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Abstract 

The high quality of protected designation of origin (PDO) dry-cured pork products 

depends largely on the chemical and physical parameters of the fresh meat and their 

variation during the production process of the final product. The discovery of the 

mechanisms that regulate the variability of these parameters was aided by the reference 

genome of swine adjuvant to genetic analysis methods. 

This thesis can contribute to the discovery of genetic mechanisms that regulate the 

variability of some quality parameters of fresh meat for PDO dry-cured pork production. 

The first study is of gene expression and showed that between low and high glycolytic 

potential (GP) samples of Semimembranosus muscle of Italian Large White (ILW) pigs 

in early postmortem, the differentially expressed genes were all but one over expressed 

in low GP. These were involved in ATP biosynthesis processes, calcium homeostasis, 

and lipid metabolism including the potential master regulator gene Peroxisome 

Proliferator-Activated Receptor Alpha (PPARA). 

The second is a study in commercial hybrid pigs to evaluate correlations between carcass 

and fresh ham traits, including carcass and fresh ham lean meat percentages, the former, 

a potential predictor of the latter. In addition, a genome-wide association study allowed 

the identification of chromosome-wide associations with phenotypic traits for 19 SNPs, 

and genome-wide associations for 14 SNPs for ferrochelatase activity. The latter could 

be a determinant for color variation in nitrite-free dry-cured ham. 

The third study showed gene expression differences in the Longissimus thoracis muscle 

of ILW pigs by feeding diets with extruded linseed (source of polyunsaturated fatty acids) 

and vitamin E and selenium (diet three) or natural (diet four) antioxidants. The diet three 

promoted a more rapid and massive immune system response possibly determined by 

improvement in muscle tissue function, while the diet four promoted oxidative stability 
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and increased the anti-inflammatory potential of muscle tissue. 
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1 Pork production, aimed in particular to PDO Parma ham production 

1.1 Overview of pork production in the European and Italian context 

Pork production is a significant and widespread activity at the European Union (EU) 

level, so much so that the EU, is the world's second largest producer of pork after China, 

and about half of the meat produced on its territory comes from the pig species (FAO, 

2022). 

The pork produced is not only consumed within the EU territory but also largely exported, 

considering that, from the data collected in 2020, the self-supply of pork exceeded 120%, 

making the EU pig sector, the world's largest exporter of pork and pork products. In 2021, 

however, the share of pork exported from the EU decreased, as the increase in post 

dissemination of African swine fever virus production of the usual buyer, namely China, 

led to a reduction in demand from the Asian country. However, the EU still exports a total 

of 5.2 million tons compared to 3 million tons from the United States (FAO, 2022). 

Regarding the EU pig population in the EU, in 2021, the provisional number of pigs sent 

for slaughters is 249,871,560 a 1.87% increase from 2020. In addition, there has been a 

slight decline in the last decade, especially in the sow herd, which has decreased by 10% 

(ANAS, 2022). 

Most of the EU pig herd and sow stock is concentrated in Spain (22.4%), Germany 

(17.8%), France (9.4%), Denmark (9.2%), and the Netherlands (7.9%), which together 

exceed 60 % of the total. Italy reaches 5.8%, or 8.5 million animals, with a substantial 

reduction of about 200,000 sows since 2008, reaching today several sows around 570,000 

sows (ANAS, 2022). This negative trend is correlated with a lower overall production 

capacity in the sector, which for the Italian context, where typical and denomination of 

origin products are preferred, its net reduction is a worrying phenomenon (Gallo, 2022a). 

The distribution, at the regional level, of the Italian pig herd, is divided by more than 85% 
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between Lombardia (47%), Emilia-Romagna (15.7%), Piemonte (13.1%), Veneto 

(8.4%), and Friuli-Venezia Giulia (2.6%) (ERSAF, 2021), and almost 90% of pigs are 

raised in less than 10% large farms although small farms (< 10 head) are more than half 

of the national pig farms (EUROSTAT, 2020). 

In Europe regarding production guidelines, the trend is to obtain pigs which slaughter 

weight, considering some variability, ranges from 90 and 120 kg, corresponding to 

carcasses between 75 and 95 kg in weight, the so-called "lean" pigs. In Italy in contrast, 

pigs reach a slaughter weight above European standards, ranging over 160 kg, with a 

corresponding carcass weight of 135 kg or more: the so-called "fat" pigs, are preferred. 

This is because the Italian pig supply chain has specialized in the production of traditional 

products such as the protected designation of origin (PDO) and other protected processing 

products with designations of origin (PGI), which require heavy, mature pigs for their 

production (Gallo, 2022a). In addition, it is important to highlight the economic 

framework of this production direction, with PDO and PGI pork products having a total 

production value of 1.9 billion euros, accounting for 26% of the entire economic weight 

of the PDO and PGI food sector. Among these, Parma ham PDO, with a production value 

of 687 million euros, ranks third while among meat products it is by far the leading 

product, accounting for about 37% of the entire category (ISMEA, 2022). 

1.2 Italian PDO and PGI productions from heavy pigs with a focus on the PDO 

ham specification 

The indications PDO and PGI are quality marks established since 1992 by the European 

Council (Council of European Union, 1992), and to date, the legal framework governing 

their use refers to Regulation (EU) No. 1151/2012 (Parliament and Council of EU, 2012). 

These are applied to agricultural products and foodstuffs to identify and protect the 

properties that give these products added value due to the place and methods of 



6 

production or processing used and represent instruments of guarantee for consumers and 

protection for producers against possible imitations. As of November 8, 2022, in Italy the 

total number of registered pork products is 41 of which 21 have PDO and 20 have PGI, 

as can be seen from the European Union product registration system (eAmbrosia: 

https://ec.europa.eu/info/food-farming-fisheries/food-safety-and-

quality/certification/quality-labels/geographical-indications-register/). Among these, 

Parma ham PDO has considerable relevance, as is argued in the previous paragraph, and 

because it is also the food product under study in this thesis, the main requirements in the 

specifications for producing it will be identified and analyzed. To begin with, the thighs 

can come from a wide geographic area that includes the following regions of Italy: 

Piemonte, Lombardia, Veneto, Emilia-Romagna, Toscana, Umbria, Marche, Lazio, 

Abruzzo, and Molise. The last stage of production, thighs curing, must take place only in 

the province of Parma (Emilia-Romagna region) located south of the Via Emilia. 

Regarding the genetic characteristics of the pigs, the following breeds, which are 

registered in the Italian Herd Book (IHB) held by the National Association of Pig 

Breeders (ANAS), may be used: the Italian Large White (ILW) and Italian Landrace (IL) 

pure breeds or animals derived of those breeds as improved by the IHB, pigs derived of 

the Italian Duroc (ID) breed as improved by the IHB for heavy pig production, and pigs 

derived of other breeds or hybrid provided they come from selection or crossbreeding 

schemes implemented with purposes compatible with those of the IHB for heavy pig 

production. The following pig breeds may not be used: purebred animals of the Belgian 

Landrace, Hampshire, Pietrain, Duroc, and Spotted Poland; animals carrying 

incompatible traits, such as the gene responsible for stress sensitivity; and pigs that do not 

produce thighs that meet PDO requirements. In addition, animals are directed to slaughter 

at an average live weight per batch of 160 kg ± 10% (between 144 and 176 kg) at a 
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minimum slaughter age of 9 months, assertible by a tattoo, made within 30 days of birth, 

placed on the inner side of both thighs. The tattoo must also display the identification 

code of the farm of birth and a letter of the alphabet identifying the month of birth. Pig 

feeding, together with breeding techniques, must contribute to the achievement of heavy 

pigs characterized by moderate daily growth. Ingredients and their rationing in the diet, 

both for animals up to 80 kg and those over 80 kg live weight, are reported in the 

procedural guideline (MiPAAF, 1992). After cutting and trimming in the slaughterhouse, 

the fresh legs that are obtained must have several characteristics: first of all, they must 

come from carcasses with a cold weight of more than 110 kg, and which have been 

classified according to the SEUROP method (MiPAAF, 2009). 

1.3 Carcass classification using the SEUROP method 

First, the pig carcass for the EU regulations consists of the body of the slaughtered, bled, 

and drained pig, whole or divided in half, presented with skin (rind), head, and the distal 

parts of the limbs but without tongue, bristles, nails, genital organs, kidneys, flare fat and 

diaphragm. In Italy, the latter two components by tradition and processing are not 

removed and thus form part of the carcass and consequently its weight. 

The slaughter yield of pigs, i.e., the percentage ratio of cold carcass weight (measured 

within 45 minutes of jugulation by subtracting a flat 2% of chilling losses) to live weight 

of the animal antemortem is around 80%, much higher than other animals of livestock 

interest. 

Pork carcasses are subject to evaluation consisting of the assignment of one of the six 

commercial classes of meatiness provided for by EU regulations and indicated by 

SEUROP letters (Parliament and Council of EU, 2013) (Table 1). 
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Table 1 Carcass lean percentage classes according to SEUROP classification! . 

Lean meat (% of carcass weight) Class 
³ 60 S 

³ 55 and < 60 E 
³ 50 and < 55 U 
³ 45 and < 50 R 
³ 40 and < 45 O 

< 40 P 
! The values are obtained from Parliament and Council of EU, 2013. 

The classification is carried out when the carcass is weighted, by experts licensed by the 

ministry and using authorized estimation methods based on the physical measurement of 

indicators detected in one or more anatomical parts of the carcass, e.g., subcutaneous fat. 

The most widely used methods and estimation tools along the slaughter line of Italian 

factories are the Fat-O-Meter (Frontmatec FOM A/S, Kolding, Denmark) and the 

Hennessy Grading System (Hennessy Technology, Auckland, New Zealand), which can 

estimate the percentage of lean meat from the thickness of the lard and Longissimus 

thoracis muscle detected at the dorsal level, at a precise point of detection, 8 cm from the 

midline at the 3rd - 4th last rib, and applying a prediction equation, calibrated for heavy 

pig carcasses (MiPAAF, 2009). 

After classification, carcasses are marked or labeled with the capital letter H (heavy pig) 

and the meatiness class (S, E, U, R, O, P) or the percentage of lean meat (MiPAAF, 2009). 

As for PDO-protected productions such as Parma ham, San Daniele ham, Veneto Berico 

Euganeo ham, Modena ham, Toscano ham, Carpegna ham, Valle d'Aosta Jambon de 

Bosses, and PGIs such as Sauris ham, thighs obtained only from classified carcasses and 

belonging to classes U-R-O are required (Piasentier, 2022). Furthermore, the carcasses 

classified E having a maximum lean meat percentage of 56.6 are allowed for the 

production of PDO dry-cured hams (Bertolini et al., 2020). Other carcasses, S, P, and 
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those classified E with a lean meat percentage > 56.6 are not admitted. 

Thighs that fall into one of these three categories must weigh 10 kg or more; the fat 

thickness of the outer part of the dry-cured thigh is measured vertically at the head of the 

femur ("subconcussive") and reaches about 20 mm for thighs with a final weight of 7 to 

9 kg, while for those with a final weight of more than 9 kg the fat thickness is about 30 

mm. In any case, the external fat thickness must not be less than 15 and 20 mm for the 

two types of dry-cured thighs, including the rind, respectively; suitable fat consistency 

(white, firm, non-greasy) detected on samples of internal and external fat of the 

subcutaneous panniculus adiposus of the thigh, by iodine number and linoleic acid 

content. At official inspection, the values per sample must not exceed iodine number 70 

and for linoleic acid content 15%; excluding thighs derived from pigs exhibiting overt 

myopathies (PSE, Pale Soft Exudative, DFD, Dark Firm Dry, hematomas, lacerations, 

inflammation, etc) certified by a veterinary doctor at the slaughterhouse (MiPAAF, 1992). 
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2 Genetic resources used in heavy pig production 

2.1 Large White, Landrace, and Duroc 

The Italian swine livestock was composed of native populations and crossbreds of 

uncertain origin towards the end of the 19th century. The context changed from the late 

1800s onward when improved foreign breeds such as various strains of Large White, 

Landrace, and Duroc were introduced into the country for the progressive replacement of 

native breeds (Gallo et al., 2000). 

To date, the genetic pool of the Italian pig livestock consists of the above-mentioned 

improved cosmopolitan breeds to exploit, through selection programs, the progress 

obtainable in the pure line and crosses of these breeds to obtain the maximum advantage 

by their hybrid vigor (Pagnacco, 2020a; Gallo, 2022a). 

Large White breed subjects present white coats, significant size, erect ears, and a slightly 

concave front-nasal profile. Due to its excellent reproductive characteristics in terms of 

fertility, prolificacy, and maternal aptitude, as well as optimal breeding performance for 

high growth capacity and feed efficiency, good carcass quality, and excellent meat quality 

characteristics, it is a key breed in crossbreeding to produce gilts. 

Landrace pigs, like Large White, have white coats but differ in their front-nasal profile, 

which is straight ears that tend to be long and carried drooping forward, and a more 

elongated trunk. The Italian strain has a better aptitude for meat processing and 

reproductive traits, prolificacy, and maternal aptitude. 

Duroc breed individuals are medium to large, robust, and characterized by pigmented skin 

and red, with thick bristles, or white, with thin bristles coats (Gallo, 2012). They exhibit 

remarkable growth capacity, good reproductive efficiency, and intra-muscle fat contents 

that should not be excessive in fresh meat to produce processing products, particularly in 

fresh legs to produce PDO hams. Before the selective process, fat accumulation occurred 
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predominantly at the intermuscular level, especially in the thigh, causing the defect 

known as "fat nut" which was extremely penalizing for the use of the Duroc breed in ham 

production. After showing that the visible intermuscular fat (VIF) trait has a high 

heritability (about 0.38) and was prevalent in more than 40% of the families investigated, 

the genetic index of VIF was established, which made it possible to select Duroc to breed 

subjects with a low amount of VIF suitable for ham production (Bosi & Russo, 2004; 

Gallo & Buttazzoni, 2008). 

2.2 Three-way and four-way crossbreeding techniques 

The gradual spread of crossbreeding is mainly due to the goal of improving the breeds, 

and to date, there are two most widely used crossbreeding techniques for heavy pig 

production and they are those of three-way or four-way crossbreeding. 

Three-way crossbreeding consists of inseminating an ILW sow with semen from an IL 

boar to obtain F1 crossbred sows, which in turn are crossed with boars from another pure 

line, ID, to generate F2 progeny to be sent to slaughter. The objectives are to give F1 

females, not only showing the aptitude for improved meat quality but also with excellent 

maternal aptitude and high prolificacy, traits to be exploited to obtain a lot of progenies 

and very healthy offspring (maximum level of heterosis in the female line, maternal 

heterosis), and to give the F2 generation those male traits, such as remarkable growth 

ability and meat and carcass quality, necessary to obtain adequate heavy processing pigs 

(direct heterosis) (ANAS, 2020; Bosi & Russo, 2004; Pagnacco, 2020b). The use of ID 

as a terminal boar contributes to obtaining carcasses of excellent quality since in the 

SEUROP classification of carcasses they fall into the allowed categories, and thighs are 

particularly compliant for processing into PDO hams (higher curing yield) (Gallo, 2012). 

All these characteristics are also enabled by the genetic progress achieved by the selection 

carried out within the three pure lines (ANAS, 2020; Bosi & Russo, 2004; Pagnacco, 
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2020b). 

Unlike the three-way cross, the four-way cross not only uses the hybrid female but also 

the hybrid boar for the generation of the F2 offspring, to be destined for slaughter. In the 

male genetic line, individuals are selected for rapid growth and slaughter at high weights. 

In this line, the F1 crossbreeding generates maximum heterosis for mating ability. In the 

female genetic line, selection aims for reproductive efficiency and production of lean cuts. 

In turn, the F1 crossbreeding maximizes heterosis toward excellent maternal aptitude and 

high prolificacy (Balasini, 2002; Russo, 1988). 

In both methods, the pure lines of the breeds, as well as the end products of the crosses 

between them, are managed by private genetic companies, the breeding companies, which 

under corporate rules reserve the right to provide information on the breeds and methods 

used in crosses. These companies sell the hybrids to the breeder for fattening (Gallo, 

2022b). 

2.3 Genetic improvement of heavy pigs 

Italian programs for the selection of pure breeds (Large White, Landrace, and Duroc) and 

their hybrids set goals that are common to other countries, such as reproductive efficiency, 

growth rate, feed efficiency, and carcass characteristics. 

In addition, globally, some of the priority goals concern the progressive increase of 

muscularity, lean meat percentage, and at the same time the reduction of subcutaneous 

fat thickness. These goals are antagonistic to those set by the Italian pork context 

particularly about the production of products derived from heavy pigs, as evidenced by 

the high content of lean meat on the carcass which corresponds to a high of seasoning 

loss and a worsening of the sensory characteristics. 

Therefore, at the Italian level, to obtain animals with excellent aptitudes for the proper 

production of processing products, particularly raw hams, selection objectives have 



13 

focused not only on reproductive and productive traits but also on fresh meat quality traits 

such as: backfat thickness, which to fully cover the ham reduces curing losses and 

improves organoleptic characteristics; the decrease in thigh weight during the first 7 days 

of salting, which can be considered as a measure of water-holding capacity under salting 

conditions; the presence and extension of intermuscular and intramuscular fatty deposits 

(ANAS, 2020; Bosi & Russo, 2004). 

In Italy, the institutional organization in charge of swine genetic improvement activities 

is ANAS, which holds the swine herd book. This is divided into individual sections, one 

for each breed that undergoing selection for heavy pig production, which are ILW, IL, 

and ID. In addition, ANAS carries out genetic programs for the preservation of 

endangered native breeds such as the Cinta Senese, Mora Romagnola, Nero Siciliano, 

Casertana, Apulo Calabrese, Sarda, and the newly established breeds namely Nero di 

Parma and Nero di Lomellina (Gallo, 2002b). 

Concerning genetic improvement, ANAS carries out the genetic evaluation of 

reproductive candidates, making use of the data collected in the livestock adhering to the 

herd book, including measurements of reproductive character to improve the reproductive 

efficiency of the sows, and other data collected in the genetic centers, where breeding 

candidates are evaluated for breeding performance, carcass quality and aptitude of the 

thighs for processing by station testing of full sibs (sib test). In these centers, 

environmental conditions, such as the rearing system and animal feeding, are 

standardized and the same for all subjects. In this way, genetic differences among the 

tested animals are emphasized. 

The sib test is carried out at the genetic center and consists of testing one castrated male 

and two whole females, full sibs of the reproductive candidate to the breeding test, with 

periodic individual weight control, and food consumption until a final live weight of 155 
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kg is reached (Gallo, 2012). However, recently the Central Technical Commission of the 

IHB approved the change whereby a sib test will also be carried out with two subjects, a 

castrated male and a female full sibs of the candidate as soon as Italian ministerial 

ratification is supported. This decision was made since a simulation was carried out by 

ANAS Technical Offices on the effect of the reduction from three to two animals per full-

sib group on the Genetic Indices and their accuracy. The results were maximum 

deviations for Indices, reduced (ILW,1.77 %; IL, 1.19%; ID, 2.77%), and maximum 

differences in accuracy were minimal (ILW, 0.024; IL, 0.029; ID, 0.035). These excellent 

results are the consequence of tens of thousands of boars evaluated over more than 30 

years and from the fact that the Genetic Indices (BLUP Animal Model Multiple Trait) 

evaluate not only the performance of siblings in the sib group but also that of relatives 

already tested. Reducing the number of individuals in the sib group will cause a 50% 

increase in testing capacity, meaning that it will increase the number of boars evaluated 

from which to make the breeding choice, although the number of breeding stock chosen 

remains the same. Thus, the intensity of selection will be increased, and thus selective 

progress will also be increased (Professional Swine Community: 

https://www.3tre3.it/notizie-aziende/anas-ctc-e-conservazioni-delle-razze-

italiane_12708/). Anyway, after that, the tested full sibs are taken to the slaughterhouse 

and individually checked for carcass weight, thighs, loins, cups, shoulders, and backfat 

thickness survey, while the thighs are checked at the ham factory for first salting drop and 

VIF. The data on the traits considered along with the kinships among the test animals are 

used to process the BLUP Animal Model Multiple Trait that estimates the genetic 

potential for each of the traits considered, partial indices, and then for the set of these 

traits, selection index (Gallo, 2012). Partial Genetic Indices determine boar value for the 

following traits: the average daily increment, the thickness of the lard measured on the 
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midrib at the gluteus, the total weight of the lean cuts (“coppa” and loin), the weight loss 

of the thighs during the first salting, for the weight of the thighs when hot (not part of the 

total genetic index), for the food conversion index (not part of the total genetic index), 

and exclusively in the Duroc breed, for the probability of obtaining thighs with too high 

VIF (Libro Genealogico, 2010). 

The boars thus selected contribute to the genetic improvement of the population through 

utilization programs in which 16.5% of the boars are qualified for artificial insemination, 

these individuals are used in the programmed breeding of pure line breeding farms and 

later in production farms through public artificial insemination centers. The remaining 

boars evaluated positively are qualified for natural insemination, while those evaluated 

negatively are disqualified from the herd book in the same manner as those boars’ homo- 

and heterozygous for the gene responsible for malignant hyperthermia, a hereditary 

disorder that is associated with the rapid postmortem changes in muscle that result in PSE 

(ANAS, 2020; Bosi & Russo, 2004; Nicholas, 2011). 
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3 Energetic, physical, and biochemical processes involving muscle from 

the death of the animal to conversion to meat 

3.1 The conversion of muscle to meat 

After the death of the animal, a whole series of energetic, biochemical, and physical 

events begin in the muscle that results in its conversion to meat. 

From the moment the animal succumbs as a result of exsanguination, there is a gradual 

reduction in blood supply and thus oxygen to the muscle fibers, conditions that do not 

immediately stop the synthesis of adenosine triphosphate (ATP) aerobically by the 

muscle, but slow it is down in a futile attempt to sustain cellular homeostasis (Scheffler 

& Gerrard, 2007; Vetharaniam et al., 2010). 

However, during early postmortem metabolism, ATP concentration remains stable 

through the utilization of high-energy phosphoric substrates, such as phosphocreatine 

(PCr), although is storage in insufficient amounts (~25 μmol/g of muscle tissue) to meet 

the long-term energy demand of muscle (Wang et al., 2022). 

When PCr concentration drops below 4 μmol/g of muscle tissue, glycogen catabolism 

(glycogenolysis) and glycolysis become the metabolic pathways for ATP production. 

Glycogen is the storage carbohydrate of skeletal muscle; it consists of glucose molecules 

linearly linked by α-1,4-glycosidic bonds, and every 8-12 residues, through an α-1,6-

glycosidic bond, a branch is formed. From glycogenolysis, glucose-6-phosphate 

molecules are generated, which together with the storage muscle glucose-6-phosphate 

form the substrates for the glycolytic pathway. 

From each six-carbon glucose moiety of glycogen, two molecules of pyruvate, three 

molecules of ATP and two molecules of reduced nicotinamide adenine dinucleotide 

(NADH), one hydrogen ion (H" ), and two molecules of water are obtained (reaction 1; 

Matarneh et al., 2023). 
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 (1) 

Glycogenn + 3ADP + 3Pi + 2NAD"  + 2H#O 

Glycogenn$!%+ 2pyruvate + 3ATP + 2NADH + H"  +2H#O 

After oxygen deprivation, muscle fibers support the cellular energy needed through 

anaerobic glycolysis, metabolizing pyruvate to lactate. 

This reaction provides NAD"  to an enzyme in the glycolytic metabolic pathway, 

glyceraldehyde-3-phosphate dehydrogenase, allowing glycolysis to continue. In the lack 

of blood flow, the lactate produced accumulates at the muscle level. Furthermore, it is not 

the lactate that causes the pH reduction in the muscle. Indeed, anaerobic glycolysis 

sequesters one H"  from the system for each molecule of pyruvate metabolized to lactate, 

thus acting as a buffer (reaction 2). 

(2) 

 

In contrast, it is the hydrolysis of ATP generates H"  ions that accumulate in the muscle 

and result in the lowering of pH, the result is the acidification of muscle (Scheffler et 

al., 2015; Wang et al., 2022) (reaction 3). 

