or risk factors) to identify which shipments
of heavy pigs deserve particular attention. Guaranteeing better transportation conditions during
these shipments (e.g., by installing cooling systems on the trucks, reducing stocking densities,
providing adequate bedding, etc.) can help to improve meat quality, together with animal
welfare. However, given the relatively limited variability of some of the examined parameters
(e.g., distance traveled, transportation scores, journey duration), these results should be validated
under more variable transport conditions. Additionally, it should also be observed that the calculated
welfare indexes (on-departure score, transport score, slaughter score, and TSWI) showed no appreciable
correlation with meat quality, probably because all the transports monitored in this study fell in the
moderate-to-high animal welfare level, reducing the variability in the calculated indexes [14]. For all the
above reasons, further validation of these results under more variable pre-slaughter welfare conditions
is warranted.

4. Conclusions and Future Work

This study aimed at identifying the pre-slaughter parameters which cause the largest variation
in the meat quality of Italian heavy pigs. A wide range of pre-slaughter variables was assessed,
alongside with some previously-described indexes and scores (on-departure score, transport score,
slaughter score, and TSWI). Our results identified some pre-slaughter conditions (ambient temperatures
above 22 ◦C, distance traveled 26 km or above, travel duration between 38 and 66 min, more than
5.9% of animals showing irregular behaviors at unloading) which increased the risk of worse meat
quality in Italian heavy pigs. While some of the described effects have previously been observed
(despite at different thresholds) also in lighter pigs, to the best of our knowledge, no study addressed
the relationship between irregular behaviors during unloading and meat quality. Notwithstanding the
need for further validation of our results, these parameters offer a first guide for the identification of
those shipments that may require additional attention in terms of animal welfare in order to obtain
meat suitable for high-quality productions. Lastly, additional ethical consideration should be drawn to
the fact that, despite transports were carried out under overall moderate-to-high welfare conditions,
as much as 25% of the loins analyzed in the present study were classified as ‘lower quality’. This aspect
urges a wider reflection on possible strategies to be adopted in order to improve animal welfare and
product quality.
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Simple Summary: Dry-cured ham has a characteristic flavor that originates from biochemical reac-
tions during processing and seasoning of hams. In the case of Toscano dry-cured ham, the Protected
Designation of Origin (PDO) states the minimum seasoning length in 12 months, but seasoning can
be extended achieving favorable outcomes on sensory characteristics, and above all on aroma. The
present study focused on subcutaneous fat of ham. Color of seasoned ham and fat composition of
green and seasoned hams were studied. Special attention was paid on the study of volatile compounds,
the main substances perceived by smell, present in fat. These compounds are present in large numbers,
and they can be used as markers of a specific seasoning stage. For this purpose, they were analyzed
by different statistical techniques to select the ones which are the most characteristic of each specific
processing (0, 1, 3, 6 months) and seasoning (12, 14, 16, or 18 months) classes.

Abstract: During ham processing the action of endogenous proteolytic and lipolytic enzymes leads to
the development of volatile compounds (VOCs) responsible of typical aromas. Protected Designation
of Origin (PDO) of Toscano ham requires at least 12 months of ripening but extended seasoning
might improve flavor and economic value. This study aimed at assessing the evolution of color, fatty
acids, and VOCs profile in subcutaneous fat, and, among VOCs, at identifying possible markers
characterizing different seasoning length. For this purpose, a reduced pool of VOCs was selected
by 3 multivariate statistical techniques (stepwise discriminant analysis, canonical discriminant
analysis and discriminant analysis) to classify hams according to ripening (<12 months) or seasoning
(≥12 months) periods and also to seasoning length (S12, S14, S16, or S18 months). The main VOCs
chemical families steadily increased along ripening. Aldehydes and hydrocarbons reached their
peaks at S16, acids and ketones remained constant from R6 to S16, whereas esters started decreasing
after 12 months of seasoning. Stepwise analysis selected 5 compounds able to discriminate between
ripening and seasoning periods, with 1,1-diethoxyhexane and dodecanoic acid being the most
powerful descriptors for ripening and seasoning period, respectively. Instead, 12 compounds were
needed to correctly classify hams within seasoning. Among them, undecanoic acid methyl ester,
formic acid ethyl ester, 2,4,4-trimethylhexane, and 6-methoxy-2-hexanone had a central role in
differentiating the seasoning length.

Keywords: pork; solid-phase microextraction; mass spectrometry; aroma; meat

1. Introduction

Fat content is one of the main factors characterizing the quality of the meat. Its quanti-
tative and qualitative characteristics affect many aspects linked both to the general quality

Animals 2021, 11, 13. https://doi.org/10.3390/ani11010013 https://www.mdpi.com/journal/animals
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of products and to consumer acceptability [1–3]. In the last years consumers have put in-
creasing pressure on the manufacturers to produce healthier products but also with certain
quality characteristics that distinguish the production process. In fact, it is important for
producers to develop new lines of products or to change already existing ones in order to
meet different consumer requests [3]. In the last years, Protected Designation of Origin
(PDO) productions have been affected by changes in the dry-cured process due to market
demands. In addition to the reduction of fat, salt, and preserving agents, there was also a
request to extend the seasoning period, especially for hams. The recipe reformulation is
likely to have impact on the sensory qualities and on the development of the aroma [4].
Aroma is produced by an interaction of factors including the manufacture process [5].
PDO Toscano dry-cured ham production lasts for at least 12 months. During the process
numerous changes linked to water loss, salt intake, lipolysis, and proteolysis take place [6].
Sensory characteristics of the hams are mainly linked to physical and biochemical reactions
caused by endogenous proteolytic and lipolytic enzymes during the drying and ripen-
ing/maturation phases [7]. The standardization of the seasoning process has meant that
the qualitative variations of the products are mainly due to the intrinsic characteristics
of the fresh hams [8]. With the modification of the seasoning time, chemical and sensory
changes strongly depend on the duration of the ripening process [9]. An elongation of
the process is generally considered a sign of high quality due to enzymatic processes
which lead to an improvement of the texture and flavor of this product. Furthermore, this
extension is generally linked to higher end-user prices [10]. The Canonical Discriminant
Analysis (CDA) is a multivariate statistical technique which identifies a set of variables that
maximizes the groups separation, whereas the Discriminant Analysis (DA) was applied
to classify the samples in the different groups [11] Considering the number of variables
involved, the CDA and the DA, were preferred to Principal Component Analysis (PCA) to
analyze data.

The aim of this work was to study the evolution of color, fatty acids, and volatile
compounds (VOCs) profile in subcutaneous fat, and, among VOCs, to identify possible
markers characterizing different seasoning length.

2. Materials and Methods

2.1. Samples

In an industrial plant, thirty hams weighing 15.60 ± 1.06 kg were randomly selected
and underwent the same manufacturing “Toscano” PDO Consortium manufacturing
protocol, consisting of the following stages: salting (15–18 days), pre-resting (15 days),
resting (60–70 days), drying (10 days), and ripening (~240 days). At the end of the ripening,
hams were randomly allotted into 3 groups of 10 hams each. The first group (S14) was
seasoned until 14 months, the second group (S16) until 16 months, and the third group
(S18) up to 18 months. At the end of each established seasoning time, hams were dissected,
and the external fat was trimmed and analyzed. Hams reached the average final weight of
10.73 ± 0.88 kg, in accordance with the PDO protocol.

Moreover, the external fat of hams belonging to group S18 was sampled along the
whole processing and ripening periods to assess VOCs profile. Specifically, samples were
taken at 0, 1, 3, 6, 12, 14, 16, and 18 months as described below, in paragraph 2.3 “Volatile
compounds analysis”.

2.2. Physical and Chemical Parameters

Results on chemical composition of sliced hams, comprehensive of lean and fat, were
reported in a previous research [11]. At the end of each seasoning time (14, 16, or 18 months)
the trimmed fat of each sample was analyzed to assess instrumental color. As regards
moisture, fat, and fatty acids profile, analysis was performed at time 0 and at the end of
the seasoning time. Moisture was determined by lyophilizing to constant weight 40 g of
sample, according to AOAC methods [12]. Instrumental color was assessed immediately
after trimming by a Minolta Chromameter CR200 with illuminant C (Konica Minolta,
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Tokyo, Japan) according to CIELab coordinate system, where L* indicates lightness (or
darkness), a* is the color’s position on the red-green axis and b* on the yellow-blue axis.
Fatty acids were determined using a Varian GC-430 apparatus equipped with a flame
ionization detector (FID) (AgilentManufacturer, Santa Clara, CA, USA) as reported by
Sirtori et al. [13]. The individual methyl esters were identified by their retention time using
an analytical standard (F.A.M.E. Mix, C8-C22 Supelco 18,9201AMP). Response factors based
on the internal standard (C19:0) were used for quantification and results were expressed as
g/100g of sample.

2.3. Volatile Compound Analysis

Analysis on VOCs profile were carried out by repeated sampling on each ham of
group S18 (n = 10). Sampling took place at time 0 (R0, green ham) and after 1 (R1),
3 (R3), 6 (R6) months of ripening and at 12 (S12), 14 (S14), 16 (S16), and 18 (S18) months
of seasoning. Fat was sampled using a 5-mm punch corer positioned approximately in
the same location every sampling time. After each sampling, the hole was filled with a
mixture of lard, salt, and pepper to prevent oxidation reactions and microbial contamina-
tions. Subsequently, 1g of homogenized fat was grounded by liquid nitrogen and then
transferred to 10 mL screw cap headspace vials adding for each sample 1 mL of distilled
water and approximately 1 g of NaCl. The vials were supplemented with 40 μL of inter-
nal standard mix (ethylacetate-d8; toluene-d8; ethyl hexanoate d11; hexanoic acid d11;
3,4-dimethylphenol), either isotopologues, i.e., deuterated analogues of compounds present
in the samples, added to the samples immediately before the analyses [14]. The volatile
compound profile was obtained by Solid Phase Microextraction Gas Chromatography-Mass
Spectrometry (SPME–GC–MS) technique. An Agilent 7890 Chromatograph (Agilent, Santa
Clara, CA, USA) equipped with a 5975A MSD with EI ionisation was used for analysis.
A three-phase DVB/Carboxen/PDMS 75-μm SPME fibre (Supelco, Bellafonte, PA, USA)
was exposed in the head space of the vials at 60 ◦C for 30 min for volatile compound
sampling after a 5-min equilibration time. A Gerstel MPS2 XL autosampler (GERSTEL
GmbH & Co.KG, Mülheim an der Ruhr, Germany) equipped with a magnetic transporta-
tion adapter and a temperature-controlled agitator (250 rpm with on/cycles of 10 s) was
used for ensuring consistent SPME extraction conditions. Chromatographic conditions
were column J&W Innovax (Agilent, Santa Clara, CA, USA) 30 m, 0.25 mm, ID 0.5 μm DF;
injection temperature 250 ◦C, splitless mode, oven program 40◦ for 1 min then 2 ◦C/min to
60 ◦C, then 3 ◦C/min to 150 ◦C, then 10 ◦C/min to 200 ◦C, and then 25 ◦C/min to 260 ◦C
for 6.6 min. Mass spectra were acquired within the 29–350 M/Z interval with an Agilent
5975C MSD spectrometer (Agilent, Santa Clara, CA, USA) at a scan speed in order to obtain
three scans/s. The identification of volatile compounds was obtained by matching the peak
spectra with library spectral database and by matching of the calculated Kovats index (KI)
with the KI retrieved from literature. Data are expressed as normalized area ratios with the
appropriate internal standard (IS) [15].