(3) 

 

The pH gradually decreases from about 7.2, in living tissue, to about 5.6, 24 hours after 

the death of the animal (pHU). 

From the coupling of glycolysis with lactate formation (reaction 4) and ATP hydrolysis 

(reaction 5), 2 lactate molecules and 2H"  ions are obtained at a 1:1 ratio. 

Pyruvate + NADH + H"  Lactate + NAD"  
Lactate dehydrogenase 

ADP + Pi + H"  + energy + heat ATPase ATP + H#O 
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(4) 

 

(5) 

 

Considering that the linear relationship between lactate and pH measured at the same time 

is often negative, lactate can be considered an excellent indicator of the extent of 

postmortem metabolism (Matarneh et al, 2023). 

A further event that occurs during postmortem metabolism in muscle under anoxic 

conditions is the cessation of oxidative phosphorylation, a metabolic pathway that 

involves the formation of ATP from tricarboxylic acids in the mitochondrion. However, 

at the time of animal death, mitochondria maintain their structural integrity and 

functionality even for several hours postmortem (England et al., 2018). 

In this phase, myoglobin-bound oxygen present in muscle is used by the mitochondrion 

to activate oxidative phosphorylation, briefly increasing cellular ATP levels. 

Subsequent depletion of ATP levels fails the ATPase pump of the sarcoplasmic reticulum 

to uptake Ca#"  causing an overload of Ca#"  in the cytosol. To reduce the levels of 

cytoplasmic Ca#" , the mitochondrion sequesters it and therefore increases its 

concentration within it considerably. The effect is the increased formation of reactive 

oxygen species, which together with Ca#"  overload causes the mitochondrial permeability 

transition pore to open. This allows the transition of apoptosis-inducing proteins, such as 

cytochrome c, into the cytosol, activating downstream caspases that in turn results in cell 

death (Zhang et al., 2020). 

Again, the cell tries to prevent the collapse of the proton motive force, that is 

electrochemical gradient generated during cellular respiration for the passage of H" %ions 

Glycogenn +	3ADP +	3Pi +	H+ Glycogenn−!  +	2lactate +	3ATP +	2H#O  

Glycogenn Glycogenn−!%+	2lactate +	2H+ 
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from the matrix to the intermembrane space of the mitochondrion, by acting on one of the 

components of the electron transport chain (ETC) that determine this gradient, the 

enzymatic complex V of mitochondrial ATP synthase (F1F0 ATP synthase). In fact, the 

F1F0 ATP synthase (a component of the ETC) changes its role by coupling the pumping 

of H"  ions, from the matrix to the intermembrane space of the mitochondrion, with the 

hydrolysis of ATP. This function is allowed by utilizing ATP derived from glycolysis, 

which thus increases the cellular energy deficit (Matarneh et al., 2018). 

Increased ATP utilization may promote postmortem metabolism with negative 

consequences on meat quality. 

3.3 Rigor mortis 

During postmortem metabolism, the efficiency of ATP generation in an anaerobic way is 

less efficient than aerobic way, consequently, the rate of ATP hydrolysis is greater than 

its formation, thus triggering the onset of rigor mortis. 

Subsequently, the muscle can no longer generate ATP due to the depletion of energy 

substrates, the energy to separate myosin and actin is no longer supplied and thus they 

remain irreversibly bound, resulting in the loss of muscle excitability and extensibility, 

i.e., the completion of rigor mortis. 

During the storage (aging) phase of the carcass, cytoskeletal proteins are degraded by 

proteolytic enzymes causing the muscle to lose structural integrity; thus, muscle tension 

is reduced and rigor resolves (Matarneh et al., 2023; Pearce et al., 2011). 
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3.4 Biochemical changes during the process steps for dry-cured ham 

During the process steps to produce dry-cured ham, including Parma ham, biochemical 

changes occur that give the product typical texture and flavor characteristics. Among the 

key factors that determine the quality of dry-cured ham are the preservation techniques, 

which in the case of Parma ham is done by salting, with temperature and humidity 

regulation and not using nitrates and nitrites, and the properties of the starting raw 

materials (green ham) (Petrova et al., 2015; Wakamatsu et al., 2022). 

The first step in the production process is salting. The salt osmotically dehydrates the 

muscle, causing water to escape and diffuse inside. Subsequently, the surface water will 

evaporate, determining a balance within the ham. In addition, cytoskeletal and 

myofibrillar proteins are degraded by the action of endogenous endopeptidases, namely 

cathepsins B, D, H, and L, and to a lesser extent calpain, and by exopeptidases, such as 

peptidases and aminopeptidases. Their activity positively influences texture and results 

in the release of peptides and amino acids that attribute the typical flavor and aroma to 

the final product. However, protein degradation should not be excessive since it is 

possible to incur in softness and pastiness, as well as in an unpleasant aroma and flavor 

(Škrlep et al., 2011). Lipids undergo lipolysis by the action of lipolytic enzymes and 

oxidative reactions, with the release of free fatty acids and many volatile and nonvolatile 

compounds that enhance flavor (Čandek-Potokar & Škrlep, 2012; Petrova et al., 2015). 
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4 Parameters of interest of green ham for dry-cured ham production 

4.1 Physical-chemical properties of the meat, pH, and Water Holding Capacity 

pH is one of the key parameters affecting the quality of dry-cured ham. It affects the 

texture, color, Water Holding Capacity (WHC), and shelf-life of the meat. Rapid pH 

reduction with values less than 6.0 within one-hour postmortem (pH1) or pHU less than 

5.4 results in reduced WHC with a possible manifestation of PSE meat (Figure 1) 

(Matarneh et al., 2023; Petrova et al., 2015). PSE can occur either due to stressogenic 

causes in pre-slaughter or due to mutation c.1843C>T of the Ryanodine Receptor 1 

(RYR1) gene (Fujii et al., 1991). RYR1 gene expresses the protein responsible for Ca#"  

release from the sarcoplasmic reticulum into the cytosol, RYR1 mutation results in a 

substitution of the amino acid arginine for cysteine at position 615 in the aminoacidic 

sequence causing an uncontrolled Ca#"%overload and cascade to intensive muscle 

contraction, increased temperature, accelerated postmortem glycolysis, and rapid pH 

reduction (Barbut et al., 2008; Ciobanu et al., 2011). 

Another genetic factor that results in abnormally low pH below 5.4 (Figure 1) at 24 hours 

postmortem and reduced WHC in muscle, causing the defect of acidic meat, is the 

mutation c.599G>A of the Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 

3 (PRKAG3) gene known as Rendement Napole (RN&) (Milan et al., 2000). Present in 

Hampshire pigs and pigs derived from this breed, the mutation results in a substitution of 

the amino acid arginine for glutamine at position 200 in the aminoacidic sequence of the 

γ3 subunit of AMP-dependant protein kinase (AMPK), a key enzyme in cellular energy 

metabolism, which in the case of RN& manifests an increase in its activity with the effect 

of increasing glycogen storage and mitochondrial oxidative capacity in glycolytic 

muscles (Čandek-Potokar & Škrlep, 2012; Matarneh et al., 2023). 

In addition, the proteolytic activity of endogenous endopeptidases and exopeptidases are 
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favored by these low pH values. These enzyme activities if in excess adversely affect 

texture, poor mouthfeel, unacceptable softness, unpleasant taste (bitterness, metallic 

taste), formation of tyrosine crystals and the appearance of a white film on the surface of 

vacuum packet ham (Virgili et al., 1995). Low pH values correlate with high process 

losses and increased salt absorption of the meat, resulting in a salty, dry, and hard final 

product (Čandek-Potokar & Škrlep, 2012). 

In contrast, when the pHU is not low enough i.e., greater than 6.2, DFD meat may occur 

(Figure 1). Exposure of the animal to chronic stress conditions in pre-slaughter results in 

the demobilization of muscle glycogen by lowering its content to inadequate levels. This 

causes an early interruption of postmortem metabolism and thus the pH does not fall 

sufficiently (Matarneh et al., 2023). DFD meat has higher WHC and lower salt uptake 

which increases the activity of water, promoting pastiness, excessive softness, and 

increased spoilage caused by bacteria (Scheffler & Gerrard, 2007). 
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Figure 1. The effect of postmortem pH decline on meat quality characteristics. The pI is 

the isoelectric point or pH at which positive or negative charges of muscle protein side 

groups equalize, reducing the ability of the muscle to bind water. DFD, dark firm dry; 

PSE, pale soft exudative (Image source Matarneh et al., 2023 and edited).  

 

4.2 Subcutaneous, inter-, and intramuscular fat 

Fat is a key component in providing sensory and technological qualities to dry-cured ham. 

Lipolysis and subsequent lipid oxidation generate free fatty acids, which provide flavor 

and aroma to the product (Petrova et al., 2015). 

In addition, the fatty acid profile it is also very important both for sensory quality but also 

for nutritional quality. To include ham among the foods of a healthy diet, recent trends 

have focused on the reduced ratio of saturated fatty acids (SFAs) to polyunsaturated fatty 

acids (PUFAs) and reduced the ratio of n-6/n-3 PUFAs (Wood et al., 2004; Yang et., 

2016). Although the greater susceptibility to oxidation of PUFAs compared to SFAs must 

be referred to achieve these goals, the use of antioxidants in diets seems to be able to 

solve the problem (Sirri et al., 2018; Vitali et al., 2019). 
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From the perspective of technological quality, the subcutaneous fat layer reduces curing 

losses because it prevents the loss of water and organoleptic substances characteristic of 

the product (Bosi & Russo, 2004), while also preventing the ham from drying out and 

forming an undesirable surface crust (Čandek-Potokar & Škrlep, 2012). This suggests 

why the selection of heavy pigs aims to keep the subcutaneous fat layer constant. Again, 

inter- and intramuscular fat are also a barrier to water diffusion and salt penetration. They 

also impart positive effects to juiciness and a soft texture appropriate to ham. However, 

they mustn't be in excess, to avoid the phenomenon of "fattiness" (Bosi & Russo, 2004), 

which would make the ham excessively soft and pasty (Čandek-Potokar & Škrlep, 2012). 

4.3 Color 

Meat color is one of the most important factors that determine both the quality of the 

product and the criterion for consumer choice. The pigment mainly responsible for meat 

color is myoglobin (Mb), which is a heme protein with the iron complex of porphyrin and 

depending on the type of iron-coordinated molecule imparts a different color to the meat. 

Mb has the physiological function of binding oxygen and transporting it to the 

mitochondria for oxidative reactions within them. In oxidative muscle fibers, where 

mitochondria are present more, Mb is itself present in greater amounts. This gives muscles 

with a high proportion of oxidative fibers their dark color. (Matarneh et al., 2023). 

In meat products that involve the use of nitrates and/or nitrites in their production process, 

Mb binds to nitric oxide to form nitrosyl Mb, which imparts a stable red color to the 

product. In contrast, in the Parma ham production process, the use of nitrates and/or 

nitrites is prohibited because the latter result in the formation of carcinogenic N-nitroso 

compounds (Wakamatsu et al., 2004). Therefore, the stable red color of Parma ham 

depends on another compound, Zn-protoporphyrin IX (ZnPP). However, the mechanisms 

underlying the formation of this metalloporphyrin are still debated. The one recently 
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proposed by Wakamatsu et al., 2022, represented in Figure 2, suggests that the main 

precursor of ZnPP is hemoglobin (Hb), although myoglobin is quantitatively more 

relevant. In erythrocytes, Hb tetramer easily dissociates into Hb dimers after hemolysis 

and is due to its low concentration and low pH. The hypothesis provided by Wakamatsu 

et al., 2022 is that free Hb dimers undergo self-oxidation by generating hematin (Fe'" ) 

and apoHb, just as occurs in the Hb-scavenging system of living organisms. Hematin is 

reduced to heme (Fe#" ), by the endogenous reduction system in meat. Generally, hematin 

is degraded by heme oxygenase to biliverdin but in the presence of ZnPP, which inhibits 

heme oxygenase, degradation does not occur. Endogenous ferrochelatase (FECH) present 

in meat results in the removal of iron from heme, with the formation of protoporphyrin 

IX, after which it binds zinc to protoporphyrin IX, generating ZnPP. The formed ZnPP 

binds non-enzymatically to the apoHb dimer present in abundance, forming the ZnPP-Hb 

complex, a compound presumed to be predominant in nitrite-free dry-cured hams. Also, 

according to Wakamatsu et al., 2022, the high stability of the binding between heme and 

Mb makes it difficult for them to dissociate and thus nullifies the possibility that it could 

predict the formation of ZnPP-Mb. 
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Figure 2. Hypothesized mechanism for Zinc Protoporphyrin IX (ZnPP) formation in 

nitrite-free dry-cured ham from Wakamatsu et al., 2022. The thickness of the lines from 

thinnest to thickest indicates the amount from least to the greatest amount of ZnPP 

produced. (Image source of Wakamatsu et al., 2022, and edited). 
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5 Methods of swine genome and transcriptome analysis 

5.1 Genome sequencing of swine 

The domestic pig (Sus scrofa) is a member of the family Suidae, a group of pig species 

in the order Cetartiodactyls that originated about 20-30 million years ago. Of this family, 

Sus scrofa, which originated about 3-4 million years ago (Bosse, 2015), is the only 

domesticated species (Frantz et al., 2016). 

The porcine genome was first sequenced at the establishment of the Swine Genome 

Sequencing Consortium (SGSC) in September 2003 (Schook et al., 2005), relying on 

hierarchical shotgun Sanger sequencing of bacterial artificial chromosome clones 

(Humphray et al., 2007) later supported with Illumina next-generation sequencing data 

(Archibald et al., 2010). This enabled the assembly and publication of a draft purebred 

Duroc female pig reference genome sequence in 2012, Sus scrofa genome version 10.2 

(Sscrofa10.2) (Groenen et al., 2012). Previously a preliminary reference genome 

sequence (build 9) was available since 2004 (Fan et al., 2011). 

5.2 Sus scrofa genome version 11.1 

The genome version following Sscrofa10.2 released in 2012 and updated in 2014 by the 

SGSC, is Sus scrofa genome version 11.1 (Sscrofa11.1) produced in 2017 and updated in 

2022 also by the SGSC (Pig annotation; Ensembl: 

https://www.ensembl.org/Sus_scrofa/Info/Annotation). 

Version 11.1 was produced because version 10.2 was incomplete. About 10% of the pig 

genome was either not represented or incompletely represented in the assembly. 

Moreover, to improve the sequence, the clone-by-clone method was expensive, despite 

the reduction in sequencing costs brought about by next-generation technologies (Warr 

et al., 2020). With greatly reduced whole-genome shotgun sequencing costs and Illumina 

short-read technology, it was possible to sequence many pig genomes (Groenen, 2016). 
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Some were assembled at the contig level while most sequences were aligned to the 

reference genome and used for variant discovery. The advent of third generation long-

read sequencing technologies, such as the platforms provided by Pacific Biosciences 

(PacBio) and Oxford Nanopore, with their increased capacity and further cost reduction, 

have made it possible to establish highly continuous pig genome sequences that are very 

useful for applied research in genetics and genomics of this species. PacBio long-read 

technology was used to obtain Sscrofa11.1, which generated highly (>90-fold) contiguous 

chromosome-level genome assemblies (Warr et al., 2020). 

The demonstration of the difference in continuity between the genomes of the two 

versions is evident (Table 2), considering contigs and scaffolds. These two elements are 

fundamental to the assembly of the genome in a hierarchical manner. The hierarchical 

system involves the use of the shortest components of the assembly, contigs. The contigs 

are continuous genomic sequences derived from sequencing the genome of one or more 

individuals of the same species and are assembled into longer components, the scaffolds, 

which, in the case of sufficient mapping information will in turn be assembled to 

reconstruct chromosomes (Genome assemblies; Ensembl: 

https://www.ensembl.org/info/genome/genebuild/chromosomes_scaffolds_contigs.html)

. For both contigs and scaffolds, the parameters are the N50, which is defined as the 

sequence length of the shortest contig/scaffold at 50% of the total assembly length 

(Sedlazeck et al., 2018), and the L50, which is defined as count of smallest number of 

contigs/scaffolds whose length sum makes up half of genome size (Jayakumar & 

Sakakibara, 2019). From Table 2, it is evident that the length of contigs and scaffolds in 

version 11.1 is greater than those in version 10.2. At the same time, the number of 

contigs/scaffolds (L50) is also smaller in version 11.1 than in 10.2. With longer contigs 

and fewer in number, as in the updated version, the genome is covered more with a 
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reduced incidence of gaps and misassembles errors. In contrast, in version 10.2 the high 

number and shorter length of contigs generates many gaps and misassembles errors (Warr 

et al., 2017). The difference in the number of gaps between the two versions is shown in 

Table 2. 

Table 2. Differences in the assembly statistics found between version Sscrofa10.2 and 

Sscrofa11.1. 

Assembly statistics 
Sscrofa10.2 

(https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000003025.5/) 

Sscrofa11.1 
(https://www.ncbi.nlm.nih.gov/data
-hub/genome/GCF_000003025.6/) 

Genome size 2.8 Gb 2.5 Gb 
Total ungapped length 2.5 Gb 2.5 Gb 
Gaps between scaffolds 5,323 93 
Number of chromosomes 20 20 
Number of scaffolds 9,905 705 
Scaffold N50 576 kb 88.2 Mb 
Scaffold L50 1,303 9 
Number of contigs 243,020 1,117 
Contig N50 69.5 kb 48.2 Mb 
Contig L50 8,632 15 

Sscrofa11.1 was annotated using Ensembl standard automated gene annotation system, 

which incorporates RNA-sequencing (RNA-seq) data and PacBio long reads provided by 

the SGSC. 

As shown in Table 3, version 11.1 is more representative of porcine genes than version 

10.2 because the number of annotated transcripts is greater, which provides a more 

complete overview of the porcine transcriptome. In addition, its greater completeness 

compared with version 10.2 comes from the smaller quantitative number of fragmented 

genes and pseudogenes (Warr et al., 2020). 
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Table 3. Differences in annotation statistics for Ensembl annotation of pig found 

between version Sscrofa10.2 and Sscrofa11.1 (Warr et al., 2020). 

Annotation statistics Sscrofa10.2  Sscrofa11.1  
Coding genes 21,630 (incl 10 RT) 21,301 
Non-coding genes 3,124 8,971 
Small non-coding genes 2,804 2,156 
Long non-coding genes 135 (incl 1 RT) 6,798 
Miscellaneous non-coding genes 185 17 
Pseudogenes 568 1,626 
Gene transcripts 30,585 63,041 
Incl: including RT: read through. 

5.3 SNP chip 

The study of the complexity of the genetic regulation of quantitative traits and the 

discovery of genes that determine variation in these traits require a very large number of 

genetic markers, including single nucleotide polymorphisms (SNPs), for their 

implementation. SNPs are bi-allelic genetic markers that are widespread throughout the 

genome, allowing the detection of genes that are in linkage disequilibrium (LD) with them 

(Ramos et al., 2009). LD refers to associations between SNP alleles and the alleles at 

mutations that influence traits, which occur because alleles of SNPs and mutations are 

close together on the same chromosome segment (Hayes & Goddard, 2010). With the 

advent of next-generation sequencing technologies, it has been possible to generate large 

amounts of sequencing data in a short time and at low cost (Ramos et al., 2009). To date, 

the sequencing advantages of third-generation next-generation sequencing technologies 

and the processing of increasingly updated reference genomes, crucial to produce high-

throughput genotyping platforms, have led the design of high-density SNP arrays, a 

primary tool for genetic and genomic analyses. 

The use of high-density SNP arrays is to better understand species evolution, breed 

formation and domestication, the development of new theories of genetic populations, to 
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better understand genetic diversity and the relationships among individuals within 

population, and to dissect the genetic mechanisms of complex traits, as well as to improve 

selection methods in genetic improvement (Fan et al., 2010). 

An example of a higher density SNP array, which was used in the genome-wide 

association study (GWAS) in this thesis, is the GeneSeek Genomic Profiler porcine 

microarray (GGP Porcine HD array) containing 68,516 SNPs distributed over all porcine 

autosomes to detect associations across the entire genome, the position of the markers 

was updated to the latest version of the porcine genome (Sscrofa 11.1) to obtain up-to-

date associations (Illumina-NeoGen: https://www.illumina.com/products/by-

type/microarray-kits/ggp-porcine.html). However, there are also SNP chips with higher 

densities than the one mentioned, such as the Axiom Porcine Genotyping Array 

(Axiom_PigHDv1) which includes 658,692 markers (Applied biosystem: 

https://www.thermofisher.com/order/catalog/product/550588) 

5.4 Transcriptome analysis: microarray technique 

The microarray technique is based on the complementarity between strands of nucleic 

acids that enable the detection of specific sequences by what is called hybridization. 

The microarray, also known as a DNA chip or biochip, consists of a glass, plastic, or 

nylon substrate where cDNA or oligonucleotide probes are attached, whose 

corresponding sequences constitute the transcribed sequences known when the 

microarray was designed. Each probe with a given sequence along with its billions of 

copies is attached to a probe cell. RNA extracted from one or more samples, amplified, 

converted to cDNA, and labeled with a fluorophore is then hybridized into the microarray. 

Hybridization between the probe and the cDNA strand will generate a fluorescent signal 

whose magnitude is proportional to the expression level of the gene corresponding to the 

cDNA strand affected by hybridization (Citterich et al., 2018; San Segundo-Val & Sanz-
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Lozano, 2016). 

Based on one or two samples to be used, one color or two can be chosen in hybridization 

with the array, respectively. In the case of two samples, they are labeled with the two 

respective colors chosen, mixed, and hybridized on the same array. This two-color system 

gives some versatility to the experiment since the second sample can be an experimental 

sample or a standard applied on all arrays (Kerr et al., 2007; Novoradovskaya et al., 2004). 

There are many microarray platforms on the market, the most popular being single-color 

and using oligonucleotides as probes. Microarray platforms with oligonucleotides have 

one major difference namely the length and the number of oligonucleotide probes. 

Regarding length, long nucleotide probes (50-70 bases) have higher sensitivity making 

them better able to analyze low copy number mRNAs, while short nucleotide probes (25-

30 bases) are more specific since they are less likely to cross hybridize with other RNAs. 

Although most platforms have one probe per target, that it occurs only once at a specific 

position on the array, some have repeat probes, from 20 to 26, per target (Roberts, 2008). 

This contributes to higher reliability and precision measures (Kuhn, 2004). 

After hybridization follows the data acquisition phase through a scanner that processes 

the images and then subjects the obtained data to a normalization process to eliminate 

systematic bias and make different experiments comparable (Citterich et al., 2018). One 

correction to be performed concerns the two-color system, since the fluorochrome 

cyanine 5 (Cy5) often used in two-color microarray experiments degrades rapidly upon 

contact with ozone, as opposed to the other fluorochrome often used in this type of 

experiment, cyanine 3 (Cy3) (Fare et al., 2003). 

After these steps, genes differentially and significantly expressed between the two or 

more experimental conditions are identified, usually by comparing the average intensity 

values of the replicate samples (Roberts, 2008). 
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Although the microarray technique has had a great development in recent times because 

of its simplicity of execution and cost-effectiveness, it has some limitations. First, it 

allows the measurement of expression of already known genes so new transcripts 

produced by alternative splicing cannot be detected if the sequence is unknown, 

consequently, probes present on the slide must have been drawn. Cross-hybridization 

between genes with similar sequences may occur. In addition, this method generally does 

not allow the determination of expression levels at two or three orders of magnitude 

relative to another condition studied (Citterich et al., 2018; San Segundo-Val & Sanz-

Lozano, 2016). 

5.5 Transcriptome analysis: RNA-sequencing methodology 

The advent in recent times of large-scale high-throughput nucleic acids sequencing 

methods in addition to the limited ability to identify and quantify the various types of 

RNA molecules expressed by the genome by hybridization-based microarray 

technologies has enabled the emergence of a new method for transcriptome mapping and 

quantification, namely a single high throughput sequencing assay called RNA-seq 

(Citterich et al., 2018; Ozsolak & Milos, 2011). 

The method involves RNA extraction, through protocols that in most biological samples 

involve the removal of ribosomal RNA, representing 90% of total RNA, or enrichment 

of mRNA with poly(A), to obtain as much mRNA as possible (Conesa et al., 2016; Sirri 

et al., 2018). Next, the RNA is converted to a library of cDNA fragments with attached 

adaptors at one end, single-end (SE), or both, paired-end (PE) (Wang et al., 2009). Of 

these, short SEs are usually sufficient for studies of gene expression levels in organisms 

with well-annotated genomes, while PEs are preferable for characterizing poorly 

annotated transcriptomes (Conesa et al., 2016). Another important parameter to evaluate 

before sequencing is sequencing depth or library size, which is the number of reads 
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sequenced per sample (Mortazavi et al., 2008), which for example for Illumina 

sequencing technology corresponds to 10-30 million reads per sample (Stark et al., 2019). 

Deeper sequencing results in more detected transcripts and their quantification is more 

precise (Mortazavi et al., 2008), although transcriptional noise and off-target transcripts 

such as several types of small RNAs can be detected (Tarazona et al., 2011). 

From sequencing, raw reads are obtained, which undergo quality control to detect 

sequencing errors, PCR artifacts, or contamination. From this evaluation, to increase the 

quality of the reads, low-quality reads, trim adaptor sequences, and poor-quality bases are 

eliminated (Conesa et al., 2016). At this point, high-quality reads are mapped to the 

genome or transcriptome or assembled de novo, without a genome sequence, to produce 

a genome-scale transcription map that includes the transcriptional structure and/or 

expression levels for each gene (Conesa et al., 2016; Wang et al., 2009). When the 

reference genome is available, mapping is used to identify which transcripts are 

expressed, focusing solely on quantification and not on discovering new ones. 

The quality of mapping is mainly defined by the percentage of mapped reads, which is a 

total indicator of sequencing accuracy and the presence of contaminants, e.g., an excellent 

mapping is 70-90% of mapped reads on the human genome (Dobin et al., 2013), these 

values of mapped reads are also achieved with pig genome (Horodyska et al., 2018; 

Horodyska et al., 2019). After that, quantification, i.e., the number of reads that map to 

each transcribed sequence (Liao et al., 2014), filtering and normalizing between samples, 

and statistical modeling to assess significant differences in the expression levels of 

individual genes and/or transcripts among the groups of samples under investigation 

(Stark et al., 2019) are evaluated. Finally, the differentially expressed genes identified are 

used to detect the characterization of the molecular functions or pathways in which these 

genes are involved (Conesa et al., 2016), so that the biological interpretation of the results 
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can be provided. 

With the RNA-seq method, the following issues can be studied: the expression levels of 

microRNAs and those of messenger RNA (mRNAs) isoforms; the identification of allelic 

variants (Conesa et al., 2016). 

5.6 Mapping and identification of causal variant of complex trait: genome-wide 

association study 

In the 1990s, detecting genetic variants in relation to complex traits and economically 

important genome-wide meant relying on the mapping of Quantitative Trait Loci (QTL) 

(Sharma et al., 2015). QTLs are specific chromosomal regions that contain genes that 

contribute significantly to the expression of a specific trait (AnimalQTLdb: 

https://www.animalgenome.org/QTLdb). Table 4 shows the number of QTLs currently 

mapped in livestock species, while the most representative traits studied in swine by the 

number of QTL identified are listed in Table 5. 

Table 4. Number of Quantitative Trait Loci (QTL) identified to date in major farmed 

animal species. The data obtained are from AnimalQTLdb 

(https://www.animalgenome.org/QTLdb), accessed January 2023. 

Livestock species n° QTL 
Cattle 193,641 
Pig 36,725 
Chicken 18,313 
Sheep 4,504 
Horse 2,649 
Rainbow Trout 2,329 
Goat 129 
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Table 5. Traits of the pig with the highest number of Quantitative Trait Loci (QTL) for 

each. The data obtained are from PigQTLdb (https://www.animalgenome.org/cgi-

bin/QTLdb/SS/summary), accessed January 2023. 

Traits n° QTL 
Drip loss 1,092 
CD8-negative leukocyte percentage 900 
Intramuscular fat content 898 
Palmitoleic acid content 865 
Average daily gain 859 
Stearic acid content 850 
The saturated fatty acid content 833 
Coping behavior 813 
Palmitic acid content 804 
Oleic acid content 796 

Although thousands of QTLs have been detected to date for numerous traits, this approach 

used mainly microsatellites as markers, giving it a low resolution. Indeed, linkage analysis 

maps QTLs to a wide range, 20 centimorgans (cM) or more (Van Laere et al., 2003), the 

consequence being difficult identification of the underlying gene/s for a given trait of 

interest (Schmid & Bennewitz, 2017). To address these issues and following the advent 

of high-density SNP arrays for many livestock species, including Sus scrofa, the GWAS, 

has been developed (Fan et al., 2010). 

GWAS involves recording a sample of animals for a given trait and assaying that sample 

for a genome-wide panel of markers, SNPs, to detect statistically significant associations 

between the trait and each of the markers (Goddard & Hayes, 2009). To achieve the result, 

there must be a statistically significant association in LD between the SNPs and the causal 

or partly causal polymorphisms of the complex trait of interest (Goddard et al., 2016). 

The level of LD is a function of the distance between the two loci on the chromosome. In 

fact, the closer the two loci are to each other the greater the LD will be, consequently 

increasing the probability of the two loci to segregate together during meiosis (Goddard 
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& Hayes, 2009).  

The data collected by GWAS can be used to predict phenotypes (Sharma et al, 2015), or 

to map causal variants and be able to identify them in a region of the genome, increasing 

the biological understanding of complex traits (Johnsson & Jungnickel, 2021), or even to 

learn about the genetic architecture of complex traits (Do et al., 2013), that is, how 

polymorphisms control a trait, what their effects and allele frequencies are, the LD among 

them, and how they evolve. 

To perform a GWAS, it is crucial to know the number of SNPs involved, which depends 

on the distance over which LD operates. If the SNPs are far apart a QTL may not be in 

enough LD with the markers and therefore will not be detected. Conversely, increasing 

the density of SNPs also increases the power to detect QTLs and the accuracy of mapping. 

However, if the LD is high on a segment of a chromosome, increasing the density of SNPs 

does not allow the precise detection of the location of a QTL within the segment. Because 

it is necessary to be a distance between the SNPs so that they do not segregate together 

during meiosis, as it would make it more complicated to detect the causative mutation 

(Goddard & Hayes, 2009). In addition, some SNPs are monomorphic, meaning they show 

only one allele in all samples, or one of the two alleles may have a very low frequency. 

In the latter case the association between a trait and a rare allele may not be significant 

(Weale, 2010). To avoid this problem, generally, SNPs with minor allele frequency below 

a certain threshold, usually between 1 and 5%, are eliminated (Gondro et al., 2013). 

Another aspect to be considered is to check whether there is a significant deviation of the 

allele and genotype frequencies for a given SNP in the sampled population from the allele 

and genotype frequencies of that SNP in the case where the population is in Hardy-

Weinberg equilibrium. When a statistically significant difference is found, there is a 

strong indication that there are genotyping errors in the data (Marees et al., 2018) or that 
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a biologically relevant factor is acting on the sampled population (Gondro et al., 2013). 

Again, it is necessary to test the quality of the samples checking the percentage of missing 

genotypes per sample. If the missing genotypes exceed a certain threshold generally 10%, 

it is likely that that sample should be excluded, as it is an indication of reduced DNA 

quality (Gondro et al., 2013). 

Among the possible biases found in a GWAS are false positives generated by admixture 

in the samples of individuals used. The presence of kinship relationships between animals 

is a form of admixture (Garrick & Fernando, 2013) with the result that the associations 

discovered may be a mixture of associations caused by LD and by linkage within a family 

or families, which is the associations within a family or families but not involving the 

entire population. These linkage associations generate two effects. First, associations are 

found between SNPs that are at some distance from a QTL. Second, some associations 

may be specific to the sample of families studied and may not be replicated in another 

sample of families from the same population (Goddard & Hayes, 2009). In the latter case, 

the problem can be remedied by performing a principal components analysis among 

families in the same population or, if present, providing the pedigree information of the 

individuals sampled. 

Furthermore, SNPs are confirmed to have a significant association with a given trait in 

independent samples. This is due to three reasons. The first is that the effect size of each 

association is small, and thus a large experiment is needed to obtain adequate power and 

thus confirm the effect. The second is that LD may be present between SNPs and QTLs 

in the original sample of animals, but it is not obvious that it is present for samples of 

other breeds or samples of other families even within the same breed. The third is that the 

multiple test correction obtained using the false discovery rate approach (Benjamini & 

Hochberg, 1995) instead of the more restrictive than the Bonferroni correction (in contrast 
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is often too much restrictive for this kind of analysis) tends to be high, and thus most 

significant associations occur by chance when testing many SNPs. The increased 

likelihood that SNP associations are confirmed occurs when many animals are sampled 

within the same breed (>1,000), when SNPs are highly significant, and when results are 

confirmed on many samples from the same breed (Goddard & Hayes, 2009). 
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Aim of the thesis 

In Italy, protected designation of origin (PDO) high-quality dry-cured products derived 

from heavy pigs, such as Parma ham, besides being Italian excellence in culture and 

tradition, have a business of millions of euros. Assuming this, in the field of genetics 

many studies have been carried out to understand in more detail what are the traits that 

regulate meat quality and how they act. So that they can provide crucial information for 

the selective process.  

The purpose of this thesis is to investigate, using gene expression and genome-wide 

association study (GWAS) methods, the genetic mechanisms underlying some meat 

quality parameters to produce PDO high-quality dry-cured products. 

In the first study, the aim was to shed light on some molecular and metabolic mechanisms 

that regulate glycolytic potential, a parameter used to predict the quality of final meat 

products, in the early postmortem. Using the microarray method, the difference in gene 

expression in Semimembranosus muscle samples of Italian Large White (ILW) pigs 

divergent for glycolytic potential was studied. 

In the pilot study, the second, one of the aims was to identify possible relationships 

between carcass traits and fresh ham traits so that the final quality of PDO dry-cured ham 

could be predicted. The other purpose was to identify genomic regions related to variation 

in the carcass and fresh ham quality traits. A GWAS, on samples derived from the carcass 

and Semimembranosus muscle of hybrid pigs, was employed as a genetic method for the 

study. 

Finally, in the third study, the aim was to investigate the effects on pig muscle tissue of 

polyunsaturated fatty acids derived from extruded linseed, in combination or not with 

natural (polyphenols) and non-natural (vitamin E and selenium) antioxidants used in 

various experimental diets. In this case, an RNA-sequencing with a more selective 



49 

workflow was used to evaluate the differences in gene expression among various 

experimental diets in Longissimus thoracis samples of ILW pigs. 
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Abstract 

Glycolytic potential (GP) is one of the postmortem traits utilized to predict the quality of 

the final meat products. Despite that, the knowledge of the molecular and metabolic 

pathways controlling this trait is still not complete. To add some information on this field 

we used two pools of Italian Large White heavy pigs divergent for GP to investigate 

through a microarray the differences of gene expressions between the two pools. On the 

whole, 32 genes were differentially expressed, and among them 31 were overexpressed 

in low GP pool. These genes were involved in mitochondrial functions and adenosine 

triphosphate (ATP) biosynthetic processes, in calcium homeostasis, and in lipid 

metabolism, with PPAR signaling being a possible master regulator of the molecular 

differences observed between the two pools. The different GP levels between the two 

pools could have determined in low GP muscles a more rapid occurrence of the molecular 

cascade related to the events triggering cell death. 

 

Keywords: Swine; skeletal muscle; gene expression; glycogen; pHU; meat quality. 
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1. Introduction 

Glycolytic potential (GP) is a biochemical parameter that defines in the skeletal muscle 

the amount of carbohydrates susceptible to conversion into lactate during the postmortem 

phase (Monin & Sellier, 1985). The major component of GP and the prevalent storage 

form of carbohydrate in skeletal muscle is glycogen, whose content and breakdown play 

a major role in the biochemical changes occurring postmortem in the muscle tissue. 

Changes in the GP of a muscle affect the pH decline: after slaughtering, the oxygen level 

decreases and, to satisfy the energy demand of the cells, muscle glycogen is mobilized 

towards the formation of glucose and lactate via glycogenolysis and anaerobic glycolysis 

pathway (Nanni Costa et al., 2009). As anaerobic glycolysis is undeniably the dominant 

pathway postmortem, muscles with high GP levels usually show a lower ultimate pH that, 

in turn, affects other quality traits such as meat color, water holding capacity (WHC), drip 

loss, tenderness, and processing yield (Enfält et al., 1997; Nanni Costa et al., 2009). 

Hence, GP at 24 hours (h) after slaughtering may be considered, together with glycogen 

and lactate contents separately, among the muscle parameters capable of predicting the 

final meat quality (Monin et al., 1987; Mejenes-Quijano & Talmant, 1987; Monin, 1988; 

Henckel et al., 2002; Boler et al., 2010; Chauhan & England, 2018). Even though this 

parameter is often used to explain or predict ultimate pH (pHU), Scheffler et al., (2013) 

reported that complex metabolic properties of muscle likely play a more critical role than 

glycogen content and postmortem glycolysis in determining the course and culmination 

of the pH decline. Certainly, lactate production is not the only metabolic process 

influencing postmortem pH decline because some reports show that mitochondria may 

contribute to muscle postmortem metabolism influencing pH drop. Several studies have 

indicated that mitochondria, to sustain an increase in adenosine triphosphate (ATP) 

demand early after slaughter, may enhance the muscle glycogen degradation with aerobic 
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glucose oxidation by restoring ATP levels (England et al., 2018; Matarneh et al., 2017; 

Matarneh et al., 2018). Afterward, once oxygen is extremely depleted after slaughtering, 

ATP hydrolysis contributes the most to the hydrogen ion (H" ) production, lowering pH, 

and influencing meat quality. However, the same Authors showed that the exact 

underlying mechanism of how mitochondria contribute to muscle metabolism and 

biochemical changes in the postmortem period is not yet clear (England et al., 2013; 

Matarneh et al., 2021). 

The amount of glycogen stored in muscle tissue depends on several factors, such as the 

animal species, the breed within a given species, the genetics of the animal within a breed, 

the muscle fiber type composition (Shen et al., 2015), the finishing diet, and the 

occurrence of stressful events before and during slaughter (reviewed in Xing et al., 2019). 

Concerning the animals’ genetics, several studies have focused on the discovery of genes 

and Quantitative Trait Loci (QTL) related to glycogen and GP. Even though many QTLs 

have been detected and markers identified in some candidate genes associated with GP 

(Kaminski et al., 2010), the knowledge of genes affecting GP is still incomplete. To date, 

the gene Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 3 (PRKAG3) has 

been indicated as one of the major molecular players affecting GP levels in pig muscles 

(Milan et al., 2000; Ciobanu et al., 2001) but other genes have been investigated as 

candidates influencing GP, meat color and WHC in different pig breeds (Ma et al., 2014; 

Zappaterra et al., 2019). However, the knowledge of the gene expression framework 

associated with porcine muscle postmortem metabolism and glycogen degradation is still 

scant. In this scenario, the present study utilizes two pools of Italian Large White (ILW) 

pigs divergent for pHU, glycogen and GP measured at 24 h postmortem and aims to 

investigate early postmortem differences in the gene expression profile between 

Semimembranosus muscle (SM) samples belonging to the two pools. The identification 
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of differentially expressed genes (DEGs) may provide insight into molecular events 

occurring in early postmortem muscle and likely influencing the metabolic and 

biochemical processes during the conversion of muscle to meat in samples characterized 

by the presence of divergent amounts of muscle residual glycogen. To our knowledge, 

this is the first study investigating the DEGs related to GP content 24 h postmortem in 

ILW heavy pigs intended to produce high-quality seasoned pork products. 

 

2. Material and methods 

2.1 Animals and phenotypes 

Eight purebred ILW pigs (four females and four barrows) were selected from a larger 

group of 277 sib-tested pigs for their GP value measured in SM. The 277 pigs were reared 

at the Sib-Test genetic station managed by the Italian Pig Breeders National Association 

(Associazione Nazionale Allevatori Suini; ANAS; http://www.anas.it). Italian Sib-test 

relies on the use of triplets (two gilts and one barrow) of full sibs of candidate boars tested 

to become breeders. The 277 pigs (183 gilts and 94 barrows) were therefore subjects 

belonging to triplets coming from 154 litters, originated from 154 dams and 80 sires. The 

277 pigs were reared in a unique testing station, and thus in a standard environment, to 

avoid any environmental effects on the phenotypes of the sib-tested population. The 

testing period lasted from 30-45 days of age to about 9 months of age, up to a final live 

weight of 155 kg, in line with the specifications reported on the document describing the 

rules and the procedures to obtain Protected Designation of Origin Parma dry-cured hams. 

During the testing period, siblings were kept separated and all animals were fed the same 

growing and finishing diets to avoid any possible effects related to diet composition. The 

pigs were fed with a quasi ad libitum nutrition level, which means that about 60% of pigs 

were able to ingest the entire supplied ration. All animals used in this study were reared 
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according to Italian and European law for pig production and all slaughter procedures 

complied with national and European Union regulations for animal care and slaughtering. 

At the end of the testing period, pigs were fasted for about 12 h before being transported 

and immediately slaughtered at a commercial abattoir located near the genetic station. 

Pigs were transported and slaughtered in compliance with European rules on the 

protection of animals during transport and at slaughtering (Council Regulation (EC) No. 

1/2005 and Council Regulation (EC) No. 1099/2009). At the slaughterhouse, the pigs 

were stunned by CO# at a concentration of 87% in the air (Butina, Holbaek, Denmark) 

and bled in a supine position. Slaughter procedures were monitored by the veterinary 

team appointed by the Italian Ministry of Health. Pigs were slaughtered during six 

slaughtering days. The date of slaughter and sex were recorded for each animal. SM 

muscle samples were gathered from the whole population of 277 pigs. One aliquot of SM 

samples was collected from the 277 pigs approximately 1 h after slaughtering, 

immediately frozen in liquid nitrogen, then stored in a deep freezer at -80°C until DNA 

or RNA extraction. From the same thigh used to collect SM samples for DNA and RNA 

extraction, a portion of SM muscle was also gathered at 24 h postmortem from the 277 

pigs, frozen in liquid nitrogen and stored in a deep freezer at -80°C until performing the 

analyses for the determination of glycogen, lactic acid, and GP content. 

Meat pH1 (measured about 1 h postmortem) and pHU (measured 24 h postmortem) were 

measured directly on the SM of the left thigh of each animal. Glycogen, lactic acid 

content, and GP were measured in a portion of SM collected from the same thigh at 24 h 

postmortem. All samples were processed within 4 months after sampling. Two separate 

analyses were carried out: one for the lactate and the other for the sum of glycogen (the 

main component of GP degraded to glucose with amyloglucosidase), glucose, and 

glucose-6-phosphate using the L-Lactic acid and D-Glucose Enzymatic Bio-Analysis kits 
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(R-Biopharma, Milan, Italy), respectively. GP was calculated according to Monin & 

Sellier (1985) by summing: 2[glycogen + glucose + glucose-6-phoshate] + [lactate] and 

expressed as µmoles of lactic acid equivalent per gram of fresh muscle. The animals used 

to perform the microarray analysis were chosen avoiding full-sib pigs and selecting eight 

animals with extreme and divergent GP values: Pool L, four pigs with a GP value less 

than the mean - 2 standard deviations (S.D.); Pool H with four pigs with a GP value 

greater than the mean + 2 S.D. The pigs comprised in each group (Pool H and Pool L) 

were selected by balancing for the animals’ sex, thus selecting two gilts and two barrows 

for their inclusion in each group. Kruskal-Wallis test, performed in the R environment (R 

Core Team, 2020), was then applied to test whether the samples used for the two pools 

had statistically different values for the measured phenotypes. Data of the two pools were 

considered significantly different for P-values < 0.05. 

2.2 Genotyping for the mutations PRKAG3 p.R200Q and RYR1 c.1843C>T 

The stored samples of SM muscle gathered from the whole population of 277 pigs were 

submitted to DNA extraction using a standard Phenol:Chloroform protocol (Sambrook & 

Russell, 2006). After the extraction, the quality of the DNA was tested with an ND-1000 

spectrophotometer (NanoDrop Technologies, Willmington, DE, USA). The 277 samples 

were then genotyped for the major mutations affecting pH decline and meat quality. In 

particular, the samples were genotyped for i) the p.R200Q mutation (rs1109104772) of 

the PRKAG3 gene (Milan et al., 2000), causative for the acid meat defect; ii) for the 

c.1843C>T mutation (rs344435545) of the Ryanodine Receptor 1 (RYR1) gene (Fujii et 

al., 1991), responsible of the meat quality defect Pale, Soft, Exudative (PSE). PRKAG3 

genotyping was carried out with Polymerase Chain Reaction- Restriction Fragment 

Length Polymorphism (PCR-RFLP) as described by Fontanesi et al. (2003 and 2008); 

RYR1 genotyping was performed as reported by Russo et al., (2004) with PCR-RFLP. 
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2.3 Total RNA extraction 

From the total population of 277 pigs, eight pigs (four gilts and four barrows) were chosen 

for their extreme and divergent values of GP, assessed on the SM muscles gathered 24 h 

after slaughter. The SM samples of the eight pigs, which were stored at -80°C, were 

submitted to total RNA extraction using the Ribo pure kit (Ambion, Thermo Fisher 

Scientific Inc., Waltham, MA, USA), following the manufacturer’s instructions. The 

RNA quality and integrity were checked with the ND-1000 Spectrophotometer 

(NanoDrop Technologies, Willmington, DE, USA), and by visualization on 1% agarose 

gel. The RNA samples were treated with DNaseI (Invitrogen, Thermo Fisher Scientific 

Inc., Waltham, MA, USA) and for each sample, an equal amount of total RNA (2,500 ng) 

was mixed to obtain two pools of 10,000 ng of RNA each utilized for the next steps of 

analysis. 

2.4 Oligonucleotides microarray analysis 

The DIPROVAL-OPERON Sus scrofa AROS V1.0 oligonucleotide microarray is 

described in the GEO database with the accession number GPL5468. The microarray is 

composed of 10,665 70-mer oligonucleotides (probes). Each oligonucleotide was spotted 

twice on each slide. The hybridization and post-hybridization protocols are detailed on 

the same GEO entry indicated above. For the present research, six slides were used: Pool 

H was labeled with Cy3 (green) on slides 1, 2, and 5, while Pool L was labeled with Cy5 

(red) on the same three slides. Opposite labeling of the two pools was used for the 

hybridization of slides 3, 4, 6. For the cDNA synthesis and the labeling procedure, the 

SuperScript Plus Indirect cDNA Labelling System (Invitrogen, Thermo Fisher Scientific 

Inc. Waltham, MA, USA) was used according to the manufacturer's recommendations. 

The obtained cDNA samples were labeled with the fluorochromes Cy3 and Cy5 overnight 

and in the dark. After hybridization and washing, the slides were scanned with ScanArray 
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Gx scanner (Perkin Elmer, Waltham, MA, USA) and the images were processed using 

ScanArray Express software. 

2.5 Oligonucleotides re-annotation  

The original annotation of the oligonucleotides was updated for the present work using 

the annotation available for Sus scrofa, Sscrofa 11.1 genome assembly in Ensembl (Howe 

et al., 2021) and the most updated genome annotation available for Sus scrofa, Homo 

sapiens and other species using Nucleotide BLAST (Zhang et al., 2000) were used to 

search for sequences similar to the probes. The parameters to select sequences resulting 

from the local alignments were percent of similarity of at least 80% and length of the 

alignment between 64 and 72 nucleotides. This type of analysis was carried out first in 

the Sus scrofa species, using both “Nucleotide collection (nr/nt)” and “Expressed 

sequence tags (est)“databases, subsequently, the oligonucleotides that were not identified 

were aligned against Homo sapiens sequences. After those two steps, the oligonucleotides 

that were still lacking an identification were used to carry out another alignment step 

against the Nucleotide collection (nr/nt) of all other animal species. The GenBank codes 

identified for the oligonucleotides were then entered in the DAVID Bioinformatic 

Resources v. 6.8 Gene ID Conversion Tool (Huang et al., 2009) and in Ensembl BioMart 

(Howe et al., 2021) to assign a gene to each oligonucleotide. 