2.4. Statistical Analysis

Color data were analyzed using SAS Software [16] according to the following linear
model:

yijl = μ + RTi + εijl (1)

where y is the investigated variable; μ the overall mean; RT the fixed effect of processing
stage; ε the random residual error. Tukey’s test with a p-value threshold lower than 0.05
was used to compare means.

Fat, moisture, fatty acids, and VOCs data were analyzed using SAS Software [16]
according to the following linear model:

yijl = μ + RTi + Hj + εijl (2)
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where y is the investigated variable; μ the overall mean; RT the fixed effect of processing
stage (2 levels for fat, moisture, and fatty acids; 8 levels for VOCs); H the random effect
of ham (with repeated measures in time); ε the random residual error. Tukey’s test with a
p-value threshold lower than 0.05 was used to compare means.

VOCs trend during ripening and seasoning was also analyzed by SAS software
(SAS Institute, Inc., Charlotte, NC, USA) applying 3 multivariate statistical techniques:
stepwise discriminant analysis (SDA), CDA, and DA. The aim of multivariate analysis
was to assess if there were groups of VOCs able to characterize the different ripening and
seasoning times studied. Furthermore, multivariate approach was also used to outline
the contribution of the identified VOCs in properly classifying hams according to their
seasoning time only.

Groups separation was tested by Hotelling’s T-square test [17]. However, this test can
be developed only if the pooled (co)variance matrix of data is not singular. In our research,
the number of hams (rows in the matrix of data) is lower than the number of volatile
compounds (columns). In this condition, any multivariate technique becomes meaningless
because the (co)variance matrix does not have a full rank [18]. Therefore, a reduction of the
space-variables was required. For this reason, before CDA and DA, the SDA was applied
to the data to select a restricted subset of linearly independent variables, the VOCs, able to
discriminate groups [19]. The obtained compounds were used in the CDA and the DA.

The CDA derives a set of new variables, called canonical functions (CAN), that are
linear combination of the original compounds. For k-groups involved in the CDA, k-
1 CANs are extracted. The structure of a CAN is:

CAN = c1X1 + c2X2 + . . . . . . . .+cnXn (3)

where cn are the canonical coefficients (CCs) and Xi are the scores of original variables. CCs
indicate the partial contribution of each variable in composing the CAN. The greater the
CC, the more the variable contributes to compose the CAN.

The distance between groups was evaluated by using the Mahalanobis’ distance,
whereas the effective groups’ separation was tested with the corresponding Hotelling’s
T-square test (De Maesschalck et al., 2000). Finally, the DA was performed to classify ham
samples into seasoning groups.

The above-mentioned statistical approaches were successively applied to volatile
compounds data according to the following two scenarios. In the first scenario, VOCs data
were arranged in two major seasoning classes: the low maturing class (LMC) with samples
belonging to 0, 1, 3, and 6 months; the high maturing class (HMC) with samples belonging
to 12, 14, 16, and 18 months of seasoning. In the second scenario, only samples belonging
to HMC were considered.

The discriminant procedures were applied to detect the most discriminant compounds
able to correctly separate groups involved in the two scenarios. To validate the results,
considering the reduced number of involved hams, the leave-one-out cross-validation
technique was adopted. In practice, in each scenario, SDA, CDA, and DA were applied
10 times (being 10 the hams involved in the study) by using, at each run, one ham as
validation sample. At the end, ten datasets of variables were obtained. Since compounds
selected at each round could be different, the ten groups of variables were joined. The
resulting compounds were used to develop the final run of CDA and DA.

3. Results and Discussion

3.1. Physical and Chemical Parameters

Subcutaneous fat is an important component of the final product, indeed, even when
ham is sold in slices, fat is commonly left on. However, few studies have investigated its
characteristics separately from the other section of the slice. Instrumental color parameters
are shown in Table 1. According to CIELAB color values, L* and a* were affected by
different seasoning times, whereas b* did not change significantly. Since b* variable is
linked to yellowness and the formation of yellow-colored polymers has been associated
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to oxidative deterioration [20], it seems that the oxidative status of subcutaneous fat was
not affected by the tested seasoning lengths. On the contrary, L* reached the greatest
values as seasoning time increased, while a* showed the highest score in S16 hams and
the lowest in S18 hams with S14 samples being similar to both. Analogous L* scores were
reported by Tomažin et al. [21] studying the effect of sex and salting time on dry-cured
ham characteristics. L* has been positively correlated to fat saturation [22], which is in
accordance with the slightly higher content of saturated fatty acids (SFA) of S18 hams, as
shown in Table 2. Compared to our results, higher values of a* and b* and lower of L* were
observed in Iberian and Iberian × Duroc dry-cured hams reared according to two different
systems [22].

Table 1. Instrumental color of subcutaneous fat trimmed from Toscano dry-cured ham.

Seasoning RMSE 1 p

S14 (n = 10) S16 (n = 10) S18 (n = 10)

Instrumental color
L* 76.125 b 77.948 a,b 79.068 a 1.923 0.0178
a* 2.804 a,b 3.763 a 2.238 b 1.086 0.0302
B* 3.964 3.192 4.158 0.912 0.0869

1 Root mean square error. Different letters (a,b) within the same chemical family indicate significant differences
(p < 0.05) among maturing times.

Table 2. Moisture and fatty acids profile of raw and seasoned (S14, S16, S18) subcutaneous fat of
Toscano dry-cured ham.

Seasoning RMSE 1 p
R0 (n = 30) S14 (n = 10) S16 (n = 10) S18 (n = 10)

Moisture (%) 16.955 a 2.941 b 3.161 b 2.744 b 7.288 <0.0001
Total lipids 68.423 b 76.718 a 76.246 a 78.091 a 4.774 <0.0001

C12:0 0.051 0.0386 0.025 0.027 0.029 0.0343
C14:0 0.420 a,b 0.434 a,b 0.409 b 0.459 a 0.040 0.0366

C14:1-n5 0.005 a,b 0.005 a,b 0.004 b 0.005 a 0.001 0.0055
C15:0 0.011 0.011 0.010 0.013 0.002 0.1094
C16:0 5.599 b 6.103 a 5.942 a,b 6.460 a 0.462 <0.0001
C16:1 0.893 0.928 0.902 0.990 0.102 0.0992
C17:0 0.064 0.066 0.068 0.078 0.014 0.1070
C17:1 0.067 0.067 0.067 0.079 0.015 0.1955
C18:0 2.326 b 2.628 a 2.624 a 2.745 a 0.235 <0.0001
C18:1 11.289 b 12.578 a 12.253 a 12.959 a 0.041 <0.0001

C18:2-n6cis 2.962 3.210 3.167 2.966 0.404 0.2549
C18:3-n3 0.203 0.217 0.215 0.206 0.022 0.2212

C20:0 0.047 0.051 0.0471 0.052 0.007 0.1340
C20:1 0.270 0.296 0.276 0.295 0.036 0.2295

C20:2-n6 0.157 b 0.187 a 0.181 a,b 0.164 a,b 0.028 0.0126
C20:3-n6 0.027 0.025 0.023 0.022 0.006 0.0697
C20:4-n6 0.062 a 0.059 a,b 0.058 a,b 0.050 b 0.010273 0.0235
C20:3-n3 0.090 b 0.104 a 0.102 a,b 0.103 a,b 0.014215 0.0111
C22:4-n6 0.087 0.105 0.106 0.103 0.022764 0.0714
C22:5-n3 0.081 0.097 0.097 0.096 0.020967 0.0624
C20:5-n3 0.000 0.009 0.000 0.009 0.015231 0.2337

SFA 8.521 b 9.333 a 9.126 a,b 9.834 a 0.694 <0.0001
MUFA 12.524 b 13.873 a 13.503 a 14.329 a 0.994 <0.0001
PUFA 3.671 4.013 3.945 3.720 0.479 0.1671

PUFA-n6 3.297 3.587 3.531 3.305 0.439 0.2058
PUFA-n3 0.320 0.355 0.340 0.340 0.039 0.0725

1 Root mean square error. Different letters (a,b) within the same chemical family indicate significant differences
(p < 0.05) among maturing times.

Total lipids (Table 2) significantly increased moving from raw to seasoned hams, but
not among different seasoning classes. The most abundant fatty acid was the oleic (C18:1),
followed by palmitic (C16:0), linoleic (C18:2), and stearic (C18:0) acids, in agreement with
several studies [14,23,24]. Myristic and myristoleic acids showed the highest content in
S18 hams and lowest in S16 ones, with R0 and S14 hams showing intermediate amounts.
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Palmitic, stearic, and oleic acids showed lower content in R0 hams than in dry-cured ones,
with no differences among seasoning classes. Monounsaturated fatty acids (MUFA) content
was greater in seasoned than in raw hams, in accordance with oleic acid content, which
is the major contributor to MUFA group in pork. This evolution was also observed by
Narvàez-Rivas et al. [25] studying the changes in the fatty acid profile of subcutaneous fat of
Iberian ham during dry-curing process. However, they also reported a decrease in the most
important polyunsaturated fatty acids, which was not observed in the present study except
for arachidonic fatty acid. Significant differences were observed only for eicosadienoic
and eicosatrienoic fatty acids, but their amounts were at the lowest level in R0 samples,
whereas polyunsaturated fatty acids (PUFA) showed similar amounts regardless seasoning
length. Eventually, saturated fatty acids (SFA) were affected by seasoning with the lowest
content in R0 hams and the highest in S12 and S18 hams, while S14 samples were similar to
both. SFA are generally considered stable along processing and seasoning [25] phases, but
an increase in this group was already reported in intramuscular fat of Iberian ham during
the dry-curing process [26]. Probably, the decrease of moisture during processing leads
to changes in sample composition and stable compounds, as SFA are detected in greater
concentration.

3.2. Evolution of Volatile Compounds from Raw to Cured Ham

Volatile compounds develop over the ripening process, leading to the typical aroma
of dry-cured products. Among the several compounds normally generated by the enzy-
matic and oxidative processes taking place in the tissues, aldehydes play a prominent
role in characterizing dry-cured products’ aroma. Aldehydes are considered important
contributors to overall aroma both for being strongly present in finished products and
for their low thresholds making them easily detectable by assessors and consumers [27].
Twenty-nine aldehydes were identified in Toscano ham samples (Table 3), most of them char-
acterized by low concentrations in green hams, whereas their presence in the cured product
was considerable. The most abundant compounds in raw hams were 2-methylundecanal,
2,6-dimethyl-benzaldehyde, 2,4-dimethyl-benzaldehyde; during post-salting also pentanal
and hexanal increased significantly. These two latter compounds were typical of dry-cured
hams. Hexanal was reported to be the most abundant aldehyde in subcutaneous fat of
Iberian ham [19,23,28], arising from linoleic acid oxidation, which is widely available in
this tissue. Hexanal is also considered an important indicator of lipid oxidation; in fact,
even if it contributes to the ham overall aroma with grassy and fresh notes, its excessive
presence easily leads to unpleasant rancid notes and flavors [28]. Besides hexanal, also the
others observed linear aldehydes originated from unsaturated fatty acids: i.e., pentanal,
heptanal, octanal, and nonanal were all oxidation products of one or both oleic and linoleic
acids [29]. Among linear saturated aldehydes displayed in Table 1, hexanal resulted the
most abundant compound between 12 and 16 months, followed by pentanal and nonanal.
These compounds reached the highest values at 16 months and drop dramatically in the last
two months of ripening. This is consistent with the results reported by Andrès et al. [30],
who also observed a minor peak in saturated aldehydes during the drying phase, a slight
decrease at the beginning of the cellar period, probably due to further reactions with other
components, and a huge increase during cellar period, that authors associated to a reduc-
tion in the activity of antioxidative systems or to a development of an intense lipolysis.
Pentanal and nonanal contribute to the overall aroma with slightly fruity, nut-like notes
and fatty, citrus-like notes, respectively [31]. As regard unsaturated aldehydes, 2-heptenal
was the most abundant just as 2,4-heptadienal was for polyunsaturated ones. They were
both characterized by green and fatty notes [31,32]. Additionally, in these groups there
was an increase up to 16 months of seasoning followed by a sharp drop in the S18 hams.
Probably, the cause of this decrease is to be found in the progressive disappearance of the
fatty acid precursors of these aromatic compounds [33]. In fact, unsaturated aldehydes
have their origin in the autoxidation of unsaturated fatty acids, in particular linoleic and
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linolenic acid that, in this study, although not significantly, showed a positive trend up to
14 months and then they slowly decreased.

Table 3. Effect of ripening and seasoning times on volatile compounds of subcutaneous fat Toscano dry-cured ham (n = 10).

Volatile Compound KI 1 ID 2 RMSE 3 Time p
R0 R1 R3 R6 S12 S14 S16 S18

Aldehydes
2-methylbutanal 880 MS/KI 0.05 0.02 c 0.01 c 0.03 c 0.11 b 0.16 a,b 0.13 a,b 0.19 a 0.11 b <0.0001
3-methylbutanal 884 MS/KI 0.05 0.01 e 0.02 e 0.05 d,e 0.12 b,c,d 0.19 a,b 0.14 a,b,c 0.21 a 0.09 c,d,e <0.0001

Pentanal 974 MS/KI 2.28 0.15 c 1.40 b,c 2.12 b,c 1.42 b,c 8.27 a 2.50 b,c 3.78 b 1.07 b,c <0.0001
Hexanal 1081 MS/KI 3.23 0.17 c 1.90 c 3.05 b,c 4.03 b,c 8.59 a 7.42 a,b 11.72 a 2.24 c <0.0001
Heptanal 1183 MS/KI 0.26 0.01 d 0.18 d 0.30 d 0.28 d 1.04 a,b 0.70 b,c 1.22 a 0.31 c,d <0.0001
Octanal 1287 MS/KI 0.73 0.04 b 0.08 b 0.13 b 0.22 b 0.53 b 2.22 a 2.00 a 0.08 b <0.0001

2-Heptenal 1318 MS/KI 2.92 0.07 c 0.33 c 1.37 c 3.94 b,c 7.32 a,b 8.06 a,b 10.80a 3.70 b,c <0.0001
Nonanal 1392 MS/KI 0.54 0.05 c 0.18 c 0.34 c 0.72 b,c 1.29 b 1.38 a,b 2.11 a 0.41 c <0.0001

2,4 hexadienal 1402 MS/KI 0.69 0.04c 0.01 c 0.18 c 0.69 b,c 1.26 a,b 1.61 a,b 2.11 a 0.59 b,c <0.0001
2-octenal 1442 MS/KI 0.70 0.02 c 0.05 c 0.27 c 1.53 a,b 1.39 b 1.46 a,b 2.45 a 0.59 b,c <0.0001

2,4 heptadienal 1493 MS/KI 2.38 0.16 d 0.24 d 0.28 c,d 1.29 c,d 3.41 b,c 5.82 a,b 8.22 a 1.82 c,d <0.0001
Decanal 1498 MS/KI 0.13 0.01 b 0.02 b 0.02 b 0.09 a,b 0.04 b 0.03 b 0.23 a 0.03 b 0.008

2,4-Heptadienal (E,E)- 1501 MS/KI 2.80 0.15 c 0.11 c 0.58 c 2.19 b,c 5.54 b 6.25 b 10.70 a 2.43 b,c <0.0001
Benzaldehyde 1515 MS/KI 0.68 0.01 d 0.14 c,d 0.28 c,d 0.85 b,c,d 1.03 b,c 1.56 d 2.82 a 0.66 b,c,d <0.0001

2-nonenal 1532 MS/KI 0.97 0.00 c 0.06 c 0.30 b,c 1.36 b,c 1.38 b,c 1.62 b 3.43 a 0.70 b,c <0.0001
2-methylundecanal 1644 MS/KI 18.86 11.68 b 15.30 b 13.64 b 23.42 b 29.19a,b 32.14 a,b 51.96a 9.25 b <0.0001

2-Dodecenal 1844 MS/KI 0.93 0.03 d 0.00 c,d 0.22 c,d 0.90 b,c,d 1.72 b 1.39 b,c 3.51 a 0.62 b,c,d <0.0001
Benzeneacetaldehyde 1646 MS/KI 1.72 0.01 d 0.07 d 0.20 d 1.95 b,c,d 1.44 c,d 4.02 a,b 6.07 a 3.85 a,b,c <0.0001

trans, trans-nona-2,4-dienal 1704 MS/KI 2.52 0.12 c 0.04 c 0.51 c 2.74 b,c 4.05 b 4.80 b 9.13 a 1.36 b,c <0.0001
2-undecenal 1717 MS/KI 1.00 0.04 c 0.04 c 0.18 c 0.74 b,c 1.72 b 1.40 a 3.73 b,c 0.51 b,c <0.0001

2,4 decadienal 1797 MS/KI 3.49 0.17 b 0.23 b 0.24 b 1.48 b 2.21 b 4.67 b 10.50 a 0.93 b <0.0001
2,6-dimethylbenzaldehyde 1640 MS/KI 4.20 2.98 d 5.55 b,c,d 4.46 c,d 10.29 a,b,c 11.81 a,b 8.13 a,b,c,d 13.59 a 2.39 d <0.0001

1 Kovat’s index (KI), 2 Identification (ID) was carried out by comparing each mass spectrum in NIST 05 or Wiley 7 databases (MS); matching
with reported Kovat’s indices (KI), 3 Root mean square error, Different letters (a,b,c,d,e) within the same chemical family indicate significant
differences (p < 0.05) among maturing times.

Three branched aldehydes were observed. Two-methylbutanal and 3-methylbutanal
were observed in low concentrations, but they are both considered important contributors
to dry-cured ham’s aroma. Two-methyl butanal is associated with nutty, cheesy, and salty
notes, while 3-methyl butanal is characterized by fruity, acorn-like, cheesy notes [31,32].
They displayed the same trend commonly described for dry-cured ham. Indeed, they
showed a moderate increase in post-salting period and a deep increase during drying
and cellar periods [33]. Branched aldehydes of ham were originated mainly by amino
acids degradation, but there is not accordance about the pathway. Some authors postu-
lated a microbial formation, since microorganisms are able to metabolize L-isoleucine to
2-methylbutanal and L-leucine to 3-methybutanal [33,34]; on the contrary other authors
rejected this hypothesis due to the ham low microbial count, especially in the inner parts
such as muscles, and postulated a non-enzymatic process via Strecker reaction [35,36],
adducing the long dry-curing period as a possible alternative to high temperature in pro-
mote this kind of reaction [37]. In fat tissue, amino acids are low represented, and likely,
they were quickly decomposed leading to a low concentration of branched aldehydes if
compared to those usually found in muscle tissues [38,39]. Among the identified branched
aldehydes, the 2-methylundecanal resulted also the most abundant volatile compound
found in all samples. This compound has not been reported in dry-cured ham. It is found
naturally in kumquat peel oil [31], and it is commonly used as odorant for soaps, deter-
gents, and perfumes [40] thanks to its herbaceous, orange, fatty, and ambergris-like smell.
It has also been reported in rabbit meat, but it was not classified among key odorants [41].
A recent study on interactions between protozoa and foodborne pathogenic bacteria has
listed 2-methylundecanal among the VOCs originated from Listeria spp. [42], whereas
European Food Safety Authority (EFSA) has defined 2-methylundecanal, among the fla-
voring compounds approved for addition in animal feed [43]. However, in the present
study, the presence of 2-methylundecanal cannot be certainly attributed to feed rather
than to microbiological metabolism or contaminant. Eventually, four aromatic aldehy-
des were found: benzaldehyde, benzeneacetaldehyde, 2,6-dimethylbenzaldehyde, and
2,4-dimethylbenzaldehyde. They are generally linked to amino acid degradation [44].
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During the drying and the cellar periods they quickly increased until the 16th month, when
together represented the 14% of the total aldehydes, then, as for the other compounds,
their quantity dramatically drops. Benzaldehyde and benzeneacetaldehyde were largely
reported in dry-cured ham and described as unpleasant bitter almond flower, solvent-like,
fruity notes [45].