2.6 Identification of differentially expressed genes and functional analysis 

Microarray data were analyzed using the limma R package (v. 3.46.0) (Ritchie et al., 

2015). Both mean and median data were submitted to background correction using two 

different methods: Subtract and Edwards (Edwards, 2003). The first is the traditional 

background correction method where the background fluorescence intensity is subtracted 

from the foreground one for each spot. The latter method uses a log-linear interpolation 

method to adjust lower intensities as described in Edwards (2003): the background is 
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corrected only if the difference between foreground and background is larger than a small 

threshold value. If this difference is lower than the threshold, a smooth monotonic 

function which is linear with respect to background intensity on the log scale is used 

instead of subtraction (Edwards, 2003). The main difference between these two methods 

is that Edwards avoids negative intensities which lead to loss of information and bias 

(since it is most likely to occur when the expression levels are low) in the subsequent 

logarithmic transformation. The obtained four datasets (Mean subtract- MNS; mean 

Edwards- MNE; median subtract- MDS; median Edwards- MDE) were submitted to the 

within and the between arrays normalization by using the “loess” (Yang et al., 2002) and 

the “scale” methods (Bolstad et al., 2003), respectively. 

The resulting data were analyzed with the lmFit and eBayes functions included in limma 

package. Both models were performed using the “robust” method that allows reducing 

the changes to consider a hypervariable gene as a DEG and increase statistical power for 

the other genes (Phipson et al., 2016). Raw P-values were adjusted applying the False 

Discovery Rate (FDR) correction method (Benjamini & Hochberg, 1995). The cut-off 

criteria for defining a gene as differentially expressed (DE) were the adjusted P-value < 

0.05 and a fold change (FC), expressed as the ratio between the normalized intensities of 

pool H and pool L, > 1. At the end of the procedure, four different sets of DEGs were 

obtained (two for the mean intensity and two for the median intensity). The online web 

tool Bioinformatics and Evolutionary Genomics (Bioinformatics and Evolutionary 

Genomics, 2021) was then used to graphically represent with a Venn diagram the DEGs 

found, and the intersection obtained with each statistical approach. 

The functional annotation was obtained using Cytoscape 3.8.2 (Shannon et al., 2003) with 

the ClueGO app (Bindea et al., 2009). Functional characterization was performed 

selecting human database as a reference and the DEGs were significantly enriched in 
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Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway, Biological Process (BP), 

Cellular Component (CC), and Molecular Function (MF). The P-values of the obtained 

functional categories were adjusted with the Bonferroni step-down method. The adjusted 

P-values were considered significant for P < 0.10, following the significance threshold 

used in other studies (such as Lorenz et al., 2019), and the significant functional categories 

were graphically displayed with Cytoscape tools. 

2.7 Validation with quantitative Real-time PCR 

The expression levels of some of the DEGs were also analyzed using the relative 

quantitative Real-Time polymerase chain reaction (qRT-PCR) standard curve method 

(Pfaffl et al., 2004). Six out of the found DEGs were chosen for the validation, and their 

expression levels were normalized against the geometric mean for the transcription level 

of the normalizing genes Beta-2-Microglobulin (B2M) and RNA Polymerase II Subunit A 

(POLR2A). Those two normalizing genes were used because they were found to be the 

most stable in previous studies (Zappaterra et al., 2015) and were chosen following 

GENORM software based on the method proposed by Vandesompele et al. (2002). The 

total RNA of the eight samples used also to create the two pools was individually reverse-

transcribed. For each sample, 1 µg of total RNA was retrotranscribed to cDNA, according 

to the manufacturer's instructions, using the Improm-II()  Reverse Transcription System 

and Oligo-dT primers (Promega Corporation, Madison, WI, USA). Then, the obtained 

cDNA was diluted 1:10 and used to perform the qRT-PCR on Light Cycler 1.0 System 

(Roche Diagnostics, Mannheim, Germany) using SYBR Premix Ex Taq()  (TAKARA 

Bio INC, Olsu, Shiga, Japan), 10 pmol of each primer, and 2 µl of cDNA template diluted 

1:10, for a total volume of 10 µl. The Light Cycler protocol was optimized using specific 

annealing temperatures for each primer pair as shown in Supplementary Table S1. The 

same protocol reported in Zappaterra et al., (2015) for standard curve creation and 
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calculation of qRT-PCR efficiency was applied. The samples were quantified in triplicate 

and the quantitation for each sample was retained if the coefficient of variation was less 

than or equal to 0.20. 

The obtained normalized quantitation for the samples was then used to calculate the mean 

for each pool and to obtain for each gene the log# of the FC value (log#FC), which was 

obtained by dividing the average expression level of the Pool H for the average expression 

identified in Pool L. The log#FC values of the gene expression quantified with qRT-PCR 

and with microarray analysis were used to perform Spearman correlations and test 

whether the trend of the gene expression levels was maintained between the qRT-PCR 

and the four statistical procedures applied to microarray data to find DEGs (MNE, MNS, 

MDE, MDS). Spearman correlations were estimated with Hmisc R package (v 4.5.0; 

Harrell Jr, 2021). The correlations were considered significant for P < 0.05. 

 

3. Results 

3.1 Description of the two pools 

The samples were grouped in two pools selected according to the divergence of GP level 

measured in SM. The mean value of GP in the whole sample of 277 ILW pigs was 103.50 

µmoles/g while the two pools were characterized by an extreme and divergent mean value 

of this parameter with significant differences between the two pools, as reported in Table 

1. 

The characteristics of the eight selected samples are reported in Supplementary Table S2. 

The average levels of glycogen and GP found at 24 h after slaughter in the Pool L were 

significantly lower (13.15 ± 6.38 μmoles/g and 56.03 ± 5.73 μmoles/g, respectively) than 

the average of the whole group of 277 pigs, whereas the mean values of the glycogen and 

GP levels in the Pool H were 114.39 ± 12.98 µmoles/g and 162.03 ± 12.62 µmoles/g, 
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respectively. 

The average pH1 values of the two groups did not differ significantly, while the pHU 

values showed a significant difference (P = 0.021) between the samples of the two pools. 

This result for pHU agrees with the result of the comparison of the GP values between 

the two pools: the pool with the lowest pHU mean values also showed the highest values 

of GP (Table 1). Similarly, the glycogen level differed too between the two pools (P = 

0.021) with divergent GP. In Table 1 the lactate level of both pools is also shown. We did 

not observe different lactate content between the two groups of samples. 

The pigs of the two pools did not display the alleles of the two major genes influencing 

negatively porcine meat quality traits so far detected: p.200Q of the PRKAG3 gene (Milan 

et al., 2000) and c.1843T of the RYR1 gene (Fujii et al., 1991). 

3.2 Microarray results and functional analysis 

Supplementary Table S3 reports the oligonucleotides identified as DE with each 

statistical method and the complete output of each analytical procedure used to identify 

sequences differentially expressed between pools. The complete information concerning 

oligonucleotides sequence and their relative gene identification is reported in 

Supplementary Table S4. Table 2 shows the DE oligonucleotides identified by each 

method and Figure1 graphically displays the number of DE oligonucleotides retained in 

the different considered methods. 

The four statistical approaches allowed the identification of a total of 35 oligonucleotides 

differentially expressed between the two pools. Among them, two oligonucleotides 

(SS00002255 and SS00003487) correspond to Expressed Sequence Tags (ESTs). The 

sequence of the EST corresponding to the oligonucleotide SS00002255 was found in Sus 

scrofa ovary (OVRM10048C10) and the oligonucleotide SS00003487 partially 

recognizes the cDNA of the Sus scrofa gene Enhancer of mRNA decapping (EDC4). Both 
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these oligonucleotides were not further considered. The thirty-three remaining 

oligonucleotides corresponded to 32 unique genes as the sequence of two 

oligonucleotides (SS00000679 and SS00006853) targeted the gene Stearoyl-CoA 

Desaturase Delta 9 (SCD) (Table 2 and Supplementary Table S4). 

All but one of the DEGs were over-expressed in the Pool L. The oligo SS00000291 

coding for a putative Myosin Heavy Chain Isoform 3 (MYH3) was the only one 

overexpressed in Pool H. However, to utilize microarray data more comprehensively, all 

32 unique genes identified with the four methods were submitted to functional analysis 

and the results are reported in Table 3 and Figure 2.  

Among the DEGs upregulated in Pool L we have found the genes ATP Synthase 

Membrane Subunit C Locus 3 (ATP5MC3), ATP Synthase F1 Subunit Alpha (ATP5F1A), 

Coenzyme Q9 (COQ9), Mitochondrial Calcium Uniporter (MCU), F-Box Protein 32 

(FBXO32), Glutamic-Oxaloacetic Transaminase 1 (GOT1), and Complement C1q 

Binding Protein (C1QBP), which are expressed in mitochondria and are involved in 

important functions mainly aimed to support the energy needs of the cells. In particular, 

the genes ATP5F1A, ATP5MC3, and COQ9, together with Myosin Heavy Chain 3 

(MYH3), and Peroxisome Proliferator Activated Receptor Alpha (PPARA) were 

significantly enriched in “ATP metabolic process” (adjusted P = 8.45E-03), and 

ATP5F1A, ATP5MC3, and MCU significantly entered in “mitochondrial transmembrane 

transport” category (adjusted P = 2.13E-02). This would suggest these genes are involved 

in determining mitochondrial respiratory function and play pivotal roles to maintain the 

cellular energy state. The DEGs Acyl-CoA Synthetase Long Chain Family Member 1 

(ACSL1), Fatty Acid Binding Protein 3 (FABP3), Fatty Acid Binding Protein 5 (FABP5), 

Lipoprotein Lipase (LPL), PPARA, and Stearoyl-CoA Desaturase (SCD) were 

significantly enriched in “fatty acid metabolic process” (adjusted P = 3.18E-03); ACSL1, 
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FABP3, FABP5, and PPARA significantly entered in “fatty acid transport” (adjusted P = 

4.87E-03). A group of DEGs (Heat Shock Protein Family B (Small) Member 2- HSPB2, 

DnaJ Heat Shock Protein Family (Hsp40) Member B1- DNAJB1, Heat Shock Protein 

Family B (Small) Member 7- HSPB7) belonging to the Heat Shock Protein family were 

significantly clustered in the functional category “Response to unfolded proteins” 

(adjusted P = 4.62E-02). The functional classification of the DEGs Cysteine And Glycine 

Rich Protein 3 (CSRP3), Myozenin 2 (MYOZ2), Phospholamban (PLN), and PPARA 

showed to be significantly involved in “Striated muscle tissue development” (adjusted P 

= 4.33E-02), Homer Scaffold Protein 2 (HOMER2), MCU, MYOZ2, PLN were included 

in “Calcium-mediated signaling” (adjusted P = 1.98E-02), and MCU, Neurotrophic 

Receptor Tyrosine Kinase 3 (NTRK3), PLN were significantly clustered in “Calcium 

signaling pathway” (adjusted P = 6.61E-02). The gene UDP-Glucose Pyrophosphorylase 

2 (UGP2), which is a precursor of the glycogen synthesis, was found included in the 

functional category “Carboxylic acid biosynthetic process”, together with the DEGs 

FABP5, GOT1, LPL, and SCD (adjusted P = 9.16E-03). Besides the functional 

classification of the DEGs, the main connections among them were also evaluated (Table 

3; Figure 2). The functional class “PPAR signaling pathway” showed to be related with 

most of the functional categories containing the DEG genes identified (Table 3; Figure 

2), thus suggesting that PPARA, the main gene of the class, can be considered the master 

regulator of the identified pathways. 

3.3 Validation of microarray results 

To validate the results obtained with the microarray we decided to analyze the expression 

level by qRT-PCR of six of the DEG found (ATP5MC3, LPL, MYOZ2, PLN, SCD, UGP2) 

after microarray hybridization; these six genes were selected for their relevant role in 

muscle metabolism. A high correlation value was found between the log#FC found with 
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qRT-PCR and the log#FC values identified for the same genes with the four statistical 

methods (r = 0.94, P < 0.005 for all the correlations qRT-PCR vs MNE, qRT-PCR vs 

MNS, qRT-PCR vs MDE, and qRT-PCR vs MDS). The obtained correlations support the 

robustness of the results found with the four statistical methods used in this study. 

 

4. Discussion 

To our knowledge, this is the first study investigating by microarray the molecular frame 

of early postmortem muscle tissue in Italian Large White heavy pigs divergent for GP 

measured 24 h after slaughter. The results can help outline the molecular players 

participating in the metabolic processes involved in pH decline after slaughtering and 

influencing GP at 24 h postmortem.  

In postmortem muscle, the energy demand of the tissue is supported by glycogen, glucose, 

and lactate that are the main metabolites used to generate glycolytic substrates. It is widely 

known that the metabolic and molecular processes related to muscle glycogen storage and 

glycogen degradation to glucose can influence postmortem biochemical processes in the 

conversion of muscle to meat, with particular reference to the rate of pH drop. Different 

Authors indicated that muscles with lower glycogen and higher lactate show, early 

postmortem, a faster glycolytic rate than muscles with higher glycogen and lower lactate 

level (Chauahn & England, 2018; England et al., 2016; Moreno et al., 2020; Henckel et 

al., 2002; Matarneh et al., 2017; Pösö & Puolanne, 2005). 

Henckel et al., (2002) reported that the minimum amount of glycogen required for a 

normal postmortem pH decline from 7.2 to 5.6, is 53 μmoles/g tissue. In the present 

research, the amount of glycogen (13.15 ± 6.38 µmoles/g) and the level of GP (56.03 ± 

5.73 µmoles/g) found at 24 h postmortem in Pool L are much lower than the threshold 

indicated in Henckel et al., (2002). This result could be consistent with the limited pH 
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decline at 24 h after slaughter observed in Pool L, which showed a quite elevated pHU 

value of 6.08 ± 0.16 compared to the glycogen and pHU values of Pool H (pHU = 5.48 ± 

0.07; glycogen = 114.39 ± 12.98 µmoles/g; GP= 162.03 ± 12.62 µmoles/g). The 

conversion of muscle to meat is traditionally viewed as an anaerobic process that is 

largely governed by the degradation of glycogen to lactate and H" . However, different 

Authors reported the evidence that glycolytic capacity of muscle tissue is only partially 

associated with pH decline postmortem and that glycogen content and postmortem 

glycolysis are not the unique factors responsible for pH drop (Scheffler & Gerrard, 2007; 

Pösö & Puolanne, 2005; Scheffler et al., 2013). These Authors showed that other elements 

and aspects related to the complex metabolic properties of muscle likely play a more 

critical role in determining the course and outcome of pH drop after slaughter (Scheffler 

& Gerrard, 2007; Pösö & Puolanne, 2005; Scheffler et al., 2013). 

The amount of lactate is considered by different Authors as an indicator of postmortem 

pH decline. There is however lack of agreement in the scientific community with respect 

to the relationship linking lactate and postmortem pH decline. Other Authors have indeed 

reported that even though there is a significant connection between muscle glycolysis, 

GP, lactate accumulation, and postmortem pH, the relationship between glycogen content 

and pHU is not complete and not linear, as samples showing similar lactate values may 

display different pHU (England et al., 2016; Scheffler et al., 2011; Scheffler et al., 2013; 

Pösö & Puolanne, 2005; Chauhan & England, 2018; Huff-Lonergan et al., 2002; Monin 

& Sellier, 1985). In agreement with results found in other studies (Van Laack & 

Kauffman, 1999; Van Laack et al., 2000; Choe et al., 2008), in the present research, we 

noticed different pHU values between the samples of the two pools but similar values of 

lactate at 24h postmortem were present between the two pools. This result seems to 

indicate that the difference noticed between the pHU values of the two pools may not be 
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ascribed to glycogen breakdown leading to lactate formation. The similar values of pHU 

and lactate between the two pools may indicate that the differences noticed in GP at 24 h 

postmortem should not be attributed to different preslaughter handling conditions or 

different premortem environmental factors. Previous research indicated higher levels of 

lactate at 24 h postmortem in muscles belonging to animals that had higher exsanguination 

blood glucose and lactate and thus experiencing more muscle activity and stress before 

slaughter (Choe et al., 2015). In the present study, we hypothesize that other aspects (not 

related to pre-slaughter handling) may have caused the observed differences between the 

two pools in the levels of glycogen, glycolytic potential, and pHU. Preslaughter stressing 

conditions or particular feeding protocols are known to reduce the content of glycogen 

stored in muscles, producing lower pH1 and pHU values during the muscle to meat 

transformation (Rosenvold & Andersen, 2003a; Pösö & Puolanne, 2005; England et al., 

2016; Rosenvold & Andersen, 2003b; Chauhan & England, 2018). The pigs used in the 

present study were, however, reared in the same environmental conditions, fed the same 

diet, and slaughtered in the same abattoir. Accordingly, we can infer that the observed 

phenotypic differences between the pigs of the two pools for the indicated parameters 

(glycogen and GP), together with the similar lactate level and pH1, could likely depend 

on the effects of other factors, such as physiological conditions before slaughtering related 

to muscle metabolism. It could be plausible also to hypothesize that in Pool L a limited 

muscle glycogen reserve may have been already present in antemortem muscle and/or 

that dysfunctions of enzymes related to glycogen metabolism may have caused in Pool L 

a rapid glycogen breakdown. The hypothesized rapid glycogen degradation could have 

been caused by enzymatic altered activity represented by an up-regulation of proteins 

involved in glycogenolysis or by the inhibition of the enzyme glycogen synthetase. 

However, neither glycogen phosphorylase nor glycogen synthetase genes were found to 
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be DE between the two pools. The only gene coding for an enzyme related to muscle 

glycogen synthesis found overexpressed in low GP samples is UGP2, which gives origin 

to UDP-glucose, a direct precursor of glycogen. Nevertheless, the overexpression of a 

single enzyme may change the level of a metabolite but may not be enough to control the 

whole pathway of glycogen metabolism. Accordingly, Reynolds et al. (2005) reported 

that the overexpression of UGP2 and an associated increase in the levels of UDP-glucose 

alone are not able to affect glycogen synthesis in mouse skeletal muscles. The regulation 

of glycogen content is indeed a highly complex process and appears to be associated with 

several enzymatic proteins and metabolic conditions (Mookerjee et al., 2016; Roach et 

al., 2012; Daran-Lapujade et al., 2007; Tanner et al., 2018). Several Authors showed that 

altered functionality and activity of enzymes involved in glycogen synthesis and 

catabolism could be hardly evidenced at the mRNA level (Mookerjee et al., 2016; Roach 

et al., 2012; Daran-Lapujade et al., 2007; Tanner et al., 2018). The glycogen metabolism 

was reported to be mainly regulated by a complex pattern of posttranslational, 

conformational changes or phosphorylation and dephosphorylation of the main enzymes 

regulating glycogen metabolism (Daran-Lapujade et al., 2007; Roach, 2002; Roach et al., 

2012). Bouskila et al., (2010) showed that a reduced capacity to synthesize muscle 

glycogen in glycogen synthase knockout mice may have led to metabolic adaptations and 

flexibility resulting in the muscles of these animals being more efficient at utilizing 

extracellular glucose and/or fatty acids as substrates for energy production. 

Glucose is the major source of energy for cells. This carbohydrate represents the preferred 

energy substrate used in muscle for ATP production. In normoxic cells, glucose is 

metabolized via anaerobic glycolysis to pyruvate, which is then oxidatively metabolized 

to CO# in the tricarboxylic acid (TCA) cycle to generate large amounts of ATP through 

the mitochondrial oxidative phosphorylation (Vamecq et al., 2012; Lunt & Vander 
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Heiden, 2011; Matarneh et al., 2021). 

 In early postmortem muscle, when the level of oxygen starts to drop, the conversion of 

pyruvate to lactate is important to support ATP production by enhancing glucose 

catabolism via the mitochondrial TCA cycle in presence of an impaired or restrained 

oxidative phosphorylation due to the limited supply of oxygen. The Lactate 

Dehydrogenase (LDH) reaction converting pyruvate to lactate contributes to a continuous 

supply of nicotinamide adenine dinucleotide (NAD" ) required for the glycolysis 

progression and the transfer to lactate of glycolysis-generated NADH reducing 

equivalents (Arago et al., 2013; Gladden, 2004; Lunt & Vander Heiden, 2011; England 

et al., 2013). While in normoxic conditions, most pyruvate is oxidized to CO#, when 

hypoxic conditions are established, mitochondria respiration is arrested and the 

mitochondrial contribution to glucose oxidation can be limited/blocked. In these 

conditions, cells develop only the glycolytic contribution to glucose oxidation, and 

pyruvate, which is obtained from glycolysis, is reduced by LDH to lactate. The latter 

tends to be accumulated as a byproduct of glycolysis under anaerobic conditions and 

mitochondrial disfunction (Glancy et al., 2021; Ferguson et al., 2018; England et al., 

2018; Martinez-Reyes & Chandel, 2017; Matarneh et al., 2021). In this situation, the 

oxidation of one molecule of glucose would produce only two molecules of ATP instead 

of the 36 (2 cytosolic and 34 mitochondrial) obtained through the glycolysis and 

subsequent complete oxidation of one molecule of glucose in mitochondria. Anaerobic 

glucose catabolism does not require oxygen, but it is much less efficient in generating 

ATP when compared with the TCA cycle coupled to oxidative phosphorylation. 

Moreover, it is worth noting that in the reaction of reduction of pyruvate to lactate, the 

latter can function as a regulator of cellular redox state consuming H"%without contributing 

to the pH drop (Scheffler et al., 2013; England et al., 2018; Glancy et al., 2021). 
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In the samples of the present research, it might be possible to assume that the glycogen 

degradation and lactate could not be responsible for the different postmortem pH decrease 

between the two pools considering that 24 h after slaughtering lactate is accumulated in 

muscle postmortem of all samples in a similar way. 

Different mechanisms and processes related to the early postmortem muscle metabolism 

could be considered to explain the different pH declines between the two pools later after 

slaughtering. A graphical representation of the hypothesized events occurring in the early 

postmortem phases in Pool L samples is reported in Figure 3.  

In the present research, the condition of low glycogen level in Pool L pig muscles may 

have already been present before slaughter for some imbalance or disfunction regarding 

metabolic pathways of lipids and/or carbohydrates. After slaughter, this altered metabolic 

state may have been worsened by the development of postmortem crucial changes due to 

the cessation of blood flow (Chauhan & England, 2018; England et al., 2018). In that 

condition, when the level of oxygen of the cells starts to lower in the early postmortem 

period, substrates other than glucose can contribute to ATP production. In particular, 

under glycogen-limiting conditions, the switch towards fatty acid oxidation might have 

occurred as a compensatory mechanism in muscle energy metabolism (Muoio et al., 2002; 

Burri et al., 2010; Lunt & Vander Heiden, 2011; Domenis et al., 2012; Phua et al., 2018; 

Rakhshandehroo et al., 2010; Arago et al., 2013). However, the conditions reported in the 

scientific literature are not always comparable with those found postmortem in muscles 

during the biochemical processes leading to meat production. Therefore, despite being 

supported by the literature, the hypothesized switch towards fatty acid oxidation in low 

GP muscles would need to be validated with ad hoc studies specifically addressed to 

better understand biochemical processes taking place postmortem in muscles coming 

from animals reared for meat purposes. 
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The hypothesized metabolic switch towards fatty acid oxidation may also be supported 

by the upregulation in Pool L samples of some genes that have a direct impact on cellular 

metabolism and energy production, such as PPARA. PPARA is a master regulator that 

controls the expression of numerous target genes involved in many pathways related to 

lipid metabolism, including fatty acid uptake. The upregulation of PPARA gene can 

activate mitochondrial fatty acid oxidation in muscle tissue (Muoio et al., 2002; Burri et 

al., 2010; Goto et al., 2011; Fan & Evans, 2015; Bougarne et al., 2018; Phua et al., 2018). 