Another important chemical family in dry-cured products is the esters. These com-
pounds were generally associated to the microorganism esterase activity, but, due to the
low bacterial count in ham, an alternative pathway was hypothesized. Flores et al. [46]
proposed that esters could also be formed from the interaction of free fatty acids and
alcohols generated by lipid oxidation in intramuscular tissues. In our study twenty esters
were observed, which is a quite high number if compared with results reported by several
authors [38,47]. It is worth noting that most of the studies on ham employed samples of
Biceps femoris or Semimembranosus muscles, in which the fat content was very low compared
to our samples. So, being the esters produced by the interaction of two lipid oxidation
products, the free fatty acids and the alcohols, the greatest number of esters identified in
the present work could be well explained by the matrix used. Additionally, a microbial
contribution cannot be excluded being the sampling carried out on subcutaneous fat not
covered by skin, where moulds and yeasts develop during the ripening and tissues are
easily accessible for microbial esterase enzymes. Eventually, subcutaneous fat is also in
close contact with salt used for the manufacturing, in which a considerable number of
microbial communities belonging to Micrococcaceae was found [48]. These microorganisms
were previously found in ham and associated with a significant lipolytic activity [35]. Esters
developed during the ripening process, resulting thus significantly higher in finished prod-
ucts respect to green hams [47]. Accordingly, in the present study, the highest concentration
of these compounds was observed at the end of ripening, in S12 samples (Figure 1).

 

Figure 1. Total amounts of aldehydes, ketones, esters and hydrocarbons from R0 to S18 Toscano dry-cured hams. AU = Abun-
dance units. Different letters (a,b,c,d) within the same chemical family indicate significant differences (p < 0.05) among
maturing times.

Thirteen hydrocarbons were identified from R0 to S18. Hydrocarbons generally
followed the trend showed by aldehydes, with an overall gradual increase until S16 and
a final drop at S18. Four n-alkanes (hexane, decane, tridecane and pentadecane) were
detected; they are likely products derived from lipid oxidation, as reported by several
authors [49,50]. The other hydrocarbons detected are mainly branched alkanes, but two
branched alkene and one branched alkyne were also identified. This chemical family is
widely known in dry-cured ham, both in fat and lean matrix [39,45], but to the best of our
knowledge, except for n-alkanes, none of the other compounds detected in the present
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study has been previously reported in literature. The identification of these compounds
is likely challenging without a specific SPME fiber [51]. Despite their strong presence
in dry-cured ham, most of them usually have high odor thresholds and are considered
not important contributors to the aroma of dry-cured products [49]. In this study, only
one aromatic hydrocarbon was found. Styrene was already reported in ham fat [39,50],
its origin was alternatively reported as contaminant of plastic bags [39] or as product of
degradation of phenylalanine [52], moreover styrene was associated with a penetrating
odor and sweet smell [53].

Twelve ketones were found in subcutaneous fat. Three of them were aliphatic ke-
tones (2-decanone, 2-undecanone, 2-pentadecanone). Aliphatic ketones are characteris-
tics of dry-cured ham, being already reported by several authors both in lean and fat
tissues [14,33,44,54]. 2-decanone and 2-undecanone reached their peak at S6, whereas
2-pentadecanone was related to the early ripening stages and then significantly decreased.
Their aromatic notes have been described as fruity, spicy, and sometimes cheesy notes [55].
Three unsaturated ketones (1-octen-3-one, 4-hexen-2-one, 3-octen-2-one), five among
polyunsaturated and methyl branched ketones (4-methyl-2-hexanone, 2,3-octanedione,
6-methyl-5-hepten-2-one, 6-methoxy 2-hexanone, 3,5-octadien-2-one), and one aromatic
ketone (acetophenone) were also identified. Four-hexen-2-one is the most abundant com-
pound for this family, it reached its maximum at 6 months of ripening then considerably
declined until S18. However, at the best of our knowledge, it is the first time that this
compound is reported in ham, while it was already found in pork loin and belly [56], but
odor description was not reported. Concerning unsaturated and polyunsaturated ketones,
1-octen-3-one, 3-octen-2-one, 2,3-octanedione, 6-methyl-5-hepten-2-one and 3,5-octadien-
2-one were already observed in fat of dry-cured ham [23,33,39]. Moreover, 1-octen-3-one
was also identified as odor-active compound in ham, and described as spicy, mushroom,
dirty [32]. Among the other compounds, 3-octen-2-one and 6-methyl-5-hepten-2-one have
been reported as aroma active compounds in fermented meat. They were reported to have
mushroom, metal and resin, pine, herbal, synthetic notes [5]. Different pathways are related
to the formation of unsaturated and polyunsaturated ketones, with lipid autoxidation and
microbial metabolism (β-oxidation) being the main ones [46]. Even though the microbial
pathway has often been discarded for dry-cured ham due to its small internal microbial
population [28], in the case of subcutaneous fat, this pathway is likely concurrent to autoox-
idation considering the greater exposure of sampled fat to the external environment during
processing, ripening and seasoning. For instance, Andrade et al. [57], working on Iberian
dry-cured ham, assumed that 2-butanone was produced by yeasts population. Accordingly,
ketones resulted in being the most abundant family in early ripening phases, declining
from S12 when aldehydes became the most represented group of VOCs (Figure 1).

Alcohols detected in subcutaneous fat consisted of 12 compounds. Most of them
were also observed in fat [47], whole slice [30], and lean tissue [58] of Iberian ham [45] and
Toscano ham [11,59]. Alcohols showed a very regular trend constantly increasing from R0 to
S16 when the greatest amount for almost every compound was observed. The great increase
of this family from green to seasoned fat of dry-cured ham is in accordance with results
reported by Narváez-Rivas et al. [47]. After the 16th month of seasoning, they dropped
at lower values. Linear and branched alcohols are known as products of lipid oxidation,
whereas methyl branched ones were also linked to Strecker degradation [38]. Previous
studies reported that 1-hexanol originates from palmitoleic and oleic fatty acids oxidation,
while 1-octanol seems to be formed from oleic acid oxidation [60]. The most abundant
alcohol observed resulted 2-octen-1-ol, followed by 1-octen-3-ol. As for many straight-
chain unsaturated alcohols, they have low odor thresholds. 2-octen-1-ol is described as
oily, slightly nutty and fatty waxy [31]; 1-octen-3-ol is often associated to mushroom-like,
earth, fatty, and sometimes rancid notes in dry-cured products [54,61].

Carboxylic acids showed an increasing trend from green to seasoned hams. Most of
the identified compounds reached the highest concentration between 12 and 16 months
of seasoning and they generally decreased at S18. This is in accordance with their origin

167



Animals 2021, 11, 13

being products from hydrolysis of triglycerides and phospholipids, or from the oxidation
of unsaturated fatty acids [62]. Twelve acids were identified in seasoned fat of Cinta
Senese [14], however, concerning only the subcutaneous fat, few studies reported the
presence of carboxylic acids. Specifically, butanoic and hexanoic acids were observed in
French and Spanish dry-cured ham [19,28,39], but not in the present study. Most of the
literature references about carboxylic acids in dry-cured ham refer to volatile profile of
lean tissue. Nevertheless, even in this matrix, a great variability in type and number of
identified compounds was observed [30,44,63,64].

Three last compounds were identified, one nitrogenous compound, one furanone,
and one furan. Both furan and furanone reached their peak during the early stage of
seasoning. Two-pentylfurane was detected in subcutaneous fat of Teruel white hams,
Iberian hams, Spanish white hams, and French white hams [19,39]. Its trend was consistent
with its origin connected to lipid oxidation [30] and in accordance with results reported
for Toscano ham [11,65] and Iberian ham [58], even if these studies refer to lean matrix.
Due to its quite low odor threshold, it might contribute to overall aroma by vegetable
aromatic note [37]. 2(3H)dihydro-5-penthylfuranone is a lactone, it was observed only
by Ruiz et al. [66] in dry-cured ham. Nevertheless, lactones have been widely reported
in ham and dry-cured products with γ-butyrolactone, γ-octalactone, and γ-nonalactone
being the most frequently detected in Iberian ham [45]. Similarly to 2-pentylfuran, also
2(3H)dihydro-5-penthylfuranone was likely a product of lipid oxidation of fatty acids or
unsaturated aldehydes. Indeed this is considered the main origin of lactones, even if also
Maillard reaction was also proposed as a possible pathway [37].

3.3. Prediction of the Maturing Time by a Multivariate Approach

Several authors proposed a multivariate approach to classify dry-cured ham relying
on VOCs profile. The main approach used was PCA [28,33], but also other approaches
were tested, including Linear Discriminant Analysis (LDA) [33], Partial Least Square-
Discriminant Analysis regression [67], and stepwise linear discriminant analysis [19,28].
In the present study three multivariate approaches were applied together to tentatively dis-
criminate between ripening and seasoning (first scenario) and, within seasoning, to classify
hams according to seasoning length (second scenario). In the first scenario, 5 compounds
were selected by SDA (Table 4), Then, using the selected variables, the CDA was able to
significantly (p < 0.001) split hams belonging to LMC (R0, R1, R3, R6) from hams belonging
to HMC (S12, S14, S16, S18) (Figure 2). In details, the presence of 1,1-diethoxy-hexane
was characteristics of LMC hams, whereas the other 4 compounds were related to HMC
samples. Especially dodecanoic acid, with a canonical coefficient (CC) of 2.42, resulted the
most characterizing compound of Toscano ham’s fat during late seasoning. Lastly, the DA
correctly assigned all samples to their group of origin. Dodecanoic acid contribution in
describing high maturing classes of Toscano dry-cured ham was previously observed also
in Semimembranosus muscle (CC = 4.20) [11]. In subcutaneous fat it displayed a very clear
ascending trend during ripening and reached consistent amounts in seasoning. However,
it has a very high perception threshold [31], so despite being an important descriptor from
the chemical point of view, it is likely not perceivable by sensorial assessment. On the
contrary, to the best of our knowledge, 1,1-diethoxyhexane was not previously reported in
subcutaneous fat of dry-cured products.

-5 -3 -1 1 3 5
CAN

LMC

Figure 2. Separation of subcutaneous fat volatile compounds (VOCs) selected by SDA relatively to their capability of
correctly differentiating Toscano dry-cured ham samples between low maturing classes (<12 months) and high maturing
classes (≥12 months).
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Table 4. Volatile compounds of subcutaneous fat of Toscano dry-cured ham selected by stepwise
discriminant analysis. Canonical discriminant analysis scores (Can1) were used to separate low
maturing classes (LMC) and high maturing classes (HMC).

Subcutaneous Fat Samples

Chemical Family Can1 Sensory Descriptors a

1,1-diethoxyhexane Hydrocarbon −0.82 Cognac, pear, floral, hyacinth, apple, fruity 1

3-methyl-ethyl ester butanoic acid Ester 0.03 Strong, fruity, vinous, apple-like
2,4-dimethylbenzaldehyde Aldehyde 0.13 Mild, sweet, bitter-almond

Butanoic acid, ethyl ester Ester 0.45 Fruity odor with pineapple undertone and sweet
Dodecanoic acid Acid 2.42 Fatty, creamy, cheese-like, waxy

a As reported in Burdock, G.A, 2010 [31], except for: 1 Based on online databases www.thegoodscentscompany.com.

In the second scenario, 12 VOCs were identified by SDA to discriminate samples into
seasoning classes (Table 5) and then used to correctly assign samples to each group. The
first and second canonical functions accounted for the 87% of the total variance and they
were able to highlight differences among groups (Figure 3a). Can1 separated S12, S14,
and S18 groups from S16. Among the compounds that weighed the most in Can1 there
were 3 ketones (2,3-octanedione, 4-methyl-2-hexanone, and 6-methoxy-2-hexanone) and 1
aldehyde (decanal) (Figure 3b). Can2 separated samples belonging to S12 from the other
groups. In this case, the most important compounds were 2 esters (formic acid ethyl ester
and undecanoic acid, methyl ester), 1 hydrocarbon (2,4,4-trimethylhexane), and 1 ketone
(6-methoxy-2-hexanone). 2,3-octanedione, 4-methyl-2-hexanone and decanal resulted in
the highest CCs of Can1. Among them, special importance in overall aroma of dry-cured
ham is attributed to 2,3-octanedione, which has a “warmed-over” flavor [31]. Moreover,
decanal, which originates from autoxidation of oleic fatty acid, was already identified
among the main descriptors to characterize samples from different dry-curing periods by
LDA [33]. According to Figure 3a,b, this compound, together with 4-methyl-2-hexanone,
were mainly involved in the discrimination of S16 from S12, S14, and S18. Focusing on
Can2, 4 compounds had CCs higher than 1. These compounds were: undecanoic acid
methyl ester (−1.22), formic acid ethyl ester (+1.18), 2,4,4-trimethylhexane (−1.13) and
6-methoxy-2-hexanone (+1.03). According to Figure 3a, formic acid ethyl ester and 6-
methoxy-2-hexanone were linked to S12 hams, whereas undecanoic acid methyl ester
and 2,4,4-trimethylhexane resulted to be good descriptors of hams seasoned for more
than 12 months. In comparison with the previous study on VOCs of Semimembranosus
muscle [11], a lower number of VOCs were needed to correctly classify samples according
to their actual ripening and seasoning stage. This suggests that, in subcutaneous fat, there
are compounds that could be powerful markers for assessing processing stages of hams.

Table 5. Volatile compounds of subcutaneous fat of Toscano dry-cured ham selected by stepwise discriminant analysis.
Canonical discriminant analysis scores (Can1, Can2, and Can3) were used to separate hams belonging to different seasoning
lengths (S12, S14, S16, S18).

Subcutaneous Fat Samples
Chemical

Family
Can1 Can2 Can3 Sensory Descriptors a

1,1-diethoxyhexane Hydrocarbon −0.75 −0.44 −0.03 Cognac, pear, floral, hyacinth, apple, fruity 1

Pentanoic acid, ethyl ester Ester 0.48 0.12 0.74 Fruity, apple-like
4-methyl-2-hexanone Ketone 2.17 0.93 0.64 Fruity 2

2,4,4-trimethylhexane Hydrocarbon 0.37 −1.13 0.69 -

2,3-octanedione Ketone −3.26 0.20 0.55 Green, spicy, cilantro, fatty, leafy, cortex, herbal,
warmerd-over

Formic Acid, ethyl ester Ester −0.10 1.18 −0.88 Pungent, rum-like, pineapple
6-methoxy-2-hexanone Ketone −0.76 1.03 0.63 Fruity e spicy 3

Decanal Aldehyde 1.07 −0.06 −0.30 Sweet, waxy, floral, citrus, fatty
Acetic acid, ethenyl ester Ester 0.88 0.04 −0.50 Wine, fruity 4

dihydro-5-penthyl-2(3H) furanone Furanone 0.00 0.85 0.57 Coconut and fatty
Hexadecanoic acid, ethyl ester Ester 0.81 0.45 0.02 Mild, waxy sweet
Undecanoic acid, methyl ester Ester −0.07 −1.22 0.02 Fatty, waxy fruity 1

Proportion of explained variation 0.56 0.31 0.13
a As reported in Burdock, G.A, 2010 [31], except for: 1 Based on online databases www.thegoodscentscompany.com; 2 Reale et el., 2019 [68];
3 Luna et al., 2006 [19]; 4 Lin et al., 2014 [69].
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Figure 3. Scores (a) of canonical discriminant analysis within high maturing class (HMC) samples: S12, S14, S16, and S18
months of seasoning. (b) Loadings of canonical discriminant analysis within HMC.

4. Conclusions

In conclusion, instrumental color of subcutaneous fat was affected by time, especially
L* score was higher for longer seasoning time, partially in agreement with the greater de-
gree of saturation observed in the higher maturing classes. Oleic acid, the main contributor
to MUFA amount, showed no difference among seasoning groups. According to VOCs
profile, almost every identified compound was affected by ripening and seasoning times.
Regardless of single compounds, the main chemical families steadily increased until R6,
then different trends were observed. Aldehydes and hydrocarbons reached their peaks at
S16, ketones and acids instead showed the highest total content at R6 and R12, respectively.
Lastly, esters started to decrease after 12 months of seasoning. Moreover, at S18 most of the
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main compounds involved in dry-cured ham overall aroma already declined to value simi-
lar to ripening phases. In the future, it would be interesting to thoroughly investigated also
the enzymatic activity taking place during the different processing stages. The multivariate
approach adopted highlighted the importance of 5 compounds present in subcutaneous
fat to discriminate between ripening and seasoning stages (1,1-diethoxyhexane, 3-methyl-
ethyl ester butanoic acid, 2,4-dimethyl-benzaldehyde, butanoic acid ethyl ester, dodecanoic
acid). Instead, 12 compounds were selected to classify hams according to seasoning length.
Among them, 4 VOCs with CCs > 1 (undecanoic acid methyl ester, formic acid ethyl ester,
2,4,4-trimethylhexane, and 6-methoxy-2-hexanone) had a central role in differentiating the
clusters.
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Simple Summary: In recent years, the meat industry is looking with increased interest at the
implementation of non-invasive new tools for predicting the final quality of dry-cured hams and
monitoring ham aging. The selection of raw meat and the control of the salting procedure to predict
the quality of dry-cured hams are of primary importance for meat processors. The identification of
genetic markers associated with ham traits and related to different aptitudes of the thighs towards
salting phases and weight losses is a primary goal for the Italian pig production chain. This paper
addresses the need for investigating the associations between genomic markers and ham traits
obtained through the application of non-invasive technologies for monitoring hams before and
during the salting process. To our knowledge, this is the first study investigating the markers and
genes associated with ham traits obtained through the use of Ham InspectorTM apparatus.

Abstract: Protected Designation of Origin (PDO) dry-cured hams production is greatly dependent on
raw meat quality. This study was performed to identify genetic markers associated with the quality
of dry-cured ham. Carcass traits of 229 heavy pigs belonging to three commercial genetic lines were
registered (weight, EUROP classification). Phenotypic traits (Semimembranosus muscle ultimate pH,
ham weight and lean meat content, adsorbed salt) of the corresponding thighs, undergone PDO ham
process in three different plants, were measured, using a fast and non-invasive technology. Green
ham weight and lean meat percentage influenced the estimated salt content and the weight loss
during salting, even if the processing plant greatly affected the variability of the measured ham traits.
The genomic data were obtained with the GeneSeek Genomic Profiler (GGP) 70k HD Porcine Array,
using the slaughter day and the sex of the animals in the statistical analyses. The phenotypic traits
were associated with the genotypes through GenAbel software. The results showed that 18 SNPs
located on nine porcine chromosomes were found to be associated with nine phenotypic traits,
mainly related to ham weight loss during salting. New associations were found between markers in
the genes Neural Precursor Cell Expressed Developmentally Down-Regulated 9 (NEDD9, SSC7), T-Cell
Lymphoma Invasion and Metastasis 2 (TIAM2, SSC1), and the ham quality traits. After validation, these
SNPs may be useful to improve the quality of thighs for the production of PDO dry-cured hams.

Keywords: swine; genetic marker; ham processing; ham quality

1. Introduction

The production of Protected Designation of Origin (PDO) Parma and San Daniele
hams plays an economic role of primary importance in the Italian pig production chain [1]
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and represents a point of excellence for the Italian pork chain. The quality of the raw meat
and the carcass composition greatly influence both the suitability of the thighs to obtain
high-quality PDO dry-cured hams such as Parma and San Daniele [2,3]. The fresh thighs
used for the production of PDO Parma hams are obtained from heavy pigs slaughtered at
a live weight of at least 140 to160 kg, with an age of at least nine months, and belonging to
specific selected breeds defined by Parma ham Consortium [4]. These requirements are
essential for obtaining hind legs with features suitable for long curing periods; additional
required parameters of the thighs are the presence of subcutaneous fat of 15 to 30 mm of
thickness to minimize processing losses [2]. These features affect both the aptitude of meat
to adsorb salt during the ham salting periods and the weight loss of the ham after salting
during the long maturation, which may last from 12 to 24 or more months [5]. However,
over time, extensive analytical surveys were carried out to determine the contribution of
this food to sodium intake, and medical and public health organizations recommended to
reduce sodium dietary intake to prevent hypertension and other diseases [5,6]. On the other
hand, an excessive reduction in the amount of adsorbed salt can worsen the technological
performances, causing an increase in proteolysis, higher softness, and the production
of off-flavors due to the release of free amino acids and peptides during ripening [5,6].
The research on environmental and genetic factors involved in salt adsorption and in the
sodium amount of dry-cured ham has attracted great interest based on these contrasting
nutritional and technological requirements behind the issue of sodium reduction. Several
factors contribute to influencing the final salt amount in dry-cured hams; among them, a
crucial role is represented by the know-how of the different ham processors [5]. The ham
weight and size, the inter- and intramuscular fat content, the thickness of subcutaneous
fat, and the lean meat content of the hind leg represent the main factors that can influence
also the aptitude of the ham to adsorb salt [7–10]. The study and identification of genes
and genetic markers associated with these traits could provide new and important tools
for the ham industry for improving ham yield during processing. Also the physico-
chemical modifications of thigh muscles post-mortem, such as pH decline, water activity,
proteolytic and lipolytic reactions, produce changes in color, taste, flavor, texture [11], and
salt absorption in the hams [5]. These traits are affected, at least in part, by the animal
genetic background as reported by studies indicating genetic markers associated with
Semimembranosus muscle (SM) pH and drip loss [12,13], and with enzymes activity in
San Daniele hams [14]. Most of these association studies have been performed on the
purebred pig lines used in the two-way or three-way crossbreeding schemes [12,15], but
few association studies exist between genetic markers and ham ripening related traits
measured directly in heavy pigs used for dry-cured ham production. Moreover, the genetic
improvement of quality traits of dry-cured hams is difficult because these characteristics
cannot be easily measured in live animals and are cost-effective phenotypes.