Furthermore, several genes found DE in the present study have been previously identified 

to be regulated by PPARA. For example, a large body of literature reports that PPARA 

regulates genes involved in fatty acid uptake (such as the DE gene LPL), fatty acid 

intracellular transport (such as FABP3), and fatty acid phosphorylative oxidation (such 

as mitochondrial ATPase complex V) (Hue & Taegtmeyer, 2009; Rakhshandehroo et al., 

2010; Fan%& Evans, 2015; Phua et al., 2018; Boungarne et al., 2018). Moreover, PPARA 

can also activate SCD gene, which codes for a key lipogenic enzyme. The SCD 

overexpression in turn promotes the release of monounsaturated fatty acids (oleate and 

palmitoleate). These fatty acids can induce an increase in PPARA expression and 

mitochondrial fatty acids oxidative phosphorylation, to avoid excessive triglyceride 

accumulation (Goto et al., 2011). Accordingly, in the present research, the upregulation 

of PPARA gene may have promoted the transcription of genes overexpressed in Pool L 

that are related to fatty acid synthesis, transport, and oxidative metabolism (FABP3, 

FABP5, ACSL1, LPL, SCD), or that drive ATP production through fatty acid β-oxidation 

and oxidative phosphorylation (Wilson, 2017; Teodoro et al., 2017; Young et al., 2018). 

The upregulation of the target genes activated by PPARA could have triggered, in Pool L 

samples, the oxidation of fatty acids instead of glucose for cellular energy production. 

This result is consistent with the early postmortem compensatory events that may take 
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place in response to hypoxia and low glycogen conditions (Smolkova et al., 2010; Wilson, 

2017). The observed up-regulation of the PPARA gene may have, therefore, regulated the 

expression of several other genes involved in energy metabolism, promoted 

mitochondrial functions, and may have created conditions favorable to establish a pro-

apoptotic postmortem condition, as will be further discussed later. 

Among the genes found DE in the present study, several mitochondrial genes were up-

regulated in Pool L samples (such as ATP5F1A, ATP5MC3, C1QBP, GOT1, FBXO32, 

and MCU), likely suggesting a postmortem functionality of mitochondria in these 

samples. The genes C1QBP, GOT1, FBXO32, and MCU are involved in mitochondrial 

activity and oxidative phosphorylation of fatty acids, which are activities that need 

oxygen supply since oxygen is the final electron acceptor in the electron transport chain 

(ETC) (Matarneh et al., 2018). This result may appear to be surprising at first glance, as 

in postmortem muscle, oxygen is continuously decreasing due to hypoxic/anoxic 

conditions. However, different Authors reported that the muscle oxygen concentration 

after slaughter declines gradually within the first 2 h postmortem, and thus oxygen is not 

immediately depleted after exsanguination. In this condition, if energy substrates and 

oxygen are available, mitochondrial functionality still exists for some time after slaughter 

and contributes to ATP production through oxidative phosphorylation (England et al., 

2018; Matarneh et al., 2021). As a consequence, in Pool L samples, mitochondria may 

directly influence postmortem muscle metabolism sustaining ATP production in the first 

hours after slaughter (Scheffler et al., 2015; Matarneh et al., 2021). Matarneh et al., (2021) 

carried out a study aimed to analyze mitochondrial functionality relying on in vitro 

conditions simulating postmortem metabolism in porcine Longissimus lumborum and 

masseter muscles. These Authors reported that, under those conditions, mitochondria are 

capable of mobilizing pyruvate originated from glycolysis (Matarneh et al., 2021). These 
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data, together with the gradual reduction in oxygen reported in their previous study 

(England et al., 2018), strongly support the evidence that mitochondrial activity is 

maintained postmortem, albeit at reduced levels. It could be argued that in our samples, 

in presence of low glycogen and low GP, the mitochondria functionality and fatty acid 

oxidation could have played a noticeable role. 

Domenis et al., (2012) and Arago et al., (2013) reported that the expression of the 

enzymatic complex V of mitochondrial ATP synthase (F1F0 ATP synthase) is directly 

related to the activity of oxidative phosphorylation, whereas it inversely correlates with 

the rate of glucose utilization by aerobic glycolysis. In Pool L samples we have found a 

similar situation, with the overexpression of the ATP5F1A and ATP5MC3 and the 

upregulation of genes coding for proteins involved in fatty acids uptake and activation of 

mitochondrial oxidative phosphorylation. Different Authors reported that the 

mitochondrial membrane ATP synthase is a major determinant of muscle energy 

metabolism, has a pivotal role in cell physiology, and can influence the postmortem 

metabolism of the muscle tissue (Senior et al., 2002; Matarneh et al., 2015; England et 

al., 2018; Matarneh et al., 2017; Matarneh et al., 2021; Aaon et al., 2014; Junge & Nelson, 

2015). In the present research, the overexpression of genes coding for subunits of the 

mitochondrial ATPase complex V observed in the samples with low glycogen, may allow 

us to suppose that the overexpression of these genes in Pool L may also have influenced 

the postmortem skeletal muscle metabolism by regulating the expression of other genes 

related to energy metabolism. Mitochondrial membrane ATP synthase (F1F0 ATP 

synthase or Complex V) can synthesize or hydrolyze ATP upon changes in cellular 

conditions in a reversible reaction and in particular, it produces ATP from ADP and 

inorganic phosphate in the presence of an electrochemical gradient of protons across the 

inner membrane generated by electron transport complexes of the respiratory chain during 
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oxidative phosphorylation (Walker et al., 1991; Boyer, 1997; Walker, 2013; Rühle & 

Leister, 2015). The flow of protons through F1F0 ATP synthase (complex V) back to the 

mitochondrial matrix enhances ATP synthesis. The description and characterization of 

the functions of the F1F0 ATPase complex V have been the objectives of a large body of 

literature. This enzymatic complex consists of two structural domains, the extra-

membrane hydrophilic portion F1- which hosts the catalytic sites responsible for ATP 

synthesis (and hydrolysis)-, and the membrane-embedded F0 domain- which contains the 

proton channel (Walker et al., 1991; Boyer, 1997; Walker, 2013; Rühle & Leister, 2015; 

Devenish et al., 2008; Zhou et al., 2015). ATP5MC3 is one of the three genes that encode 

for the C-subunit of the proton channel of ATP synthase (Bonora et al., 2013). The C-

subunit is produced from three nuclear genes, ATP5G1, ATP5G2, and ATP5G3 

(ATP5MC3) encoding identical copies of the mature protein (Yan et al., 1994; He et al., 

2017). ATP5F1A codes for a subunit of the ATP synthase complex V domain F1 that 

protrudes in the mitochondrial matrix and is involved in the catalytic activity of ATP 

synthesis and hydrolysis (He et al., 2017). 

Despite their known importance in cell function and metabolism, the role of mitochondria 

and ATP synthase in postmortem muscle remains mostly unknown. 

The activation of mitochondrial oxidative phosphorylation in samples with low glycogen 

and low GP can be also supported by the overexpression of the gene C1QBP that plays 

an important role in mitochondrial metabolism (Fogal et al., 2010; Chen et al., 2016; 

Gotoh et al., 2018; Noh et al., 2020). In particular, this gene is described as an important 

promoter of fatty acid oxidation and oxidative phosphorylation and may be required for 

efficient ATP production through oxidative phosphorylation (Fogal et al., 2010; Aaon et 

al., 2014). Gotoh et al., (2018) showed that loss of C1QBP function in mice dendritic cells 

induced a metabolic reprogramming characterized by increased glycolysis and impaired 
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oxidative phosphorylation. In Pool L samples, with an extremely low level of glycogen, 

the upregulation of the gene C1QBP could have supported the utilization of fatty acids as 

an alternative energy substrate to produce ATP. 

The hypothesis of an activation of oxidative phosphorylation to produce ATP in Pool L 

samples may also be supported by the overexpression of the genes MCU and PLN found 

in that pool. MCU codes for the inner mitochondrial membrane Ca#"%channel and 

promotes the increase of Ca#"  ions levels in mitochondria (Shaikh et al., 2016). 

Mitochondria can receive Ca#"%ions from the sarcoplasmic reticulum, the main calcium 

depot of the cell (Baughman et al., 2012; Giorgi et al., 2018). In Pool L samples, it may 

be suggested that the overexpression of the gene PLN may inhibit the activity of the 

sarcoplasmic reticulum calcium pumps Ca#" -ATPases, and the flux of calcium ions into 

the sarcoplasmic reticulum. This condition, together with the upregulation of the 

mitochondrial gene MCU, may, in turn, have promoted the increase of calcium uptake 

into mitochondria (Fajardo et al., 2013; De Stefani et al., 2015). As a consequence, it is 

possible to hypothesize that the MCU-mediated Ca#"  uptake within mitochondria may 

have produced regulatory effects on the functions of these organelles and may also have 

contributed to stimulating ATP production by oxidative phosphorylation. 

Several studies described that when sarcoplasmic reticulum Ca2+ pumps are blocked and 

Ca#"  ions are sequestered by the mitochondria, the first effect is a stimulation of the 

aerobic metabolism with the activation of the F1F0 ATP synthase complex V to produce 

ATP, followed by parallel activation of ATP-consuming processes in the cytosol, which 

are aimed to prevent significant alterations in the energy balance of the cell (Giorgi et al., 

2018; Martinez et al., 2020; Nath, 2020). Ca#"  ions overload and accumulation in 

mitochondria trigger mitochondrial necrosis and can lead to the opening of the 

mitochondrial permeability transition pore, with a consequent dissipation of 
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mitochondrial membrane potential and activation of the events leading to cell death 

(Rasola & Bernardi, 2007; Nesci et al., 2018; Tait & Green, 2010; Arago et al., 2013; 

England et al., 2018). In consideration of the significant differences between pools for the 

glycogen and GP levels, the high glycogen content in Pool H may have allowed muscle 

cells to utilize carbohydrates as a rapidly available source of energy, contributing to a 

delay in the biological cascade leading to cell death. 

 

5. Conclusions 

The molecular patterns highlighted in the present research allow drawing some 

hypotheses bringing out biological events that characterize the different postmortem 

cellular metabolism in the samples belonging to the two pools. In particular, the results 

obtained in the Pool L in animal tissues collected postmortem evidenced the upregulation 

of groups of genes related to mitochondrial activity, lipid metabolism, ATP synthase 

complex V function and mitochondrial calcium uptake. The overexpression of these 

genes in Pool L samples seems to be implicated in metabolic processes taking place in 

postmortem muscle cells. The different GP levels between the two pools could have 

determined in Pool L a more rapid occurrence of the molecular cascade related to events 

triggering cell death. In conditions of reduced glycogen and GP, the overexpression of 

genes related to mitochondrial activity may have influenced the pH drop after 

slaughtering. 

To date, the knowledge of the muscle cell postmortem metabolism is still scant, and the 

exact role played by mitochondria in the muscle-to-meat transformation remains largely 

unknown. The results obtained in the present research could be helpful to add pieces of 

information to these complex metabolic processes. 
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Tables 

Table 1. Descriptive statistics (Mean and Standard Deviation, S.D.) for the phenotypic parameters measured on the pigs of Pool H (high glycolytic 

potential), of Pool L (low glycolytic potential) and on the whole sample of 277 Italian Large White heavy pigs. For the Pool H vs Pool L comparison, 

Kruskal-Wallis test statistics (χ2 and P-value) were also reported. 

Phenotypes Total sample (N = 277) Pool H  
(n = 4) 

Pool L  
(n = 4) 

Kruskal-Wallis (Pool H vs Pool L) 
χ2 P-value 

pH1!  5.94 ± 0.24 6.14 ± 0.14 6.21 ± 0.15 0.33 0.564 
pHU# 5.67 ± 0.21 5.48 ± 0.07 6.08 ± 0.16 5.33 0.021 
Glycogen (μmoles/g)'  47.33 ± 22.79 114.39 ± 12.98 13.15 ± 6.38 5.33 0.021 
Lactate (μmoles/g)'  56.30 ± 15.16 47.65 ± 7.35 42.88 ± 5.72 0.33 0.564 
Glycolitic Potential (GP) (μmoles/g)'  103.68 ± 23.15 162.03 ± 12.62 56.03 ± 5.73 5.33 0.021 

!  pH1 was measured about 1 h postmortem directly on the Semimembranosus muscle of the left thigh. 
# pHU was measured about 24 h postmortem directly on the Semimembranosus muscle of the left thigh. 
'  These parameters were measured 24 h postmortem on Semimembranosus muscle samples and were expressed as micro-moles (µmoles) of lactic 

acid equivalent per gram of fresh muscle. 
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Table 2. The 35 oligonucleotides (oligo ID) found differentially expressed with the four statistical methods (MNE = Mean Edwards; MNS = 

Mean Subtract; MDE = Median Edwards; MDS = Median Subtract) and their gene identification. Data are reported with the log# of the fold 

change (Log#FC) and the adjusted P-value. 

Oligo ID Gene 
symbol 

MNE  MNS  MDE  MDS 

Log2FC Adjusted P-
value 

 Log2FC Adjusted P-
value 

 Log2FC Adjusted P-
value 

 Log2FC Adjusted P-
value 

SS00000291 MYH3 ns ns  1.8410 1.63E-03  1.7273 2.37E-02  2.2504 1.43E-03 
SS00000459 NTRK3 ns ns  ns ns  -1.1864 3.96E-04  -1.1706 1.01E-04 
SS00000539 HBB -1.0303 9.71E-04  -1.0394 1.15E-03  ns ns  ns ns 
SS00000679 SCD -2.5490 1.53E-02  -2.5348 1.48E-02  -2.9639 1.30E-02  -2.9573 1.01E-02 
SS00000695 PLN -2.1164 5.01E-03  -2.0850 4.76E-03  -2.0953 6.58E-03  -2.0634 5.76E-03 
SS00000696 GOT1 ns ns  ns ns  -1.0043 9.03E-04  -1.0245 2.48E-03 
SS00000767 UGP2 -1.0962 9.58E-03  -1.0726 8.32E-03  -1.1868 4.31E-03  -1.1674 3.09E-03 
SS00001044 FABP3 -1.3071 9.71E-04  -1.3264 1.63E-03  -1.3513 4.46E-04  -1.3737 7.45E-04 
SS00001123 PPARA -1.0346 1.72E-02  -1.0460 3.00E-02  -1.0382 5.95E-03  -1.0405 7.36E-03 
SS00001972 FABP5 -1.2372 2.15E-03  -1.2114 1.20E-03  -1.2275 7.55E-04  -1.1894 2.39E-04 
SS00002255*  ns ns  ns ns  -1.4485 3.22E-02  ns ns 
SS00002454 DVL3 -1.5981 2.14E-02  -1.3220 1.41E-02  -1.4296 1.19E-02  -1.3706 8.89E-03 
SS00002786 ATP5F1A -1.0630 4.21E-02  ns ns  ns ns  ns ns 
SS00002870 MYOZ2 -1.9427 3.08E-02  -1.9236 2.81E-02  -2.0071 2.12E-02  -1.9818 1.85E-02 
SS00003271 HSPB6 -1.1909 7.50E-03  -1.1810 6.37E-03  ns ns  ns ns 
SS00003290 EIF2B2 ns ns  ns ns  -1.1900 8.35E-03  -1.0254 1.20E-02 
SS00003487*  ns ns  ns ns  -1.1355 4.98E-02  ns ns 
SS00004032 C1QBP ns ns  ns ns  -1.0172 5.06E-03  ns ns 
SS00004323 ATP5MC3 -1.0196 1.02E-02  -1.0071 8.30E-03  -1.0124 1.83E-03  -1.0072 9.42E-04 
SS00004770 HSPB7 -1.3000 1.18E-02  -1.2853 1.01E-02  -1.2715 1.35E-02  -1.2675 1.32E-02 
SS00005142 FCHSD1 ns ns  ns ns  -1.0535 4.43E-03  -1.0215 3.43E-03 
SS00005172 POLA2 -1.7040 1.88E-02  -1.6282 2.04E-02  ns ns  -1.4361 4.55E-02 
SS00005914 HOMER2 -1.1198 3.76E-03  -1.1020 3.00E-03  -1.1156 6.46E-03  -1.0967 5.76E-03 
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SS00005997 AP1G2 -1.2248 4.29E-02  ns ns  -1.3253 1.35E-02  -1.0503 1.83E-02 
SS00006189 CSRP3 -1.6951 1.42E-02  -1.6674 1.10E-02  -1.6566 7.10E-03  -1.6071 4.76E-03 
SS00006369 TSSK6 ns ns  ns ns  -1.7502 4.05E-02  ns 3.40E-04 
SS00006853 SCD -2.0247 3.02E-03  -2.0062 2.85E-03  -1.9751 5.02E-04  -1.9667 ns 
SS00006888 LPL -1.5160 1.40E-03  -1.4980 1.06E-03  -1.4952 2.80E-04  -1.4807 1.74E-04 
SS00006966 RNF220 ns ns  ns ns  -2.7826 4.08E-03  ns ns 
SS00007208 COQ9 -1.8260 3.92E-02  ns ns  -3.2519 2.69E-04  -3.7321 4.59E-02 
SS00007292 MCU ns ns  ns ns  -1.1740 1.30E-02  ns ns 
SS00008224 DNAJB1 -1.1845 3.73E-02  -1.1640 3.56E-02  -1.1004 3.84E-02  -1.0803 3.66E-02 
SS00008616 ACSL1 -1.0801 5.40E-03  -1.0681 5.55E-03  -1.1553 7.64E-03  -1.1440 5.76E-03 
SS00009114 HSPB2 Ns ns  ns ns  -1.2000 2.39E-02  ns ns 
SS00009459 SPARCL1 -1.0378 2.89E-02  -1.1434 1.10E-02  -1.0704 9.18E-03  -1.1538 6.33E-03 

ns = not significant 

* not further considered 
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Table 3. Gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways significantly enriched for the genes 

differentially expressed between Pool L and Pool H. Functional categories are sorted by decreasing Bonferroni adjusted P-values. 

Associated Genes Found GO/KEGG ID GO Term/KEGG pathway N. Genes P-value 
Bonferroni 
adjusted P-

value 
ACSL1, FABP3, FABP5, LPL, PPARA, SCD KEGG:03320 PPAR signaling pathway 6 3.41E-09 1.64E-07 
CSRP3, FBXO32, HSPB6, MYH3, MYOZ2, PLN, PPARA GO:0003012 muscle system process 7 1.12E-05 5.27E-04 
CSRP3, EIF2B2, FABP3, GOT1, LPL, PLN, PPARA GO:0043434 response to peptide hormone 7 1.60E-05 7.37E-04 
ACSL1, ATP5F1A, ATP5MC3, PPARA, SCD GO:0006164 purine nucleotide biosynthetic process 5 3.26E-05 1.47E-03 
ACSL1, ATP5F1A, ATP5MC3, PPARA, SCD GO:0009260 ribonucleotide biosynthetic process 5 3.64E-05 1.60E-03 
CSRP3, MYH3, MYOZ2 GO:0045214 sarcomere organization 3 3.88E-05 1.67E-03 
ACSL1, FABP3, FABP5, LPL GO:0006641 triglyceride metabolic process 4 5.40E-05 2.27E-03 
CSRP3, FABP5, FBXO32, HSPB6, HSPB7, PLN, PPARA GO:0044057 regulation of system process 7 7.69E-05 3.15E-03 
ACSL1, FABP3, FABP5, LPL, PPARA, SCD GO:0006631 fatty acid metabolic process 6 7.94E-05 3.18E-03 
ACSL1, ATP5F1A, ATP5MC3, FABP3, FABP5, PPARA, SCD GO:0090407 organophosphate biosynthetic process 7 1.18E-04 4.61E-03 
ACSL1, FABP3, PPARA GO:2000191 regulation of fatty acid transport 3 1.25E-04 4.75E-03 
ACSL1, FABP3, FABP5, PPARA GO:0015908 fatty acid transport 4 1.35E-04 4.87E-03 
ATP5F1A, ATP5MC3, PPARA GO:0006754 ATP biosynthetic process 3 1.32E-04 4.87E-03 
CSRP3, MYH3, MYOZ2, PPARA GO:0055001 muscle cell development 4 2.37E-04 8.31E-03 
ATP5F1A, ATP5MC3, COQ9, MYH3, PPARA GO:0046034 ATP metabolic process 5 2.49E-04 8.45E-03 
FABP5, GOT1, LPL, SCD, UGP2 GO:0046394 carboxylic acid biosynthetic process 5 2.78E-04 9.16E-03 
ACSL1, FABP3, LPL, PPARA GO:1905952 regulation of lipid localization 4 3.51E-04 1.12E-02 
CSRP3, HSPB7, PLN GO:0060047 heart contraction 3 1.28E-02 1.28E-02 
ATP5F1A, ATP5MC3, PPARA GO:0009144 purine nucleoside triphosphate metabolic process 3 5.25E-04 1.52E-02 
ATP5F1A, ATP5MC3, PPARA GO:0009142 nucleoside triphosphate biosynthetic process 3 5.09E-04 1.53E-02 
ATP5F1A, ATP5MC3, PPARA GO:0009199 ribonucleoside triphosphate metabolic process 3 5.96E-04 1.67E-02 
HOMER2, MCU, MYOZ2, PLN GO:0019722 calcium-mediated signaling 4 7.90E-04 1.98E-02 
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ACSL1, FABP5, SCD GO:0120162 positive regulation of cold-induced thermogenesis 3 8.42E-04 2.02E-02 
FBXO32, HSPB6, PLN, PPARA GO:0090257 regulation of muscle system process 4 7.78E-04 2.02E-02 
FABP3, FABP5, PPARA GO:0019217 regulation of fatty acid metabolic process 3 7.54E-04 2.04E-02 
ATP5F1A, ATP5MC3, MCU GO:1990542 mitochondrial transmembrane transport 3 1.01E-03 2.13E-02 
FABP3, FABP5, LPL, PPARA GO:0044242 cellular lipid catabolic process 4 9.32E-04 2.14E-02 
FBXO32, MYOZ2, PPARA GO:0043500 muscle adaptation 3 9.87E-04 2.17E-02 
ACSL1, ATP5F1A, ATP5MC3, PPARA, SCD GO:0009150 purine ribonucleotide metabolic process 5 1.16E-03 2.33E-02 
CSRP3, FABP5, MCU GO:0042593 glucose homeostasis 3 1.19E-02 2.39E-02 
ACSL1, FABP5, SCD GO:0033559 unsaturated fatty acid metabolic process 3 1.41E-03 2.54E-02 
CSRP3, MYH3, MYOZ2, PPARA GO:0051146 striated muscle cell differentiation 4 1.39E-03 2.65E-02 
ATP5F1A, ATP5MC3, COQ9 GO:0006119 oxidative phosphorylation 3 2.31E-03 3.93E-02 
C1QBP, MCU, NTRK3 GO:0050921 positive regulation of chemotaxis 3 2.31E-03 3.93E-02 
ACSL1, FABP5, SCD GO:0106106 cold-induced thermogenesis 3 2.49E-03 3.98E-02 
CSRP3, MYOZ2, PLN, PPARA GO:0014706 striated muscle tissue development 4 4.33E-03 4.33E-02 
CSRP3, GOT1, LPL GO:0032869 cellular response to insulin stimulus 3 9.03E-03 4.51E-02 
FBXO32, GOT1, NTRK3 GO:0051384 response to glucocorticoid 3 3.01E-03 4.52E-02 
DNAJB1, HSPB2, HSPB7 GO:0006986 response to unfolded protein 3 4.20E-03 4.62E-02 
CSRP3, HSPB6, MYH3, PLN GO:0006936 muscle contraction 4 3.66E-03 4.75E-02 
FABP5, LPL, SCD GO:0006633 fatty acid biosynthetic process 3 3.61E-03 5.05E-02 
CSRP3, HSPB7, PLN GO:0008016 regulation of heart contraction 3 8.83E-03 5.30E-02 
FABP5, GOT1, PPARA GO:0006006 glucose metabolic process 3 8.64E-03 6.05E-02 
MCU, NTRK3, PLN KEGG:04020 calcium signaling pathway 3 8.26E-03 6.61E-02 
ACSL1, ATP5F1A, ATP5MC3 KEGG:04714 Thermogenesis 3 7.53E-03 6.77E-02 
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Figures 

Figure 1. VENN diagram showing the number of differentially expressed 

oligonucleotides found with the four statistical methods (MNE = Mean Edwards; MNS = 

Mean Subtract; MDE = Median Edwards; MDS = Median Subtract) and the number of 

oligonucleotides obtained by the intersections of the four methods. On the central part of 

the diagram are indicated the 17 differentially expressed oligonucleotides identified by 

all four statistical methods. 
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Figure 2. Cytoscape functional analysis of the genes differentially expressed (DEGs) 

between Pool H and Pool L. Legend: hexagons = Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways; circles = Gene Ontology Biological Processes (GO BP); 

shape size = according to the P-value of the term in its own group; different colors are 

used to identify functional categories pertaining to the same group of terms; interaction 

line thickness = according to Kappa Score value, represents the strength of the 

interactions, lighter color corresponds to a lower strength while darker color to a higher 

strength. The DEGs labelled with a frame are those that will be further discussed. 
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Figure 3. Graphical representation of the hypothesized events occurring in the early 

postmortem phases in Pool L samples. Genes overexpressed in Pool L samples are 

highlighted in red; those genes are included in rectangular or oval shapes depending on 

whether they express respectively for enzymatic proteins or other proteins; asterisks 

indicate genes whose expression is directly regulated by Peroxisome Proliferator 

Activated Receptor Alpha (PPARA). 
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Supplementary material 

Table S1. Primer sequences and amplification conditions used for the quantitative real-time PCR analysis of the porcine genes found differentially 

expressed between the two pools. 