In recent years, different non-invasive technologies based on X-rays or near-infrared
(NIR) spectroscopy were investigated as quality control techniques in the ham industry [16].
Magnetic induction technology is among the most promising to estimate lean content in
green hams [17] and the salt absorbed by processed hams [18]. These new non-invasive
technologies allow for the collecting of a huge number of phenotypic data. Thus, the
identification of genetic markers and new tools to assess and help to predict these traits
may be of primary importance for pig production chain and ham processors [10,14,19].

This work aims to investigate the variability of green ham traits in a sample of 229 com-
mercial hybrid heavy pigs during salting and the genomic regions associated with the
measured phenotypes. These regions will be singled out through a Genome-Wide Asso-
ciation Study (GWAS), which will allow identifying DNA markers and candidate genes
associated with phenotypic characteristics of the fresh hams measured during the first
stages of the ham processing. The identified SNPs might be of interest to improve ham
yield after salting and the quality of the finished product. The identification of genetic
markers associated with the quality of the thighs for PDO dry-cured hams can offer new
helpful tools for the highly innovative pig production chain.
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2. Materials and Methods

2.1. Animal Data Availability

The samples and hams used in the present study were obtained from the slaughtering
of commercial heavy pigs intended for human consumption, and thus the present research
did not need approval from a research ethics committee. The heavy pig hybrids were slaugh-
tered in commercial abattoirs in four slaughter days between March and July 2018. The
animals were slaughtered in compliance with the European rules [20,21] on the protection of
animals during transport and related operations and slaughtering. All slaughter procedures
were monitored by the veterinary team appointed by the Italian Ministry of Health. The
carcasses came from crossbred pigs reared in three different farms and were obtained from
the crossbreeding of the three main breeds reared in Italy for heavy pig production, namely
Large White, Landrace, and Duroc. These commercial hybrids were kept in collective pens
until they reached the slaughter weight. The pigs were fed diets complying with the dietary
inclusion limits established by the Parma Ham Consortium [4] and were slaughtered at an
average live weight of 160 kg. Each farm sent their heavy pigs to a specific abattoir, and
the thighs were then processed by a specific processing plant. Thus, the farm of farrowing,
abattoir, and ham processing plants are collinear variables. Similarly, also the slaughter
days match with the farms, abattoirs, and plants, with the thighs coming from the same
slaughter day for the hams of plant 1, from two slaughter days for hams processed in plant
2, and from one day of slaughtering for ham processed in plant 3.

2.2. Carcass and Ham Traits

A total of 229 fresh hams were collected from carcasses classified as “U”, “R”, and
“O” in compliance with Commission Implementing Decision, 2014/38/EU [22]. Pig car-
casses were graded according to the European EUROP carcass grading system [22] which
considers the lean meat content estimated for the whole carcass. In particular, carcasses
classified as “U” are characterized by a lean meat content between 50% and 55%, carcasses
“R” are characterized by a lean meat content between 45% and 50%, and carcasses “O” are
characterized by a lean meat content between 40% and 45%. Fresh hams were elaborated
at three different dry-cured ham processing plants operating in accordance with tutelary
regulations of Parma ham manufacturing [23,24]. A sample of SM was collected for the
genomic analyses, and frozen at −20 ◦C until processed for DNA extraction.

The pH of fresh hams was measured in SM with a Hamilton glass electrode probe
attached to a portable pH meter (WTW pH3110, Weilheim, Germany). Homogeneous sets
of hams in terms of muscle pH at 24 h post-mortem (pHu) ranged between 5.50 and 5.90
were used for each plant.

Then, all fresh hams underwent traditional salting for Italian dry-cured ham, based
on a two-step addition of salt [25], following the standard procedure of each plant.

2.3. Non-Invasive Magnetic Induction (MI) System Analysis

The lean amount of green hams and the salt content of the salted ones were deter-
mined by the Ham InspectorTM apparatus (Lenz, Barcelona, Spain). The system based on
electromagnetic induction (MI) technology generates a signal with an amplitude depending
on the ham lean amount and salt content, estimated using a proper calibration [17,18].

Two hundred and twenty-nine fresh hams were scanned with the MI system set in
the “RAW” mode, installed at each plant. The lean amount expressed as a percentage of
ham weight was estimated by using previously developed predictive models reported in
Simoncini et al. [17]. This model was improved, including a greater number of dissected
and analyzed hams, and estimating the new prediction accuracy (RMSE = 1.34%). After
the first salting and at the end of the salting steps, the unabsorbed salt was brushed away,
and the same salted hams were scanned with the MI system set in the “salted” mode. The
salt content of the lean part, expressed as a percentage on a wet basis, was estimated by
using a previously developed predictive model, in accordance with Schivazappa et al. [18].
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Prediction accuracy of the model including a greater number of dissected and analyzed
salted hams was estimated (RMSE = 0.14%).

All scanned hams were tempered at 3 ± 0.5 ◦C and temperature tested with the
thermometer Ebro TFX 410 Pt1000 (Xylem Inc, Rye Brook, NY, USA) inserted into SM
muscle (5 cm depth) to avoid possible drifts of MI signal, associated with variations in
sample temperature.

The weight of the fresh hams as well as their weights during the salting process (after
the first salting and at the end of the salting period) was recorded by the MI apparatus in
order to calculate the corresponding weight losses, expressed as percentage loss of fresh
ham weight.

2.4. Statistical Analyses of Ham Traits

All statistics of phenotypic traits were obtained by SPSS version 22.0 software platform
(SPSS Inc., Chicago, IL, USA); normal distribution of data was investigated before statistical
analyses. The boxplot procedure was applied to present the distribution of measured lean
percentage of hams, differently labeled according to the EUROP grid (lean carcass grading).
Data of ham traits were analyzed using Generalized Linear Model (GLM) procedure; the
models included the processing plant and the sex of the pigs respectively, as fixed factors.
These factors were included in the model since they are known to affect ham quality [3].
The Least Significant Difference (LSD) posthoc test was applied to compare the Estimated
Marginal Means (EMMs). Finally, the Pearson’s correlation analysis was performed to
investigate the relationships between all quality and technological traits of hams in each
processing plant.

2.5. Genotyping and Association Study

The collected SM samples were used for the genomic analyses. DNA extractions
were carried out using a standard protocol by an outsource laboratory (Agrotis S.r.L.-
LGS, Cremona, Italy, http://www.lgscr.it/ENG/index.html) where the genotype analyses
were also performed. For the genotyping, the GeneSeek® Genomic Profiler-GGP-70k
HD Porcine chip (Illumina, San Diego, CA, USA; https://emea.illumina.com/products/
by-type/microarray-kits/ggp-porcine.html) containing 68516 SNPs was used using the
procedures indicated by the company. The SNPs were mapped using Sus scrofa Genome
Assembly Build 11.1 (NCBI: https://www.ncbi.nlm.nih.gov/assembly/GCF_000003025.6;
ENSEMBL: https://www.ensembl.org/Sus_scrofa/Info/Index). The sex of the animals (fe-
males, castrated males) was obtained on the basis of the genotypes for the sex chromosomes.
The genotypic data were filtered using gPLINK (version 2.050, based on PLINK version
1.07) [26] and GenAbel (version 1.8-0, run on R version 3.4.4) [27] discarding the markers
or samples not passing these thresholds: all the markers with call rate < 90%, with minor
allele frequency < 5%, which are not in Hardy-Weinberg equilibrium [28] (p-value < 0.001);
all the individuals with more than 10% missing genotypes and with Identity by State
(IBS) > 90%. After filtering, 54,569 SNPs and 169 individuals were retained. The large
number of excluded animals (n = 60) was because their IBS was above the threshold
set at 90%. The association analyses were carried out using polygenic_hglm and qtscore
functions implemented on the GenAbel package according to the procedure described in
Nicolazzi et al. [29]. The statistical model included the day of slaughter and the sex as
predictive variables, together with the effect of the SNP and the genomic kinship matrix.
The genomic kinship matrix was obtained with GenAbel and was used to estimate the
relatedness between the animals. Pedigree data were not available for these animals since
commercial hybrids are obtained from heterospermic artificial insemination. Also, the infor-
mation concerning litters and dams was not available. These data can be available in fully
controlled experimental studies, but they are difficult to obtain in commercial farm condi-
tions, where cross-fostering is a common practice. The p-values of the associations between
ham traits and SNPs were corrected for the “deflation” factor, as reported by GenAbel.
Markers were considered significant with corrected p-values below the chromosome-wide
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significant threshold (Table S1), and the trend towards the significance threshold was set at
5.00 × 10−5 [30]. The markers with corrected p-values below these thresholds were further
considered for the estimation of the genotypic effects. Their genotypes were extracted from
the PED file generated through the gPLINK tool using in-house implemented scripts in
the R environment [31]. Linear mixed models were performed to obtain the Estimated
Least Squares Means (LSM) for the genotypes of the significant markers. The associated
traits were used as dependent variables; the genotype of each marker taken individually
was modeled as a predictive variable together with the fixed effects of sex and slaughter
day. The linear regression model did not include the random effect of the genomic kin-
ship matrix. For each marker found with the GWAS, the additive and dominance genetic
effects were also estimated. The additive effect was estimated as half of the difference
between the two homozygous groups: a = 1/2(BB − AA), with A and B that indicate the
first and the second allele of the analyzed markers, respectively. The dominance effect
was estimated as the difference between the heterozygous group and the average of the
two homozygous groups in each locus: d = AB − 1/2(AA + BB). These analyses were
performed using functions in the packages nlme [32], lsmeans [33], lme4 [34], and car [35] in
the R environment [31]. The genes located in the region flanking the identified markers
(±500 kilobases from the associated marker) were further considered for the identification
of candidate genes for the traits. The list of the flanking genes was obtained using the
BioMart tool [36] and was submitted to David Bioinformatics Resources version 6.8 on-line
tool (https://david.ncifcrf.gov/). Candidate genes were identified on the basis of their
location (the nearest gene to the significant marker) and biological role. In order to find
possible splice sites or motifs with biological relevance, the sequences flanking the intronic
variants found associated with ham traits were submitted to the Tomtom tool in MEME
Suite version 5.3.0 [37] (http://meme-suite.org/). The found motifs are ranked based on
their Bonferroni significance (q-value) for the found match between the query sequence (or
its complementary) and the motif in JASPAR CORE 2014 database.

3. Results

3.1. Ham Quality and Technological Traits

The variability noticed for ham lean % is reported in Figure 1. The boxplot displays
the distribution of the lean % of hams estimated by Ham InspectorTM, in relation to the
lean % of the corresponding carcasses according to EUROP classification [22]. The EUROP
classification of the original carcass is printed on the skin of each fresh ham supplied to
dry-cured ham producers, to provide information on the lean % expected in fresh ham.

The class R, corresponding to an estimated lean % of the carcass in the range 45 to 50%
is the most abundant (n = 110) compared to classes O (lean % = 40 to 45%, n = 36) and U
(lean %= 50 to 55%, n = 62). In the current study, the lean % of the hams scanned by Ham
InspectorTM shows higher values (R = 62.3 ± 2.7, U = 63.0 ± 2.0, O = 61.6 ± 2.2) than those
estimated from the EUROP classification of the corresponding whole carcass.

All fresh hams were processed in three different manufacturing plants in accordance
with tutelary regulations of Parma ham [23,24].

The results of GLM analysis including “processing plant” and “sex” as fixed effects
and their interaction are summarized in Table 1. For each trait, the EMMs (Estimated
Marginal Means), the standard error, and the corresponding significance level are reported.

Differences in the measured ham traits between processing plants (p < 0.001) were
detected. In particular, processing plant 1 handles the heaviest hams between the tested
plants (15.1 kg), and hams leaner (62.7%) than plant 3 (60.6%). This condition affects
salting weight losses, yielding higher values at the end of salting for plant 1 compared to
other plants. The salt % predicted in ham lean content after both salting steps differed
significantly between processing plants (p < 0.001), reporting greater values for plant 3 and
2, respectively (Table 1).
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Figure 1. Boxplots of the lean content (%) estimated by Ham InspectorTM for the green hams grouped
according to the EUROP classes (U, R, and O) of the corresponding carcasses. For each EUROP class,
the range of % estimated lean carcass is reported. Blank circles represent outliers.

The sex of the pigs generated differences for the lean % of green hams (p < 0.001) and
their weight loss after the first (p < 0.05) and at the end of the salting (p < 0.01; Table 1), and
the predicted salt contents (p < 0.01). The higher lean % of green hams from females caused
higher weight losses during salting, and higher values of salt content at the end of salting
(2.60%) if compared to barrows (2.53%). As for the salt content at the end of salting, the
interaction between processing plant and sex was significant (p < 0.05): the three plants
differed regardless of the sex of the animal, but in the case of females the salt values were
higher than in barrows.

The results of the Pearson’s correlation analysis performed between ham traits mea-
sured in each processing plant are reported in Tables S2–S4. The strongest and most
significant correlations were found in plant 2 (Table S3): pH was negatively correlated with
salt content measured at the first salting step (r = −0.241, p < 0.01) and the weight loss at
the end of salting (r = −0.388, p < 0.001). The weight of green hams was negatively corre-
lated with salt content after the first salting in all tested processing plants (Tables S2–S4),
whereas, only for plant 2, the negative correlation coefficient with salt content at the end
of the salting process was significant (r = −0.486, p < 0.001; Table S3). For all processing
plants (Tables S2–S4), the lean % of green hams was positively related to ham weight losses
and to the salt contents predicted after the first and at the end of the salting steps. In each
processing plant, the highest positive correlation coefficients have been found between
green ham weight and ham weight after the first salting (plant 1: r = 0.999, p < 0.001; plant
2 r = 0.999, p < 0.001; plant 3 r = 0.998, p < 0.001), green ham weight and ham weight at
the end of salting (plant 1: r = 0.997, p < 0.001; plant 2 r = 0.999, p < 0.001; plant 3 r = 0.996,
p < 0.001), and between ham weight after first and at the end of salting (plant 1: r = 0.997,
p < 0.001; plant 2 r = 0.999, p < 0.001; plant 3 r = 0.999, p < 0.001).

3.2. Association Study Results

The performed GWAS allowed the identification of eight markers displaying a Bonfer-
roni corrected p-value significant at the chromosome-wide level, reported in bold in Table 2.
The most significant association was found for pHu, which is linked to WU_10.2_18_17949287
marker. This SNP is an intergenic variant located at 17 Mb on Sus scrofa chromosome 18
(SSC18). Green ham lean % showed an association with a region on SSC4 at 2 Mb, where
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the marker ASGA0016987 is located. This SNP is an exon variant of a non-coding transcript
(ENSSSCT00000066959.1), and most of the genes comprised in the flanking region are non-
coding genes. Green ham weight, ham weight after first salting, and ham weight at the end
of the salting showed an association with the same two markers, namely CASI0010463 and
WU_10.2_14_144250775. The first is located on SSC15 at 12 Mb, in an intron of the gene Neurex-
ophilin 2 (NXPH2). WU_10.2_14_144250775 is an intergenic variant in a region characterized
by high gene density, on SSC14 at 132 Mb. Two SNPs were significant for ham weight
loss after first salting: ASGA0031014, an intron variant of the gene Neural Precursor Cell
Expressed, Developmentally Down-Regulated 9 (NEDD9), and WU_10.2_10_74620421, a variant
in a non-coding transcript on SSC10. Salt content at the end of salting showed two markers
displaying a chromosome-wide significant association. The first (INRA0000796) is located on
SSC1 at 13 Mb, and is an intron variant of the gene Regulator of G Protein Signaling 17 (RGS17);
the second (ASGA0102337) is an intron variant of the gene GRAM Domain Containing 1B
(GRAMD1B), located on SSC9 at 50 Mb. Eleven markers showed less significant associa-
tions with the ham traits, with adjusted p-values comprised between the chromosome-wide
significance level and the threshold of 5.00 × 10−5 (Table 2). The complete lists of the top
20 markers most associated with the measured traits are reported in File S1. Table S5 reports
the complete list of all the genes located in the regions flanking the markers reported in
Table 2. The results of the functional association obtained for the genes in Table S5 are re-
ported in Table S6. No significant terms were identified, and none of them seemed to indicate
a direct involvement of the candidate genes in muscle or fat development. Thus, further
discussion of the obtained associations was based on the review of the scientific literature.

For each of the found markers, the LSM of the genotypes were estimated and reported in
Table 3. For pHu, both markers showed genotype distributions quite unbalanced, with GG geno-
type poorly represented (WU_10.2_18_17949287) or not represented at all (WU_10.2_4_91195648)
in our sample. Other identified markers showed a genotypic class poorly represented (n < 10 an-
imals, i.e., ASGA0016987, ALGA0002237, CASI0010463, WU_10.2_7_118557013) or completely
lacking (ALGA0044906, INRA0000796). The weights of fresh thighs and hams after first
and at the end of salting were associated with the same markers, namely CASI0010463 and
WU_10.2_14_144250775. Furthermore, the marker ASGA0026341 showed an additive genetic
effect on both ham weights after first salting and at the end of salting. In fact, the AA ani-
mals for this marker showed lower ham weights than GG pigs (Table 3). Additive genetic
effects were also found for H3GA0000815, WU_10.2_7_118557013, WU_10.2_14_36295226,
and ASGA0031014 (Table 3). In particular, the AA animals for the H3GA0000815 SNP were
associated with a lower lean % in green hams; the A allele of WU_10.2_7_118557013 was related
to higher weights at the end of salting; the G allele of ASGA0031014 showed lower weight
losses, and the GG animals for the WU_10.2_14_36295226 SNP presented a higher % of salt
adsorbed at first salting. Concerning the ASGA0031014 marker, the three genotypic classes
were well represented, following the 1:2:1 ratio.

The results obtained with MEME Suite indicated that none of the identified intronic
variants were located in splice sites, but the marker ASGA0031014 fell into an intronic re-
gion of the gene Neural Precursor Cell Expressed, Developmentally Down-Regulated 9 (NEDD9)
harboring several binding sites recognized by Forkhead box O (FOXO) transcription factors
(Table S7). The in-silico analysis indicated that the mutation ASGA0031014 changed the
sequence recognized by FOXO3 (q-value = 0.050; Figure S1a), FOXO1 (q-value = 0.074;
Figure S1b), and FOXO4 (q-value = 0.074; Figure S1c). The sequences recognized by these
transcription factors are the reverse complement of the region flanking ASGA0031014,
since the NEDD9 gene is located on the reverse strand (strand −1 in Table S5). For this
reason, ASGA0031014 has T/C as alternate alleles in Figure S1.
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4. Discussion

The development of new technologies enabling a fast and non-invasive measure of
green ham potential to be processed into typical dry-cured ham is a goal for pig production
chain and PDO ham producers. In the last decade, technologies such as those based on
X-rays have been studied [16], with the aim of monitoring and gathering information in a
non-invasive way on green hams intended for dry curing, focusing on their qualitative traits
and the amount of salt absorbed during processing. The Ham InspectorTM system permits
an on-line and non-invasive inspection of the hams, a classification of thighs based on the
lean content (calculated as a percentage of green ham weight), and an estimation of salt
amount adsorbed in the lean part during the salting stages. The use of Ham InspectorTM

in three processing plants qualified for the production of PDO Parma ham provided the
phenotypic data and information to perform the GWAS. At present, green hams allowed
to be processed into PDO Parma hams are those labeled as U, R, and O according to the
EUROP grid, with a few specific exceptions [38]. In the current study, a high variability
in ham lean % within U, R, and O classes was detected. In particular, the thigh lean %
estimated from Ham InspectorTM was higher than the lean % of the corresponding carcasses
estimated from EUROP grading. Thus, the thigh lean % given by Ham InspectorTM and
the carcass lean % obtained from EUROP grading provide different information. This
is anyway expected, because ham is a lean cut, with a higher lean % than that of the
corresponding EUROP carcass class. The measures estimated by Ham InspectorTM about
the lean-to-fat ratio of each thigh proved to be crucial to homogenously group hams during
processing [6]. Processing plants showed differences for all the measured phenotypes,
except for ham weight loss after the first salting. This result must be carefully evaluated
as the on-field conditions of the present study did not permit to distinguish the specific
effect of the processing plant, which included also the effects of the pig genetic type, farm
management, and abattoir. Thus, the effect of the processing plant may be overestimated
in the present study. The effect of the lean amount of green hams on the processing weight
losses is underlined by the positive and significant correlation coefficients displayed in the
three plants. This is in line with previous findings: weight losses are indeed known to be
greater in hams obtained from animals with greater lean %, whereas the presence of inter,
intramuscular and covering fat, containing less water than muscular tissue, is associated
with a reduction of weight losses [2]. As can be expected, the lean % of green hams was
strongly related to salt content after the first salting period and at the end of salting: this
behavior is related to the higher salt and water diffusion coefficients of Fick’s law in lean
hams than in the fat ones [39]. Currently, the variability detected in the phenotypic traits of
processed ham as a consequence of the differences in raw matter and in the production
plants remains in full compliance with the tutelary guidelines of Parma hams [23].