Gene 
symbol 

Forward/ 
Reverse Primer sequence 

cDNA 
amplicon 
size (nt) 

Annealing 
temperature 

(°C) 
Mg2+ 

SCD forward CCG GGA GAA TAT CCT GGT TT 166 57 2 
 reverse CTT CCG GTC ATA AGC CAG AC     

PLN forward TGG CTG GTA GCT TTT TCA GC 153 57 2 
 reverse TGA AGG TTT TGA CGT GCT TG    

ATP5MC3 forward AGC CAA TCC AAA GGG AGT TT 106 56 2 
 reverse CCA GAA CCA GCC ACT CCT AC    

UGP2 forward CTA CCG TGC CCT TGG TTA AA 112 56 3 
 reverse CCT GAA ACT GTG AGG TGA TCC    

LPL forward GAC TGG ATG GCG GTT GAA T 100 58 2 
 reverse TGG TCA GAC TTC CTG CAA TG    

MYOZ2 forward AGT AAC CGT GGT GCC AGA CT 163 57 2 
 reverse GGG CTT GTT GTG AAC CAC TT    

B2M forward TCG GGC TGC TCT CAC TGT 135 56 2 
 reverse TCT GGG GCG GAT GGA AC    

POLR2A forward TCG CCT CTT CTA TTC CAA 165 60 2 
  reverse GCC TTC TCG ATG ACC TC       
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Table S2. The description of the pigs selected for their extreme and divergent glycolytic 

potential (GP) and used to obtain the two pools (Pool L and Pool H). Glycogen, lactate 

and GP were measured 24 hours postmortem in Semimembranosus muscle. 

N1 Sex2 POOL3 pH14 pHU5 glycogen (μmoles/g) lactate (μmoles/g) GP (μmoles/g) 
1 M H 6.29 5.41 105.55 55.60 161.15 
2 F H 6.02 5.49 102.58 51.92 154.50 
3 F H 6.27 5.42 113.67 36.07 149.74 
4 M H 5.97 5.59 135.74 46.99 182.73 
5 M L 6.14 5.90 23.24 39.57 62.81 
6 M L 6.08 6.03 8.02 52.43 60.45 
7 F L 6.16 6.06 14.01 37.62 51.63 
8 F L 6.47 6.33 7.33 41.90 49.23 

! Sample number. 

#Pig’s sex: barrow (M) and gilt (F). 

' Pool: high glycolytic potential (H), and low glycolytic potential (L). 

*pH1: pH measured one hour postmortem in Semimembranosus muscle. 

+pHU: pH measured 24 hours postmortem on Semimembranosus muscle. 
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Table S3. Lists of oligonucleotides identified as differentially expressed between pools with the four statistical methods. 

Mean_edwards MNE 

Oligonucleotide identification Gene symbol log2FC(Pool H/Pool L) Average Expression t P-value Bonferroni corrected P-value B 
SS00000679 SCD -2.5490 12.6553 -4.5020 4.48E-04 1.53E-02 0.0331 
SS00000695 PLN -2.1164 13.5446 -5.5526 6.07E-05 5.01E-03 1.9882 
SS00000539 HBB -1.0303 13.8551 -7.2912 3.07E-06 9.71E-04 4.8800 
SS00000767 UGP2 -1.0962 13.6721 -4.9804 1.77E-04 9.58E-03 0.9475 
SS00001123 PPARA -1.0346 10.8385 -4.3772 5.73E-04 1.72E-02 -0.1832 
SS00001044 FABP3 -1.3071 14.4596 -7.2833 3.11E-06 9.71E-04 4.8624 
SS00001972 FABP5 -1.2372 12.9189 -6.6154 9.33E-06 2.15E-03 3.8119 
SS00002454 DVL3 -1.5981 13.2334 -4.1877 8.34E-04 2.14E-02 -0.5631 
SS00002870 MYOZ2 -1.9427 14.0637 -3.8536 1.63E-03 3.08E-02 -1.2276 
SS00002786 ATP5A1 -1.0630 13.6775 -3.5780 2.85E-03 4.21E-02 -1.7207 
SS00003271 HSPB6 -1.1909 14.5602 -5.2444 1.08E-04 7.50E-03 1.4366 
SS00004323 ATP5G3 -1.0196 13.5709 -4.9239 1.98E-04 1.02E-02 0.8343 
SS00004770 HSPB7 -1.3000 13.6768 -4.7641 2.69E-04 1.18E-02 0.5331 
SS00005172 POLA2 -1.7040 10.4560 -4.2983 6.70E-04 1.88E-02 -0.3511 
SS00005997 AP1G2 -1.2248 8.8112 -3.5583 2.96E-03 4.29E-02 -1.8021 
SS00005914 HOMER2 -1.1198 13.7062 -5.8489 3.55E-05 3.76E-03 2.5157 
SS00006189 CSRP3 -1.6951 14.1608 -4.5803 3.84E-04 1.42E-02 0.1832 
SS00006853 SCD -2.0247 12.0764 -6.1062 2.25E-05 3.02E-03 2.9586 
SS00006888 LPL -1.5160 12.7524 -6.9666 5.20E-06 1.40E-03 4.3755 
SS00007208 COQ9 -1.8260 9.2002 -3.6448 2.49E-03 3.92E-02 -1.6375 
SS00008224 DNAJB1 -1.1845 14.0495 -3.6935 2.25E-03 3.73E-02 -1.5419 
SS00008616 ACSL1 -1.0801 13.5331 -5.4797 6.94E-05 5.40E-03 1.8597 
SS00009459 SPARCL1 -1.0378 12.3187 -3.9064 1.47E-03 2.89E-02 -1.1234 
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Mean_subtract MNS 

Oligonucleotide identification Gene symbol log2FC(Pool H/Pool L) Average Expression t P-value Bonferroni corrected P-value B 
SS00000291 MYH3 1.8410 10.5994 8.6942 7.21E-06 1.63E-03 3.9658 
SS00000679 SCD -2.5348 12.6342 -4.5348 4.19E-04 1.48E-02 0.0898 
SS00000695 PLN -2.0850 13.5009 -5.6559 5.01E-05 4.76E-03 2.1713 
SS00000539 HBB -1.0394 13.8301 -7.1641 3.74E-06 1.15E-03 4.6910 
SS00000767 UGP2 -1.0726 13.6177 -5.1437 1.30E-04 8.32E-03 1.2479 
SS00001123 PPARA -1.0460 11.2021 -3.9431 1.54E-03 3.00E-02 -1.0978 
SS00001044 FABP3 -1.3264 14.4329 -6.7521 7.37E-06 1.63E-03 4.0392 
SS00001972 FABP5 -1.2114 12.8660 -7.0592 4.44E-06 1.20E-03 4.5270 
SS00002454 DVL3 -1.3220 13.7164 -4.6696 3.87E-04 1.41E-02 0.2367 
SS00002870 MYOZ2 -1.9236 14.0377 -3.9312 1.39E-03 2.81E-02 -1.0843 
SS00003271 HSPB6 -1.1810 14.5370 -5.4263 7.63E-05 6.37E-03 1.7653 
SS00004323 ATP5G3 -1.0071 13.5090 -5.1570 1.26E-04 8.30E-03 1.2646 
SS00004770 HSPB7 -1.2853 13.6390 -4.9401 1.91E-04 1.01E-02 0.8601 
SS00005172 POLA2 -1.6282 10.4652 -4.2419 7.47E-04 2.04E-02 -0.4672 
SS00005914 HOMER2 -1.1020 13.6495 -6.0377 2.52E-05 3.00E-03 2.8439 
SS00006189 CSRP3 -1.6674 14.1146 -4.8276 2.37E-04 1.10E-02 0.6482 
SS00006853 SCD -2.0062 12.0344 -6.1106 2.22E-05 2.85E-03 2.9669 
SS00006888 LPL -1.4980 12.7039 -7.2568 3.23E-06 1.06E-03 4.8344 
SS00008224 DNAJB1 -1.1640 14.0211 -3.6962 2.24E-03 3.56E-02 -1.5458 
SS00008616 ACSL1 -1.0681 13.4859 -5.5467 6.11E-05 5.55E-03 1.9783 
SS00009459 SPARCL1 -1.1434 12.7339 -4.9346 2.37E-04 1.10E-02 0.7073 
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Median_edwards MDE 

Oligonucleotide identification Gene symbol log2FC(Pool H/Pool L) Average Expression t P-value Bonferroni corrected P-value B 
SS00000291 MYH3 1.7273 9.0046 4.1468 8.80E-04 2.37E-02 -0.6111 
SS00000679 SCD -2.9639 12.6807 -4.6981 2.94E-04 1.30E-02 0.4284 
SS00000695 PLN -2.0953 13.5809 -5.3145 8.99E-05 6.58E-03 1.5901 
SS00000696 GOT1 -1.0043 12.7459 -7.2188 3.17E-06 9.03E-04 4.8330 
SS00000459 NTRK3 -1.1864 12.8401 -8.1229 7.69E-07 3.96E-04 6.1799 
SS00000767 UGP2 -1.1868 13.7722 -5.6947 4.43E-05 4.31E-03 2.2822 
SS00001123 PPARA -1.0382 10.9014 -5.4086 7.53E-05 5.95E-03 1.7805 
SS00001044 FABP3 -1.3513 14.4648 -7.8360 1.19E-06 4.46E-04 5.7689 
SS00002255 TKT -1.4485 7.9152 -3.9129 1.41E-03 3.22E-02 -1.0761 
SS00001972 FABP5 -1.2275 13.0204 -7.3632 2.51E-06 7.55E-04 5.0668 
SS00002454 DVL3 -1.4296 13.6425 -4.7924 2.45E-04 1.19E-02 0.6090 
SS00002870 MYOZ2 -2.0071 14.3187 -4.2466 7.20E-04 2.12E-02 -0.4479 
SS00003290 EIF2B2 -1.1900 10.2504 -5.1238 1.29E-04 8.35E-03 1.2507 
SS00003487 LOC107184103 -1.1355 10.3718 -3.5445 2.99E-03 4.98E-02 -1.8054 
SS00004032 C1QBP -1.0172 11.5257 -5.5400 5.90E-05 5.06E-03 2.0029 
SS00004323 ATP5G3 -1.0124 13.7183 -6.4871 1.08E-05 1.83E-03 3.6571 
SS00004770 HSPB7 -1.2715 13.7802 -4.6451 3.26E-04 1.35E-02 0.3291 
SS00005142 FCHSD1 -1.0535 13.7444 -5.6734 4.61E-05 4.43E-03 2.2545 
SS00005997 AP1G2 -1.3253 8.9947 -4.6542 3.21E-04 1.35E-02 0.3701 
SS00005914 HOMER2 -1.1156 13.7856 -5.3484 8.43E-05 6.46E-03 1.6526 
SS00006369 TSSK6 -1.7502 7.0367 -3.7351 2.02E-03 4.05E-02 -1.4109 
SS00006189 CSRP3 -1.6566 14.3547 -5.2624 9.92E-05 7.10E-03 1.4954 
SS00006853 SCD -1.9751 12.1388 -7.7315 1.40E-06 5.02E-04 5.6223 
SS00006966 RNF220 -2.7826 7.2141 -5.7350 4.12E-05 4.08E-03 2.3833 
SS00006888 LPL -1.4952 12.8503 -8.4288 4.87E-07 2.80E-04 6.6208 
SS00007208 COQ9 -3.2519 8.0121 -8.7094 3.24E-07 2.69E-04 6.9895 
SS00007292 MCU -1.1740 10.3716 -4.6887 3.00E-04 1.30E-02 0.4281 
SS00008224 DNAJB1 -1.1004 14.1937 -3.7786 1.85E-03 3.84E-02 -1.3701 
SS00008616 ACSL1 -1.1553 13.7195 -5.1930 1.13E-04 7.64E-03 1.3673 
SS00009114 HSPB2 -1.2000 8.3131 -4.1389 8.94E-04 2.39E-02 -0.6010 
SS00009459 SPARCL1 -1.0704 12.4879 -5.0412 1.51E-04 9.18E-03 1.0957 
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Median_subtract MDS 

Oligonucleotide identification Gene symbol log2FC(Pool H/Pool L) Average Expression t P-value Bonferroni corrected P-value B 

SS00000291 MYH3 2.2504 10.2443 9.1497 7.54E-06 1.43E-03 3.7521 
SS00000679 SCD -2.9573 12.6663 -4.8853 2.01E-04 1.01E-02 0.7901 
SS00000695 PLN -2.0634 13.5354 -5.4552 6.77E-05 5.76E-03 1.8577 
SS00000696 GOT1 -1.0245 12.6953 -6.1857 1.79E-05 2.48E-03 3.1746 
SS00000459 NTRK3 -1.1706 12.7771 -9.7353 7.46E-08 1.01E-04 8.3340 
SS00000767 UGP2 -1.1674 13.7116 -5.9351 2.80E-05 3.09E-03 2.7229 
SS00001123 PPARA -1.0405 11.2757 -5.3306 1.08E-04 7.36E-03 1.4723 
SS00001044 FABP3 -1.3737 14.4372 -7.3690 2.41E-06 7.45E-04 5.1022 
SS00001972 FABP5 -1.1894 12.9633 -8.6207 3.54E-07 2.39E-04 6.9255 
SS00002454 DVL3 -1.3706 13.5735 -4.9993 1.61E-04 8.89E-03 1.0078 
SS00002870 MYOZ2 -1.9818 14.2891 -4.3253 6.08E-04 1.85E-02 -0.2945 
SS00003290 EIF2B2 -1.0254 10.3443 -4.8485 2.62E-04 1.20E-02 0.5943 
SS00004323 ATP5G3 -1.0072 13.6536 -7.1128 3.66E-06 9.42E-04 4.7021 
SS00004770 HSPB7 -1.2675 13.7408 -4.6705 3.06E-04 1.32E-02 0.3794 
SS00005142 FCHSD1 -1.0215 13.7106 -5.8515 3.26E-05 3.43E-03 2.5860 
SS00005172 POLA2 -1.4361 10.6359 -3.6726 2.53E-03 4.55E-02 -1.5971 
SS00005997 AP1G2 -1.0503 9.2605 -4.4970 5.91E-04 1.83E-02 -0.1156 
SS00005914 HOMER2 -1.0967 13.7274 -5.4774 6.50E-05 5.76E-03 1.8986 
SS00006189 CSRP3 -1.6071 14.3083 -5.6161 5.02E-05 4.76E-03 2.1553 
SS00006853 SCD -1.9667 12.0933 -8.1115 7.55E-07 3.40E-04 6.2135 
SS00006888 LPL -1.4807 12.7991 -8.9867 2.09E-07 1.74E-04 7.4167 
SS00007208 COQ9 -3.7321 8.3656 -3.9999 2.56E-03 4.59E-02 -1.3456 
SS00008224 DNAJB1 -1.0803 14.1669 -3.7881 1.80E-03 3.66E-02 -1.3558 
SS00008616 ACSL1 -1.1440 13.6693 -5.4496 6.85E-05 5.76E-03 1.8500 
SS00009459 SPARCL1 -1.1538 12.7937 -5.5145 7.79E-05 6.33E-03 1.7770 
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Table S4. Complete information of oligonucleotide sequences and their relative gene identification. 

Oligonucleotide 
ID Oligonucleotide sequence Gene 

symbol Gene name Genbank SS GenBank HS Ensembl Gene HS 

SS00000291 ATATCGCCGAATCTCAGGTCAATAAGCTTCGCGCAAAGA
CCCGAGACTTCACCTCCAGCCGGATGGTGGT MYH3 Myosin Heavy Chain 3 XM_013981330 NM_002470 ENSG00000109063 

SS00000459 GCAGCGGCTGAACATCAAGGAAATCTACAAAATCCTCCA
TGCTTTGGGGAAAGCCACCCCCATCTACCTG NTRK3 Neurotrophic Receptor Tyrosine 

Kinase 3 NM_214271 NM_001375811 ENSG00000140538 

SS00000539 CCCTTCGACACAACCGTGTTCACTAGCAACTGCACAAAC
AGACAACATGGTGCATCTGTCTGCTGAGGAG HBB Hemoglobin Subunit Beta NM_001144841 NM_000518 ENSG00000244734 

SS00000679 GTAAACAGTGCTGCCCACCTATACGGATATCGCCCTTAT
GACAAGACTATTAGCCCCCGGGAGAATATCC SCD Stearoyl-CoA Desaturase JN613287 NM_005063 ENSG00000099194 

SS00000695 TGGTATCATGGATAAAGTCCAATACCTCACTCGCTCTGCT
ATTAGAAGAGCTTCAACCATTGAAATGCCT PLN Phospholamban NM_214213 NM_002667 ENSG00000198523 

SS00000696 TGGTTCTATACATCACAACTGTATTAGAGGCTACCGAGG
GACAGAAAAGGCTGCTCTGGTGAGGTAGCTG GOT1 Glutamic-Oxaloacetic 

Transaminase 1 NM_213927 NM_002079 ENSG00000120053 

SS00000767 TAGAAACTGCAGTAGGGGCTGCCATTAAAAGTTTCGAGA
ACTCTCTAGGTATTAATGTTCCGAGGAGCCG UGP2 UDP-Glucose Pyrophosphorylase 2 XM_021085838 NM_006759 ENSG00000169764 

SS00001044 ATGGACAAGAGACAACGCTTGTTCGGGAACTAGTTGATG
GGAAACTCATCCTGACACTCACCCATGGCAG FABP3 Fatty Acid Binding Protein 3 NM_001099931 NM_004102 ENSG00000121769 

SS00001123 AAATGCCAGTATTGTCGTTTCCACAAGTGCCTCTCGGCCG
GGATGTCCCATAATGCAATTCGATTTGGGC PPARA Peroxisome Proliferator Activated 

Receptor Alpha NM_001044526 NM_005036 ENSG00000186951 

SS00001972 AGTGGAAAATGGGAAATTAGTGGTGGTATGCGTCATGAA
CAATGTCACCTGCACTCGGGTCTATGAAAAA FABP5 Fatty Acid Binding Protein 5 NM_001039746 NM_001444 ENSG00000164687 

SS00002255 GCAGTGAGGTCCTTTTTTATTTCTGAGTGGTGTGAGATCC
CCTTAAAGGCGGGGTTCGACTCTGGGTGAA 

 Sus scrofa Expressed Sequence Tag 
(3) 

FS718631, 
AK395082 

  

SS00002454 TGGCTCGAAACTTCTGAGATAAGTCATTGAGAGGACACT
GGCGGGGAATTTAAGCGTATGGACTCCTCGT DVL3 Dishevelled Segment Polarity 

Protein 3/F-Box Protein 32 NM_001044588 NM_058229 ENSG00000156804 

SS00002786 TGACCTTGAAGAGACCGGGCGTGTTTTAAGTATTGGTGA
TGGTATTGCCCGTGTACACGGGCTGAGAAAT 

ATP5A1/ 
ATP5F1A 
(1) 

ATP Synthase F1 Subunit Alpha NM_001185142 NM_004046 ENSG00000152234 

SS00002870 ATCCCAGGTTCATGGCCTTTGCCAATCCTCTTTCTGGCAG
ACGGTCCTTCAATAGGACTCCTAAGGGATG MYOZ2 Myozenin 2 NM_001044593 NM_016599 ENSG00000172399 

SS00003271 TACAAACCTCCAGACACTTCTCTAGTTTCCAGACCCTACA
AAGCACTGTCCCTCAGCCTGGTCTCCCATC HSPB6 Heat Shock Protein Family B 

(Small) Member 6 XM_003127059 NM_144617 ENSG00000004776 

SS00003290 GGAGTATGGCAGACTCCATGGACGCAGCGACGAAAGAG
ATCAGCAGGAGTCCCTGCACAAACTCTTGACG EIF2B2 Eukaryotic Translation Initiation 

Factor 2B Subunit Beta XM_005656417 NM_014239 ENSG00000119718 

SS00003487 GCAGGGATTCGTCTATGGGATCCCGGCTCACAGAGCACC
AGGTGAGTGGGCCAACACCCTTTCTGCTTCA ECD4 (2) Sus scrofa Expressed Sequence Tag AW414718   
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SS00004032 TACTTTTCTCGAGGACCTCAAAGGTTTCGTCAAAAGCCA
GTAGGCAGACAAGGCACTAGACACCTTGACT C1QBP Complement C1q Binding Protein XM_021067745 NM_001212 ENSG00000108561 

SS00004323 CTGATCCGAGCTGGATCCAGAGTTGCATACAGACCAATT
TCTGCATCAGTGTTATCTCGACCAGAGGCCA 

ATP5G3/ 
ATP5MC3 
(1) 

ATP Synthase Membrane Subunit C 
Locus 3 NM_001244862 NM_001689 ENSG00000154518 

SS00004770 GGCTTGGGATAGGCAGGCTCTCTGGGCATTTAATCTGCA
GGACAGACAGAATCTTTGATCTGTGGAATCT HSPB7 Heat Shock Protein Family B 

(Small) Member 7 NM_001243388 NM_014424 ENSG00000173641 

SS00005142 GGGATGGGGGCAGGCCTGTCACAAGGAGCTGGAGCCAG
TATGCACAGCAGCTGTAATAGTCTGAGCGGAT FCHSD1 FCH and Double SH3 Domains 1 XM_021084937 NM_033449 ENSG00000197948 

SS00005172 AACGTCCACCGATCTGCTGTTTCACATGGGGGCCGAGGA
GATCAGCAGTTCTTCCGGAACTTCGGACAGA POLA2 DNA Polymerase Alpha 2, 

Accessory Subunit AK396202 NM_002689 ENSG00000014138 

SS00005914 CGATGCTGACTCAGGAATCCAGAACTAGGTCTACCTTAA
AACGTTTACGCAGTCAGGGCAGGGATGTTTC HOMER2 Homer Scaffold Protein 2 XM_001927296 NM_004839 ENSG00000103942 

SS00005997 CTCTTCCGGAAGTACGACCACATGAGGGCTGCCATCCTG
GAAAAGATGCCTCTTATGGAGCGAGGTGGCC AP1G2 Adaptor Related Protein Complex 1 

Subunit Gamma 2 XM_013978202 NM_003917 ENSG00000213983 

SS00006189 AGGCTCTAAACAGCACCACGGTAGCAGCTCACGAGTCAG
AGATCTACTGTAAGGTCTGCTATGGGCGCAC CSRP3 Cysteine And Glycine Rich Protein 

3 NM_001172368 NM_003476 ENSG00000129170 

SS00006369 TCTACGTCATGGTCACCGGGTGTATGCCCTTTGACGACTC
CGATATCGCTGGCCTGCCCAGGCGCCAGAA TSSK6 Testis Specific Serine Kinase 6 NM_001287411 NM_032037 ENSG00000178093 

SS00006853 AAATGGGTCAGCGTGAAGAAAAGTTAAAGAAAGCACGA
TGTCAAGGTTACACGGGTGGTTAAGGCCAGGG SCD Stearoyl-CoA Desaturase JN613287 NM_005063 ENSG00000099194 

SS00006888 AACTTCGGCCCTTCCTCTGAGAAATAGGGTTGTGCCTGTA
CAAAGTAGGATGAATGTTGTGATTGACATC LPL Lipoprotein Lipase AU059508 NM_000237 ENSG00000175445 

SS00006966 GTTGTATGATTTTCTTCTTTTGTTAAGATCACCTGGGAGC
AGTGCCTCCTCCGGGCTGGCTGGGGGCTCG RNF220 Ring Finger Protein 220 XM_003482102 NM_018150 ENSG00000187147 

SS00007208 CCCTGTGATTCCTACATTTGTCACTGACCCCATGTAGTCT
TCCAACCAGTAGATCCCAGATACCCCACTT COQ9 Coenzyme Q9 BX665294 (2) NM_020312 ENSG00000088682 

SS00007292 GGGCTTGCCACACAGCTGATTGATTGGCTGTTTTCTTTCA
CATGAGTCATCCCTCTTCGTCATGGCAAGG MCU Mitochondrial Calcium Uniporter XR_002338599 NM_001270679 ENSG00000156026 

SS00008224 TTTGCTTGCGGATGTTAGATGTGTCGACCTCCCATCTTGG
TTACCAGACCCTGTACACTCCTGTTTCTGT DNAJB1 DnaJ Heat Shock Protein Family 

(Hsp40) Member B1 AK395310 NM_006145 ENSG00000132002 

SS00008616 AGTATGTTGTGTTTAAGTGGCTTCCCCCCCACCCCCCAGA
ATAAACTCTCAGGCAAGGCATGTCTTTAAA ACSL1 Acyl-CoA Synthetase Long Chain 

Family Member 1 AK394100 NM_001995 ENSG00000151726 

SS00009114 AAGGTGTACATTGTACCAGATGCTGCCATGAGCCTCTGA
AGCTGGCAACATTTCAGTCCTAAGCCATAGA HSPB2 Heat Shock Protein Family B 

(Small) Member 2 XM_003129868 NM_001541 ENSG00000170276 

SS00009459 TAGCCCGCTGGAGAACTGCAGGAATCTGCAACAAAAAC
GATGACAGCCTGAAATACGTCCCAGTGCCAAC SPARCL1 SPARC Like 1 AK391810 NM_004684 ENSG00000152583 

(1) two different symbols for the same gene (the first symbol was used); (2) partial overlap with ECD4 gene; (3) this EST does not align with any gene sequence reported in the databases 
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Abstract 

A genome-wide association study (GWAS) was performed as preliminary step to identify 

regions potentially related to ham quality traits. In this research genomic information was 

obtained from 238 commercial hybrid pigs utilizing the GeneSeek® Genomic Profiler 

genome-wide porcine genotyping array. Carcasses were tested for hot weight (HCW), the 

thickness of backfat and loin, and lean meat percentage (LMPC). The corresponding fresh 

hams were assayed for weight and ultimate pH; the activities of Cathepsin B and 

Ferrochelatase (FECHA) of Semimembranosus muscle were determined through 

fluorimetric methods. The lean meat percentage of fresh ham (LMPH), salt absorbed after 

first (SALT1) and overall salting stages (SALT) were estimated online by the Ham 

Inspector()  apparatus. Hams were processed in compliance with the procedures 

established for Protected Designation of Origin Parma ham, and processing weight losses 

were measured at the main processing stages. HCW showed a significant negative 

correlation with LMPC and LMPH, while LMPH was correlated positively with LMPC, 

SALT1, SALT, and weight losses. The GWAS detected genome-wide association for 12 

single nucleotide polymorphisms (SNPs) with FECHA. The results obtained in this 

preliminary study were achieved by combining innovative and non-destructive 

technologies for screening hams under processing, measures of enzymatic muscle 
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properties relevant to dry-cured ham quality, and genomic information obtained through 

a GWAS. Additional studies carried out in a larger number of pigs have been planned to 

investigate the effect of gene variants of FECHA in the dry-cured ham’s quality with main 

reference to color development, and to confirm the GWAS results obtained in this study. 

 

Keywords: Heavy pig, ham, genome analysis, Ham Inspector() , Ferrochelatase gene 

variants 

 

Implications 

In this study, we observed that ham proneness to salt absorption and weight loss are 

related to fresh ham traits measured with an online control system. This would imply the 

possibility to adapt the dry-cured ham process management to thigh characteristics. We 

also detected strong associations between mutations in the pig genome and the muscle 

Ferrochelatase activity involved in the synthesis of Zinc protoporphyrin, the natural 

purple-red pigment occurring in dry-cured hams. This achievement provides information 

to enhance the aptitude of thighs to produce no-nitrite dry-cured hams with adequate 

color. 
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1. Introduction 

Among the Italian Protected Designation of Origin (PDO) meat products, Parma and San 

Daniele hams play a role of primary importance in the Italian pig production chain, with 

an economic value in the year 2020 of 687 and 309 million euros, respectively (Qualivita 

– ISMEA, 2021). In addition to processing conditions, final product quality relies on fresh 

ham properties, which in turn are dependent on pig genetics, growth efficiencies, and diet 

composition. To meet required quality features, Parma and San Daniele hams can be 

exclusively obtained from thighs originating from pigs fed with feedstuffs included in the 

product regulations (Parma ham – General Rules and Dossier, 1992; San Daniele ham – 

General Rules and Dossier, 2007) and subsequent revisions (Official Journal of the 

European Union, L 68/2 of 6/3/2023; Official Journal of the European Union, L 68/94 of 

6/3/2023). Moreover, Italian heavy pigs intended for PDO dry-cured hams derive from a 

selection program from or in agreement with the Italian herd book maintained by the 

National Association of Pig Breeders (ANAS, 2020), and only specified breeds or 

approved hybrids are allowed. Heavy pigs and single carcasses must meet specific 

requirements in terms of age at slaughter, weight range, and classification in the EUROP 

grid; pigs intended for the PDO chain are reared for at least 9 months up to a live weight 

of 160 kg (average weight of the batch at slaughter). Pigs meeting the above requirements 

are classified as “heavy”. Hams must fall within an established weight range, have a 

minimum subcutaneous fat thickness, and specified limitations in the trimming shape. 

Further, the composition of ham covering fat cannot exceed established values of iodine 

number and linoleic acid (Parma ham - General Rules and Dossier, 1992; San Daniele 

ham - General Rules and Dossier, 2007). 

In the last years, there has been a growing interest in evaluating fresh hams by non-

invasive tools working online and in developing analytical and genomic markers 
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predicting the quality of the final product. Recently, non-destructive techniques were 

tested in ham traits detection (Pérez-Santaescolástica et al., 2019). The single-frequency 

magnetic induction Ham Inspector()  system (HI; Lenz, Barcelona, Spain) has been able 

to predict the lean meat percentage of fresh ham (LMPH) and monitor salt intake in a fast, 

simple, and reproducible way (Zappaterra et al., 2021). The signal generated by the HI is 

based on the measurement of perturbation caused by an alternating excitation magnetic 

field on a conductive sample as in the case of meat. 

Cathepsin B was thoroughly investigated in research on ham texture and flavor 

development (Toldrá, 2006), and the correlation of its activity with muscle protein 

degradation was confirmed for Italian PDO dry-cured hams (Piasentier et al., 2021). In 

addition to proteolysis, color is a key quality marker of dry-cured ham. The typical color 

of Parma ham is due to the formation of the red pigment Zinc-protoporphyrin IX (ZnPP) 

in which Zinc ion (Zn(II)) is inserted in Protoporphyrin IX (PPIX). The synthesis of ZnPP 

has been suggested to be totally or partially enzymatic, and a role was assigned to the 

endogenous Ferrochelatase. Ferrochelatase activity, meat pH, and heme pigment content 

have been reported as the main endogenous factor affecting ZnPP formation in nitrite-

free ripened meat products. (Wakamatsu, 2022). 

Some studies were carried out to identify candidate genes for green hams to be processed 

into high-value dry-cured hams (Škrlep et al., 2010; Davoli et al., 2017). Identifying 

genetic markers associated with the activity of endogenous enzymes involved in 

proteolysis and ZnPP formation may be of primary importance in selecting pigs suitable 

for producing high-quality dry-cured hams. However, as far as the authors' knowledge, 

scientific literature lacks studies associating variations in Ferrochelatase activity in fresh 

hams with DNA markers. 

In this preliminary study, 238 commercial hybrid heavy pigs intended for PDO dry-cured 
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hams production were tested with the following objectives: 

i) to widen the assayed ham traits predictive of the final quality of dry-cured hams; 

ii) to evaluate the relationships between phenotypic traits of carcass and hams under 

processing; 

iii) to apply a genome-wide association study (GWAS) to identify genomic regions 

related to ham quality traits variability. 

 

2. Material and methods 

2.1 Animals 

In this study, commercial hybrid pigs belonging to three Italian finishing pig farms were 

provided for the trial. No pedigree data nor litter information were available, as 

commercial pigs are reared collectively after weaning and piglets from different litters 

are mixed. The heavy pigs included in this study were reared in pens containing a variable 

number of animals, according to the procedures utilized in each farm, until at least 9 

months of age, according to the management rules decided by each farmer. Pigs were fed 

following the constraints indicated by the Parma ham regulation (Parma ham – General 

Rules and Dossier, 1992): the diet provided to the animals was mainly based on cereals 

(corn and barley) and soybean, according to the dry matter content, independently from 

the growth phase. Animals were bred up to an average of 160 kg live weight per 

slaughtering batch, in agreement with the PDO Parma ham specifications. Each farmer 

delivered the pigs for slaughter twice, once during the autumn (September-October 2018) 

and once during the winter (December 2018-January 2019), in numerically similar 

batches per replica. The animals were slaughtered in two slaughterhouses on five 

slaughter days. Pigs were electrically stunned, and slaughter procedures were monitored 

by the veterinary team appointed by the Italian Ministry of Health. Animal care and 
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slaughter of the pigs used in this study were performed in compliance with the European 

rules (Council Regulation (EC) No. 1/2005 and Council Regulation (EC) No. 1099/2009) 

on the protection of animals during transport and related operations, and at the time of 

slaughter, respectively. 

2.2 Carcass traits 

At the slaughterhouses, hot carcass weight (HCW), the thickness of backfat (BFT), and 

loin (LT) were measured. BFT and LT were measured by Fat-O-Meat’er optical probe 

(FOM; Frontmatec A/S, Kolding, Denmark) between the 3rd and 4th last ribs, 8 cm off 

the carcass midline. The lean meat percentage of the carcass (LMPC) was calculated in 

compliance with European and Italian legislation (Commission Implementing Decision 

authorising methods for grading pig carcasses in Italy, 2014/38/EU - https://eur-

lex.europa.eu). All carcasses have been uniquely numbered on the thighs to be able to 

trace them individually in the subsequent steps. Left thighs were dissected from the hot 

carcasses, stored at 0-2 °C for 24h, shaped according to Parma ham regulation, and then 

delivered to a processing plant licensed for Parma ham production. Fresh hams with 

visible defects were not included in the trial. 

2.3 Ham selection and processing 

The weight of the left ham (HW) was measured after the trimming made in the processing 

plant, and the ultimate pH (pHU) of the visible section of Semimembranosus muscle 

(SM), was measured at 48 h postmortem using a portable pH meter (WTW pH3110, 

Weilheim, Germany). A total of 238 fresh hams, (from 114 barrows and 124 gilts) were 

selected (Table 1), to be sampled for analyses and monitored until full maturation, 

according to the weight range of 13.0 – 15.0 kg, required by the ham producer for a dry-

cured ham process lasting 15 months, and to the pHU range of 5.5 – 6.0. Ham with low 

final pH is more prone to excessive muscle proteolysis, which can load excessive softness 
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and bitter taste in aged hams (Virgili & Schivazappa, 2002). Conversely, high pH values 

and/or dark, firm and dry (DFD) meat prevent the normal moisture release from ham 

muscles, resulting in an inadequate adhesive texture (Guerrero et al., 1999). 

All 238 fresh hams were processed in five batches according to the slaughtering days, 

following the standard procedure of the plant and in compliance with the procedures 

established for PDO Parma ham. The procedure applied for processing is summarized in 

Supplementary Table S1. 

2.4 Phenotypic analyses 

The parameter LMPHs was estimated at the processing plant by a HI system working 

online (Zappaterra et al., 2021) according to the following Multiple Linear Regression 

Analysis model (Stepwise method - SPSS Statistical package version 22.0): 

LMPH = 25.87 + 782.57 × fS/HW + 181.76 × HW&!  (R#
,-.  = 0.92; RMSE = 1.23%). 

where LMPH is the fat-free lean meat (%); fS is the signal generated by the HI system 

during fresh ham scanning, and HW is the fresh ham weight (kg). The accuracy of the 

system was checked by the dissection of additional fresh hams (10% of the hams scanned 

for the trial and randomly selected). 

A sample (about 50g) of SM was taken from the external part of the ham muscles of the 

238 carcasses, put in plastic bags, and stored at -80 °C until the activities of Cathepsin B 

(CATBA) and Ferrochelatase (FECHA) were assayed. An additional portion of SM 

(about 5g) was sampled from each ham and stored in a plastic vial at -20 °C until 

genotyping. CATBA was assayed with Z-Arg-Arg-7-amido-4-methyl coumarin 

hydrochloride as substrate according to Barrett & Kirschke (1981). The release of 7-

amido-4-methyl coumarin (AMC) from the enzymatic reaction at 37 °C was measured 

using a spectrofluorometer (Perkin Elmer LS30) with λex = 380 nm and λem = 460 nm. 

Free AMC (Sigma-Merck) was used as standard. The activity was expressed as nmol of 



110 

AMC released min&!  g muscle&! . 

FECHA was determined by measuring the insertion of Zn(II) into PPIX to form ZnPP 

(forward reaction) as described by Parolari et al. (2016). The sample (1.0 g) was 

homogenized (Ultra-Turrax® T25, IKA®-WERKE) at 5,000 rpm for 2 min in 15 mL of 

ice-cold Tris-HCl buffer 20 mmol L-1 (pH 8.0) containing glycerol 20% (w/v), Triton X-

100 1% (w/v), and KCl 0.8% (w/v). The homogenate was subsequently sonicated for 5 

min and filtered through filter paper Whatman n. 40 (Whatman Intl. Ltd, Maidstone, UK). 

For the activity assay, the crude extract (675 μL) was incubated at 37 °C for 45 min in 

the dark with 100 μL of ZnCl# 2 mmol L&! , 25 μL of PPIX 1 mol L&! , and 200 μL of 

adenosine triphosphate dipotassium salt 25 mmol L&!  in NaCl 3.42 mol L&! . After 

incubation, 35 μL of EDTA 100 mmol L&!  were added to stop the reaction then the tubes 

were cooled on ice. Then, 3.0 mL of acetone was added, and the resulting solution was 

centrifuged at 10,000 g for 15 min at 4 °C. The formation of ZnPP was measured using a 

spectrofluorometer (FluoroMax-4 HORIBA Scientific) with λex = 420 nm and λem = 590 

nm. ZnPP (Sigma-Merck) was used as standard. Each extract was assayed against a blank 

obtained by adding 35 μL of EDTA 100 mmol L&!  to the reaction mixture. The activity 

was expressed as nmol of ZnPP formed min&!  100 g&!  dry matter. 

After salting, the hams deprived of the unabsorbed salt were scanned with the HI system. 

The percent of salt content in the lean part of hams after the first (SALT1) and overall 

salting stages (SALT) were estimated by the HI system (Zappaterra et al., 2021), 

according to the following predictive models (Multiple Linear Regression Analysis - 

Stepwise method - SPSS Statistical package version 22.0). 

SALT1 = - 0.24 + 18.91 × s1S/SHW + 8.76 × s1HW&!  (R#
,-.%= 0.72; RMSE = 0.12%) 

SALT   = - 0.49 + 25.70 × sS/SHW + 15.63 × sHW&!  (R#
,-.  = 0.86; RMSE = 0.13%) 

where SALT1 and SALT are the salt contents in the lean part of hams after first salting 
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and at the salting end (%) respectively, s1S and sS are the signals generated by the HI 

system during scanning of hams after first salting and at the salting end, s1HW and sHW 

the ham weight after first salting and at the salting end (kg). The accuracy of the system 

was checked by the dissection of additional salted hams equal to 10% of the hams scanned 

after SALT1 and SALT. 

Ham weight losses were calculated as cumulative losses after the first salting step 

(WLS1), at the end of salting (WLS), cold drying (WLCD), and after 15 months of 

processing time. 

2.5 Genotyping 

First, DNA was extracted from SM by means of the Wizard Genomic DNA Purification 

Kit (Promega Corp, Madison, WI, USA) applying the standard protocol provided by the 

company. Then, the extracted DNA samples were analyzed with the GeneSeek® 

Genomic Profiler porcine HD genotyping array (Illumina-NeoGen, Illumina Inc, San 

Diego, CA, USA, https://www.illumina.com/products/by-type/microarray-kits/ggp-

porcine.html), which contains 68,516 markers evenly distributed on all the porcine 

autosomes. The procedures utilized for the genotyping were those indicated by the 

company and were performed by an external service (http://www.lgscr.it/). Before 

association analyses, the localization of all markers of the array was checked and updated 

according to their position on the ENSEMBL Sus scrofa 11.1 genome assembly 

(https://www.ensembl.org/Sus_scrofa/Info/Annotation) using an updated version of the 

“map” file kindly provided by the Illumina research team. 

The sex of the animals was assayed by DNA analysis identifying the genotypes at the 

markers located on the Y chromosome: only the animals showing a genotype for these 

markers were considered males. 
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2.6 Statistical analyses 

2.6.1 Descriptive statistics and Pearson correlations 

All statistics on phenotypic traits related to pig carcass, fresh and salted hams, and 

processing weight losses were obtained by SPSS ver. 28 statistical package (SPSS Inc., 

Chicago, USA); normal distribution of data was inspected before statistical analysis. 

Descriptive statistics were given for the traits related to pig carcass, fresh and salted hams, 

and processing weight losses. Pearson phenotypic correlations were evaluated between 

the ham assayed quality traits and the technological traits measured over processing. 

2.6.2 Genome-wide association study 

After the genotyping, the markers mapped on X and Y sex chromosomes, on the 

mitochondrial genome, or unmapped, were removed. On the whole 5,497 markers were 

excluded from subsequent analyses. Quality control of the 63,019 markers was performed 

using gPLINK 1.9 (Chang et al., 2015), based on PLINK v1.07 (Purcell et al., 2007), and 

the markers that did not satisfy the set criteria were excluded: call rate for SNP <90%, 

minor allele frequency <0.05, and Hardy-Weinberg equilibrium with P-value <0.001. The 

call rate was also computed for the sampled animals and individuals with more than 10% 

of missing data were removed.  

Following the filtering carried out using PLINK, genetic distances calculation, and vector 

extrapolation were performed using the same software. A Principal Component Analysis 

(PCA) was elaborated with R environment using cmdscale and cbind functions. To 

visualize the results, a three-dimensional scatterplot of the first, second, and third 

principal components was produced with the R package gg3D, which is an extension of 

the R package ggplot2. 

Furthermore, following the filtering carried out PLINK, another cleaning of the samples 

was performed using the function check.marker of the GenABEL package (version 1.8-
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0; Aulchenko et al., 2007) in the R environment (R Version 3.4.4; https://cran.r-

project.org/) the samples showing an identity by state >0.9 were removed. After the 

filtering procedures, 51,166 SNPs and 237 individuals were retained. 

A GWAS was performed with the GenABEL package (version 1.8-0) using polygenic 

(grammar-gamma) and qtscore (Svischeva et al., 2012), according to a modification of 

the procedure described in Nicolazzi et al. (2015). The statistical model used to perform 

the association analyses between the genotypic data and each phenotypic trait included 

sex, the day of slaughter, and the farm (each farm was characterized by a genetic type) as 

fixed effects. A genomic kinship matrix was calculated using the ibs function included in 

the GenABEL package and considering the employed SNPs included in the statistical 

model to infer the pedigree relationships among the pigs. 

The following additive polygenic model was fitted with a genomic relationship matrix in 

GenABEL: 

Yi = X/β/ + Z/a/ + e/ 

where Y/ is the observation vector for the ith trait; β is the vector of effects for three 

factors (sex: two levels for barrows and gilts; slaughtering date: 5 levels; farm: 3 levels). 

The random factors in the model were animal (a) and residuals (e). They were assumed 

to be normally distributed as a/ ~ N(0,Gσa#) and e/ ~ N(0,Iσ0
#), where G is the genomic 

relationship matrix and σ,
# and σ0

# the additive genomic and residual variances, 

respectively. 

Samples were not included in the analysis when phenotypic traits were missing. 

Markers were considered significant with P-values (Pc1df, P-value for the 1 degree of 

freedom test corrected for the genomic inflation factor lambda) below the genome or 

chromosome-wide significant threshold (Supplementary Table S2). Manhattan plots and 

Q-Q plots were drawn in the R environment (R 4.1.2) by using the GenAbel package (R 
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3.4.4). The lambda estimated for all traits was always close to 1 with a minimum value 

of 0.9999805, indicating a good correction for the stratification of the samples carried out 

in this experiment. The False Discovery Rate (FDR; Benjamini & Hochberg, 1995) 

adjusted P-values were calculated in the R environment using the p.adjust function 

included in the graphics 4.1.2 package to correct for false positives due to multiple tests. 

The significance of the test was considered for FDR<0.01. 

2.6.3 Detection of the nearest genes and isoform characterization 

The genes located in the region flanking the significant markers for the analyzed traits, 

within ±500 kilobases from each associated marker, were used for the identification of 

candidate genes mapping in the same regions. The list of the flanking genes was obtained 

visually by checking the genomic regions where the markers are located using the 

ENSEMBL pig genome viewer 

(https://www.ensembl.org/Sus_scrofa/Location/Genome). 

To characterize the two swine Ferrochelatase (FECH) messenger RNA isoforms so far 

detected in pigs and to define where the mutant SNP was located within the two mRNAs, 

the alignment of the two transcripts (FECH-201: ENSSSCT00000005016; FECH-202: 

ENSSSCT00000053748) of FECH gene (ENSSSCG00000004541) was performed using 

the blastn online tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

2.6.4 Post-GWAS association study 

For the FDR significant markers (i.e., FDR<0.01), an association study was performed in 

R 4.1.2 with a linear model (lm function from stats package) to obtain the Estimated 

Marginal Means (EMM, formerly Estimated Least Squares Means) considering the 

parameters utilized for the GenABEL analysis (sex, day of slaughter, and farm as fixed 

effects). 

y/.12 = μ + G/ + sex. + slau1 + farm2 + e/.12 
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where y is the observation vector for the ith trait; μ is the mean of the population; G is the 

fixed effect of each SNP (i = 1, 2, 3); sex: two levels for barrows and gilts; slau is the 

slaughter day (5 levels); farm (3 levels); e, error represents random effects of residues. 

Additional functions used for the EMM analysis were: Anova (car 3.0-10 package), 

emmeans (emmeans 1.5.2-1 package), and pairs (graphics 4.1.0 package). 