With the aim of finding genomic regions and candidate genes associated with the green
ham weight, lean %, salting losses, and contents of adsorbed salt, we used sex and slaughter
day (and thus also the ham processing plant) as fixed effects in the GWAS model. GWAS
indicated eight markers significant at the chromosome-wide level, and eleven with a Pc1df
below the threshold of 5.00 × 10−5. The most significant association was found between
pHu and the WU_10.2_18_17949287 marker, which is located in an intergenic region of
SSC18, harboring the genes Plexin A4 (PLXNA4), and Muskelin 1 (MKLN1). This association
signal with the PLXNA4 region could support the findings reported by Bordbar et al. [40]
in Simmental beef cattle. These authors found that the bovine PLXNA4 gene harbored
18 SNPs significantly associated with muscle development in the Simmental breed. Despite
this strong association, no clear biologic evidence supporting the PLXNA4 role in bovine
muscle development was found [40]. The pHu variability was also found associated with
the WU_10.2_4_91195648 marker, on SSC4. Anyway, both WU_10.2_18_17949287 and
WU_10.2_4_91195648 markers showed unbalanced genotype distributions, which may
have biased the association results, causing an overestimation of the marker effects.

Thigh lean % was associated with the marker H3GA0000815 located in an intronic
region of the gene T-Cell Lymphoma Invasion And Metastasis 2 (TIAM2). Among the identified
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associations, the H3GA0000815 marker showed the clearest additive effect, with the GG
animals showing a higher lean % than those with the AA genotype. The lower frequency
observed for the GG genotype in our samples suggests that the favorable allele G may be
used in selection schemes to increase lean mass deposition in the pig breeds used for the
production of PDO hams. Interestingly, the TIAM2 gene was found in a previous study to be
located in a region displaying a selective signature in a Duroc pig population [41]. This gene
encodes a guanine nucleotide exchange factor with a role in intracellular signal transduction
and in the regulation of cell migration and cell focal adhesions [42]. Cell migration and focal
adhesions are essential steps in organogenesis, and also muscle development is known to
involve a series of morphogenetic events including cell fusion, migration, and epidermal
attachment [43]. Despite the fact that this result seems to agree with a previous study [41],
to date, it is not possible to draw a clear hypothesis linking this gene with thigh lean % as
the knowledge of the TIAM2 gene and its roles in pig muscle development is still mostly
unknown.

The variability of green ham weight, and ham weight after first salting and at the
end of the salting period showed to be associated with the same markers, indicating a
pleiotropic effect of these mutations. The LSM estimated for these markers were concordant
among the measured traits, with the same genotypic class displaying higher estimated LSM
for the weights of the fresh thigh and the ham after first salting and at the end of salting.
This pattern was expected given the degree of shared variability between these three traits,
as demonstrated by their high and positive phenotypic correlations, indicating that the
higher the weight of the fresh thigh, the heavier are the same hams after first salting and at
the end of salting period. Ham weights at the first salting and at the end of salting were
significantly associated with the two markers ASGA0026341 and WU_10.2_7_118557013.
An additive effect was found for both these markers, which are located in intergenic
regions on SSC5 and SSC7, respectively. This is not surprising, since the literature indicates
that the majority of GWAS peaks are located in non-coding or intergenic regions [44],
and may therefore be a signal indicating that the found association may be due to causal
mutations in closely located genes or to mutations in a still unknown gene. Among the
genes located near WU_10.2_7_118557013 is Calmodulin 1 (CALM1), which encodes for
one of three calcium-binding calmodulin proteins. CALM1 mediates the control of a large
number of enzymes, ion channels, aquaporins, and other proteins through calcium-binding,
and controls also the transport of glucose and other sugars in hepatic cells [45]. Its gene
expression was also found to be downregulated in the Longissimus muscle of pigs with a
high deposition of intramuscular fat [46], suggesting that this gene may have a role also in
the metabolic pathways influencing pig meat quality.

The ham weight loss after first salting was found to be associated with ASGA0031014,
on SSC7. The alleles for this marker show a significant additive effect and balanced geno-
type distributions in the considered sample. The most favorable genotype for this locus
was GG, which displayed the lowest weight losses during processing. This mutation is
an intron variant of the gene NEDD9, which codes for a focal adhesion protein that acts
as a scaffold to regulate signaling complexes important in cell attachment, migration, and
invasion [47], as well as apoptosis and the cell cycle [48]. Some studies of different authors
reported that NEDD9 is essential for the Transforming Growth Factor β (TGF-β) signaling
pathway [49,50]. Moreover, members of the TGF-β superfamily can profoundly regulate
mesenchymal stem cell differentiation, as well as adipogenesis and myogenesis [51,52].
Due to the involvement of NEDD9 in TGF-β signaling, it is, therefore, possible that changes
in its gene sequence may affect also TGF-β signaling and the differentiation of mesenchy-
mal stem cells during muscle development. Furthermore, NEDD9 is known to take part
in the inhibition of primary cilia formation during embryogenesis [53]. Primary cilia are
non-motile organelles that have been shown to play an important role as antennae to extra-
cellular stimuli during embryogenesis [53], adipogenesis, and myofibrogenesis [54]. In our
previous study, we found several genes related to primary cilia associated with intramuscu-
lar fat deposition [55], and NEDD9 may take part in this complex signaling pathway related
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to muscle and adipose tissue development in embryogenesis. Interestingly, the marker
ASGA0031014 fell into an intronic region harboring several sequences recognized by FOXO
transcriptional regulators. In particular, this intronic variant is located in a site matching
the motifs recognized by FOXO1, FOXO3, and FOXO4 transcription regulators, suggesting
that changes in this sequence may also affect the ability of those transcription regulators to
recognize this binding site. This hypothesis seems to be supported in the literature, which
indicated that NEDD9 gene expression was found to be regulated by another forkhead
box member (FOXC1) [56] and that FOXO1 has a major role in the regulation of skeletal
muscle differentiation and fiber type specification in mammals [57]. Taken together, these
results suggest that ASGA0031014 may be a useful marker for the improvement of ham
yield during processing. Our hypothesis needs anyway a validation with further specific
studies.

In addition to these markers, other mutations were associated with the ham traits, even
though they did not present significant additive effects. Among the markers associated
with the ham weights at the first and at the end of the salting steps is CASI0010463, an
intron variant of the Neurexophilin 2 (NXPH2) gene. A Run of Homozygosity (ROH)
region was found in the NXPH2 gene in Valdostana Black Pied and Valdostana Chestnut
bovine breeds [58]. This evidence seems to suggest a possible role of NXPH2 in livestock
traits related to muscle development and production efficiency. However, this gene has
never been studied before in pigs and the limited knowledge of the NXPH2 gene does
not permit to reach a complete interpretation of the associations found for this gene in
the present study. Another marker associated with green ham weight, ham weight after
first salting, and ham weight at the end of salting is WU_10.2_14_144250775. This marker
results to be unmapped in the latest release of the Ensembl database [59], while it was
located at 132,664,262 bp on SSC14 in Illumina 11.1 mapping. Following the latter mapping,
WU_10.2_14_144250775 is an intergenic variant. The closest genes to this marker are Acyl-
CoA Dehydrogenase Short/Branched Chain (ACADSB), H6 Family Homeobox 2 (HMX2), H6
Family Homeobox 3 (HMX3), and BUB3 Mitotic Checkpoint Protein (BUB3). The sequence
comprising ACADSB, HMX2, HMX3, and BUB3 is highly conserved between mammals [60],
suggesting that this region could be of primary biological importance. Anyway, no clear
association exists between muscle development and deposition, and these genes. Further
investigation should be dedicated to testing the role of these genes located in this SSC14
region on production traits and porcine muscle development. Also of interest is the marker
ASGA0102337, an intron variant of the GRAM Domain Containing 1B (GRAMD1B) gene.
This gene codes for a cholesterol transporter that mediates non-vesicular transport of
cholesterol from the plasma membrane to the endoplasmic reticulum [61,62]. GRAMD1B
gene expression in muscle was found associated with obesity in the mouse model [63], and
mutations in its sequence were associated with feed efficiency in a beef cattle population
with individuals from various breeds [64]. As fat deposition is important in determining
salting losses and salt uptake of the green hams, mutations in the GRAMD1B sequence
may also influence salting and maturation traits. However, the possible effect of this gene
on ham quality traits needs confirmation with studies in larger samples.

5. Conclusions

To our knowledge, this is the first study describing significant associations between
porcine candidate genes and ham traits, measured in a non-invasive way using a Magnetic
Induction System. This on-line and non-invasive technology allows the estimation of green
ham lean % and the salt content in the salted ones, on a great number of hams during
processing. The GWAS identified several markers associated with the measured traits, and
SNPs in candidate genes related to the neuromuscular junction, and muscle development
during embryonic stages were found associated with lean % and ham weights. Among the
markers associated with ham traits, the marker located in NEDD9 could be of particular
interest for further studies and for implementing selection schemes aimed at improving
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ham yields after the salting steps. Further studies including a greater number of hams and
different processing conditions are needed to strengthen the investigated associations.
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Figure S1: The sequence flanking the marker ASGA0031014 (position 17) is recognized by the
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we consider the complementary DNA sequence) possibly changing the binding site recognized by
FOXO3 (q-value = 0.050); (b) Forkhead box O 1 (FOXO1; upper sequence),with the alternate allele C (or
G if we consider the complementary DNA sequence) possibly changing the binding site recognized
by FOXO1 (q-value = 0.074); (c) Forkhead box O 4 (FOXO4; upper sequence), with the alternate
allele C (or G if we consider the complementary DNA sequence) possibly changing the binding site
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ham trait and their complete output information obtained with GenAbel package.
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