Linkage disequilibrium (LD) analysis was performed using Haploview 4.2 software 

(Broad Institute, Cambridge MA, USA; 

https://www.broadinstitute.org/haploview/haploview) with default settings (Barrett et al., 

2005) and using the most significant markers (i.e. the markers showing the three 

genotypes or having a P-value and/or the contrasts significant) located on Sus scrofa 

chromosome (SSC) 1. 

 

3. Results 

3.1 Carcass, ham, and processing parameters 

In this study, we explored carcass and fresh ham traits associated with ham performance 

in dry curing. Descriptive statistics for the investigated traits are reported in Table 2. The 

HW must comply with PDO Parma ham requirements and thus a low coefficient of 

variation (CV = 3.4%) was observed for this trait. In this study, the LMPH was estimated 

by the HI system. The obtained LMPH values ranged from 57.8% to 67.9%. 

CATBA and FECHA were assayed respectively as markers of the endogenous proteolytic 

activity of fresh ham and potentially to generate ZnPP, the pigment associated with the 

red color development in nitrite-free PDO dry-cured hams. The obtained values showed 

to be largely variable (CV = 68.6%). 

The salt values estimated by the HI system indicate the percent of salt absorbed in the 

lean part of the ham during the first and the overall salting treatment. Ham processing 
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lasted 15 months and weight losses were measured at the main processing stages. In the 

present study, a higher CV was observed for salting weight losses compared to those 

measured at the end of cold drying and after the overall processing time. 

Pearson correlations were used for testing the linear relationship between carcass and ham 

traits. HCW (measured at the slaughterhouse) and HW (provided by the HI system at the 

manufacturing plant) showed a moderate positive correlation (r = 0.41; P ≤ 0.01). The 

negative correlations between HCW and the two parameters LMPC (r =-0.45; P ≤ 0.01) 

and LMPH (r =-0.44; P ≤ 0.01) indicated that the leanness of carcass and ham was 

moderately associated with a lighter HCW. The correlation coefficient of LMPC with 

LMPH was positive (r = 0.47; P ≤ 0.01). Correlations between ham traits, absorbed salt, 

and processing weight losses were reported in Table 3: positive and significant 

correlations were found between LMPH, salt absorbed in the lean, and processing weight 

losses. The salt absorbed in the lean was negatively correlated with pHU. 

3.2 GWAS for the markers associated with the phenotypic traits 

The PCA results indicated a clear separation between the three populations reared in the 

three different farms (Fig. 1), in agreement with the fact that pigs belonging to different 

crossbred lines were bred by the different farms considered in the present study. 

As a result of the GWAS, a total of 33 SNPs were found associated with 12 out of the 15 

phenotypic traits. The 19 SNPs showing chromosome-wide associations with 11 

phenotypic traits (HCW, BFT, LMPC, HW, pHU, LMPH, SALT1, SALT, WLS1, WLS, 

and WLCD) are listed in Supplementary Table S3 and represented in Supplementary 

Figure S1. Supplementary Table S3 reports also the allele and genotype frequencies for 

the chromosome-wide significant markers while Supplementary Table S4 lists the nearest 

coding genes for the same markers. 

Considering the genome-wide associated markers, 14 associated with the FECHA were 
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located on a limited region of SSC1 (105.75-116.36 Mb), displayed in Supplementary 

Figure S2. The FDR adjustment of the Pc1df obtained by GWAS indicated that 13 out of 

14 SNPs had FDR below 0.01 (Table 4). Finally, three SNPs presented a very high level 

of significance (FDR=4.02E-11). The SNPs associated with FECHA were adjacent to 

each other in the narrow region, 106.87-106.96 Mb of SSC1. The Manhattan plot and Q-

Q plot graphically showing the markers associated with FECHA are displayed in Fig. 2A 

and 2B. The genome map of the three most significant markers on SSC1 is shown in Fig. 

2C. One of these markers (ASGA0004152) is located in an exon of the FECH gene and 

is indicated with a red arrow. The exon structure of the two swine transcripts for the 

FECH gene is also displayed in Fig. 2C. 

The other two highly significant SNPs found associated with FECHA, namely 

DIAS0002366 and ALGA0005395, do not map within the FECH locus. The former is 

located in an exon of the gene Asparaginyl-tRNA synthetase 1 (NARS1) producing a 

synonymous variant, and the latter maps in an intergenic region between the genes NARS1 

and ENSSSCG00000033063. Supplementary Table S5 reported the nearest coding genes 

mapping in the region where the 14 SNPs associated with FECHA were detected. Allele 

and genotype frequencies were calculated for the 14 SNPs obtained by GWAS (Table 4). 

In general, the allele frequencies noticed for the SNPs associated with FECHA match a 

balanced distribution, with the minor allele frequency between 0.41 and 0.49. 

To estimate the effect of the alleles of the 13 SNPs, an association analysis for each SNP 

was carried out using a linear model (Table 5): 7 SNPs showed a significant P-value for 

both the EMMs of each allele and the contrasts between pairs of alleles. The results of 

the linkage analysis evidenced three linkage blocks in the region 106.6-107.3Mb of SSC1 

(Fig. 3) where the nine most adjacent markers for FECHA were located. GWAS analysis 

detected the highest significant associations with the three markers ASGA0004152, 
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DIAS0002366, and ALGA0005395 of the third linkage block, further suggesting that the 

mutation influencing the FECHA is located in the genomic region delimited by block 3. 

The same markers included on the Haploview linkage block 3 presented an EMM effect 

of about 49-50 nmol ZnPP min&!  100 g&!  dry matter for one of the two homozygous 

genotypes (Table 5), the highest values observed; conversely, the EMMs of the opposite 

homozygous genotype are between 14 and 16 nmol ZnPP min-!  100 g&!  dry matter, 

demonstrating the effect exerted by the alleles originated from the three cited SNPs on 

the FECHA. 

Close or in correspondence with the other two SNPs belonging to Haploview linkage 

block 3 there is a not characterized protein-coding gene (gene ENSSSCG00000033063, 

transcript ENSSSCT00000047084, located on an intron of FECH), one long noncoding 

RNA (gene ENSSSCG00000046224; transcript ENSSSCT00000070180), and the 

protein-coding gene NARS1 (Fig. 1C). These three genes can be also considered 

positional candidates for FECHA considering their proximity to each other and with the 

FECH gene. Nevertheless, no functional connections with the enzyme activity were 

available for ENSSSCG00000033063, ENSSSCG00000046224, and NARS1 in the 

literature. 

 

4. Discussion 

4.1 Carcass, ham, and processing parameters 

As displayed in Table 3, LMPH affects salt uptake and weight losses, contributing to an 

increase in the variability of dry-cured ham quality. Currently, this issue is faced by 

tutelary regulations with the exclusion from the PDO chain of carcasses graded as too 

lean or too fat (Parma ham - General Rules and Dossier, 1992; San Daniele ham - General 

Rules and Dossier, 2007). A close relationship between carcass classification and ham 
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leanness would be useful for process setting, as it would allow the ham to be identified 

by a reliable score. Conversely, the moderate positive correlation between LMPC and 

LMPH indicates that carcass grading for leanness partly predicts the lean percentage of 

the ham, even maintaining a similar trend between carcasses and thighs. To counteract 

this mismatch, the Italian breeding scheme of boar selection included the parameter 

weight loss after first salting, similar to the WLS1 reported in this study (Table 2), to 

obtain a balance between growth performances, affecting carcass leanness, and 

processing yield, related to ham suitability for dry-curing. Under standard processing, 

WLS1 was found to be affected by pig genetic type (Schivazappa et al., 2002), added salt 

(Pinna et al., 2020). 

The variability shown by CATBA in fresh hams partly explains the variations found in 

the proteolysis of dry-cured ham. The variability of CATBA detected in this study 

(CV=20.4%) may be influenced by the slaughter season, autumn and winter, in the 

present research, the breeding system, and the genetic type of the pigs (Russo et al., 2002; 

Virgili & Schivazappa, 2002; Sturaro et al., 2008). Russo et al. (2000) reported a moderate 

heritability (h#=0.23-0.28) for CATBA measured on Large White pigs. The latter result 

and the absence of specific DNA markers found in the present study to be associated with 

CATBA could be due to the combined effect of several genes and the fact that variations 

in the proteolytic activity may also be ascribed to environmental factors. FECHA has 

been postulated as a key parameter in the generation of ZnPP in nitrite-free cured meat 

products (Wakamatsu, 2022), although the relationship between its activity in fresh ham 

and ZnPP in the final product has not yet been confirmed. The obtained CV values agree 

with the results obtained by Parolari et al. (2009), which measured FECHA in 

representative muscles of fresh and processed hams. Based on the authors' knowledge, 

screenings performed on large ham batches are not available to compare the average value 
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reported in Table 2. 

Although the study was carried out under standard processing conditions, salted hams 

showed positive correlations between SALT1, SALT, and LMPH, linking the increased 

absorption of salt in lean to the lean meat content of the hams. During the salting phase, 

salt concentration gradients between the outside and inside of the ham occurred, and the 

absorption and diffusion of added salt are favored in lean meat. Therefore, the non-

invasive grading of LMPH is useful to evaluate potential and actual salt absorption and 

plan corrective actions to improve the homogeneity of the ham batches. As shown by the 

negative correlation between absorbed salt and pHU, a positive contribution to salt uptake 

from a low pHU of the hams is expected. The obtained values agree with salt contents 

obtained by other non-destructive technologies (Fulladosa et al., 2015) or using 

traditional methods of analysis (Pinna et al., 2020). 

Previous studies have shown no or very low correlations between HW and weight losses 

(Ramos et al., 2007), confirmed by the present study, despite being affected by the 

restricted weight range of the hams. As expected, all processing weight losses were 

positively correlated with LMPH, confirming that ham weight loss control needs the 

containment of LMPH. This is due to the large water content gap between adipose and 

muscle tissue (5–15% vs 70–75%) and the positive barrier effect of fat on water that drips 

out from the hams through diffusion and evaporation during processing (Bosi & Russo, 

2004). 

4.2 GWAS for the markers associated with FECHA and in silico characterization of 

the FECH gene 

FECHA, despite being involved in the formation of the red color in nitrite-free ripened 

pork meat products, is a trait that has not yet been considered for GWAS or other 

association analyses. For this reason, the results obtained in the present research 
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indicating an association between DNA markers and FECHA may be of particular interest 

to the field of meat science. Interestingly, the ten animals showing the highest and lowest 

FECHA, respectively, were homozygous for the three markers most significantly 

associated with this parameter (ALGA0005395, ASGA0004152, and DIAS0002366). 

This evidence indicates that the opposite and extreme values of the activity of this enzyme 

agree with the associated DNA markers, hypothesizing a specific role of the DNA 

markers located on this portion of SSC1 on FECHA. The nuclear FECH gene codes for 

the mitochondrial Ferrochelatase protein (protoheme ferrolyase, EC 4.99.1.1) located in 

the inner mitochondrial membrane, the terminal enzyme of the heme biosynthetic 

pathway, also involved in the pathway leading to the formation of the red pigment ZnPP 

characteristic of nitrite-free Parma ham (Wakamatsu et al., 2004). Although the research 

carried out has not yet totally elucidated the mechanisms leading to the formation of 

ZnPP, Ferrochelatase appears to play a key role. 

At the time of writing this paper, two transcripts of the FECH gene have been found in 

pigs 

(https://www.ensembl.org/Sus_scrofa/Gene/Summary?db=core;g=ENSSSCG00000004

541;r=1:106854002-106898418, last accessed: 01/03/2023). The first transcript (FECH-

201) includes 10 exons and the mutation recognized by the SNP ASGA0004152 is in 

exon 4. The other transcript (FECH-202) is longer, 

(https://www.ensembl.org/Sus_scrofa/Gene/Summary?db=core;g=ENSSSCG00000004

541;r=1:106854002-106898418), and includes 12 exons, with ASGA0004152 being 

located in exon 5. The two transcripts differ in length due to an alternative splicing event, 

the shorter transcript FECH-201 lacks exon 2 and has a different organization of the 3’-

UTR compared to FECH-202. On both transcripts, the same missense variant Val>Ala 

(p.Val207Ala, p.Val234Ala), corresponding to the SNP ASGA0004152 (c.620T>C, 
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c.701T>C) is present. To the best of our knowledge, differences in the activity of the 

proteins coded by the two porcine transcript variants have not yet been reported in the 

literature. Searching on the EMBL website, 22 missense variants are present in the 

porcine FECH gene; among these variants, only four, including the variant rs81216562 

(ASGA0004152), showed higher evidence as they were found by multiple (as indicated 

in the EMBL DNA variants of porcine FECH gene, 

https://www.ensembl.org/Sus_scrofa/Gene/Variation_Gene/Table?db=core;g=ENSSSC

G00000004541;r=1:106853114106899306;v=rs81216562;vdb=variation;vf=202791). 

The Sorting Intolerant From Tolerant (SIFT, https://sift.bii.a-star.edu.sg/) values for the 

variant rs81216562 (ASGA0004152) in the two transcripts FECH-201 and FECH-202 

were 0.22 and 0.16, respectively. These values are commonly categorized as “tolerated”, 

meaning that the variant rs81216562 (ASGA0004152) seems to be non-deleterious for 

both transcripts and the mutant aminoacidic sequence is expected to be compatible with 

the function of the coded proteins. Up to now, there is no indication whether the two 

transcripts detected for this porcine gene may be responsible for a different FECHA 

related to the formation of ZnPP. In the present study, based on the large difference 

noticed between the estimated means for the two opposite homozygotes, it is possible to 

hypothesize an influence exerted by rs81216562 on the activity of the translated peptide 

and, as a consequence, the efficiency of the enzymatic reaction catalyzed by FECHA. 

Nevertheless, the rs81216562 SNP could be either the causal mutation itself or a marker 

associated with the causal mutation. Apart from that, the association found between this 

marker and the variability in the amount of ZnPP in nitrate-free dry-cured hams is of 

extreme interest and needs further investigation.  

Considering the region outside the linkage block 3 (Fig. 2C, Fig. 3) other protein-coding 

genes are mapped there. The closest genes are One Cut Homeobox 2 (ONECUT2), and 
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ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 3 (ST8SIA3) on the left 

side of the genome with respect to the location of FECH. On its right side is located 

Ankyrin Repeat And Death Domain-Containing 1A (ANKDD1A). To the best of our 

knowledge, functional connections with FECHA for these genes have not been described 

in the literature. Interestingly, ANKDD1A maps to human chromosome 15 while the other 

cited genes, including FECH, are located on human chromosome 18. In pigs, all the seven 

cited gene maps on SSC1, indicating that there is a syntenic break differentiating humans 

and pigs in the genomic region between genes NARS1 and ANKDD1A that corresponds 

to the division in the observed linkage blocks. 

So far, this is the first study to find a strong association between a genetic marker and 

FECHA. Nevertheless, the molecular mechanisms underlying this phenotypic trait 

deserve further investigation to elucidate whether other genes besides FECH can be 

involved in determining changes in the FECHA. Future studies should investigate how 

the alleles detected in the SNPs associated with FECHA could affect ZnPP formation in 

the corresponding dry-cured hams. Moreover, a validation of the obtained results on a 

larger number of pigs, with a known pedigree, would be highly advisable before including 

the marker in selection schemes aimed at improving dry-cured ham quality. 
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5. Conclusion 

The application of a fast and non-invasive system suitable for the online acquisition of 

ham technological traits allowed an accurate prediction of the individual differences in 

salt absorption and weight losses existing among hams. In particular, the increase in 

LMPH and, even if to a lesser extent, the decrease in pHU, enhance ham tendency to salt 

absorption and to weight loss. The online prediction of LMPH, SALT1, and SALT, allows 

the early identification of hams that require an adaptation of processing steps (i.e., amount 

of added salt) to counteract the variability of dry-cured ham quality. The variability 

observed for the ham traits showed to be significantly associated with 33 markers. Among 

them, 14 SNPs were related with the activity of Ferrochelatase (FECHA), the enzyme 

involved in the synthesis of the natural red pigment ZnPP. In particular, the mutation 

ASGA0004152 (rs81216562) can be considered an interesting candidate for further 

studies due to its strong association with FECHA. In perspective, these findings could be 

integrated into the ham production chain, to select pig genotypes more prone to develop 

red color in dry-cured ham and to evaluate fresh hams according to their potential in salt 

uptake and weight loss. 
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Tables 

Table 1. Details of sampled fresh hams: the pig genetic types utilized, slaughter periods, 

slaughter plants, and slaughter days, and the number of animals from each herd are 

reported. 

Farm (F) Crossbreda Slaughter 
Period (P)b 

Slaughter 
Plant (SP) 

Slaughter 
Day (D) N. of animals 

F1 D × LW P1 SP1 D1 35 

F2 (D × LW) × (LW × L) P1 SP1 D2 44 

F3 D × LW P1 SP2 D3 38 

F1 D × LW P2 SP1 D4 41 

F2 (D ×LW) × (LW × L) P2 SP1 D4 38 

F3 D × LW P2 SP2 D5 42 
,%Abbreviations: D = Duroc, LW = Large White, L = Landrace. 
3%P1 = September-October 2018; P2 = December 2018-January 2019. 
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Table 2. Descriptive statistics for the traits related to pig carcass, fresh and salted hams, 

and processing weight losses. 

Carcass N. Mean SD CV% 
Hot carcass weight, kg (HCW) 238 144.40 8.30 5.70 

Backfat thickness, , mm (BFT) 238 36.60 6.80 18.50 

Loin thickness, , mm (LT) 238 61.80 8.10 13.10 

Carcass lean meat3, % (LMPC) 238 48.80 3.10 6.40 
Fresh ham     

Ham weight, kg (HW) 238 13.90 0.50 3.40 

Ham lean meat4, % (LMPH) 237 62.80 2.15 3.42 

Ultimate pH (pHU) 238 5.66 0.10 1.80 

Cathepsin B activity, nmol AMC min&!  g&!  (CATBA) 237 1.47 0.30 20.40 
Ferrochelatase activity, nmol ZnPP min&!  100 g&!  dry 
matter g&!  (FECHA) 233 34.00 23.30 68.60 

Salted ham     
NaCl content at the end of first salting- , % (SALT1) 236 1.22 0.10 7.95 

NaCl content at the end of salting- , % (SALT)  235 2.65 0.24 9.02 
Weight loss e     

after the 1st salting step, % (WLS1) 238 1.41 0.31 22.00 

at the end of salting, % (WLS) 236 2.68 0.41 15.00 

at the end of cold drying, % (WLCD) 231 16.02 1.04 6.50 

after 15 months of processing time, % (WL15M) 231 27.83 1.79 6.40 
,%Measured with Fat-O-Meat’er optical probe (FOM). 
3%Calculated according to the equation specified by Commission Implementing Decision 

2014/38/UE. 
4%Percentage of fat-free lean meat in fresh ham predicted by Ham Inspector() . 
-%Percentage of salt content in the lean part of salted hams predicted by Ham Inspector() . 
0%Expressed as a percentage of fresh ham weight. 

Abbreviations: AMC = 7-amino-4-methyl coumarin; ZnPP = Zinc Protoporphyrin IX. 
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Table 3. Pearson phenotype correlation coefficients between the ham quality traits (HW, 

LMPH, pHU), the technological traits for the absorbed salt (SALT1, SALT), and weight 

losses measured at the main processing stages. 

 HW LMPH pHU 

SALT1 -0.1955 0.6755 -0.155 

SALT -0.09 0.7255 -0.2555 

WLS1 -0.07 0.4155 0.135 

WLS -0.10 0.6055 -0.02 

WLCD -0.155 0.5655 -0.1755 

WL15M -0.08 0.7755 -0.06 
*= P < 0.05; **= P < 0.01. 

Abbreviations: HW = green ham weight; LMPH = fat-free lean meat percentage of ham; 

pHU = muscle pH measured at 48 h postmortem; SALT1, SALT = percent of salt content 

in the lean part of hams after first salting and at salting end; WLS1, WLS = ham weight 

losses after first and at salting end; WLCD = ham weight loss after the cold drying period; 

WL15M = ham weight loss after 15 months processing time. 
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Table 4. Significant markers located on porcine chromosome 1 associated with the FECHA. The markers are listed in decreasing order of false discovery rate. 

Allele and genotype frequencies are also listed. 

SNP markers rs# nt on SSC1a A1 A2 effB(SEB)b effABb effBBb FDRc 
Allele frequencies Genotype frequenciesd 

1 2 11 12 22 

ALGA0005395e rs81355515 106,952,113 G C -4.85(0.75) -5.61 -9.44 4.02E-11 0.51 0.49 0.27 (65) 0.48 (113) 0.25 (59) 
ASGA0004152e rs81216562 106,877,209 A G -4.92(0.76) -5.46 -9.73 4.02E-11 0.55 0.45 0.32 (77) 0.46 (108) 0.22 (52) 
DIAS0002366e rs81216057 106,917,692 A G -4.92(0.76) -5.46 -9.73 4.02E-11 0.41 0.59 0.20 (48) 0.41 (98) 0.38 (91) 
H3GA0002488e rs81355534 107,100,243 G A -4.49(0.77) -4.19 -8.99 1.39E-08 0.49 0.51 0.22 (53) 0.53 (126) 0.24 (58) 
INRA0003647e rs321031460 106,714,123 C A -4.74(0.84) -5.63 -8.51 3.51E-08 0.07 0.93 0.00 (0) 0.15 (35) 0.85 (202) 
ASGA0095614e rs81474204 106,683,184 A G -4.50(0.81) -5.05 -8.55 6.03E-08 0.66 0.34 0.45 (106) 0.43 (102) 0.12 (29) 
ASGA0004144e rs81355510 106,697,548 A C -4.50(0.81) -5.05 -8.55 6.03E-08 0.32 0.68 0.10 (24) 0.43 (102) 0.47 (111) 
ASGA0004161e rs81355527 106,823,633 G A -4.85(0.94) -5.79 -7.17 1.57E-06 0.25 0.75 0.06 (14) 0.38 (90) 0.56 (133) 
ALGA0005414e rs80808933 107,261,641 A G -4.18(0.82) -3.21 -8.45 2.21E-06 0.42 0.58 0.13 (30) 0.58 (137) 0.30 (70) 
ALGA0005524e rs80820778 110,947,652 G A 4.24(0.93) 4.68 7.51 9.42E-05 0.70 0.30 0.48 (113) 0.46 (108) 0.07 (16) 
INRA0003923e rs318548067 116,359,904 G A -3.39(0.80) -3.01 -7.09 8.39E-04 0.70 0.30 0.51 (121) 0.39 (92) 0.10 (24) 
INRA0003610f rs319996306 105,751,534 A C -3.88(0.95) -4.61 -5.83 2.23E-03 0.85 0.15 0.71 (168) 0.28 (66) 0.01 (3) 
H3GA0002483g rs80929711 106,679,629 G A 2.96(0.74) 5.44 5.66 4.33E-03 0.34 0.66 0.12 (29) 0.43 (102) 0.45 (106) 
ALGA0005538h rs80800059 111,184,327 G A 3.13(0.86) 4.50 4.64 2.85E-02 0.79 0.21 0.61 (144) 0.37 (87) 0.03 (6) 

,%SSC: Sus scrofa chromosome. 
3%effB: effect of the B allele in the allelic test; SEB: standard error of effB, reported in brackets; effAB: effect of the AB genotype in the genotypic 

test; effBB: effect of the BB genotype in the genotypic test. 
4%FDR = P-value false discovery rate corrected. 
-%the number of samples is reported in brackets. 
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0%1% genome-wide significant markers. 
6%5% genome-wide significant marker. 
7%1% chromosome-wide significant marker. 
8%5% chromosome-wide significant marker. 
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Table 5. Estimated marginal means (EMM, least-square means). The regression models were carried out for the false discovery rate significant 

markers detected on the pig genome for FECHA (nmol ZnPP min&!  100 g&!  dry matter). 

SNP markers P-value EMMa Contrastsb Additive effectc Dominance effectc 
11 12 22 11-12 11-22 12-22 

ALGA0005395 < 2.2E-16 49.70 34.00 16.10 15.70555 33.50555 17.80555 *** 0.65 
ASGA0004152 < 2.2E-16 50.20 31.60 14.50 18.60555 35.80555 17.10555 *** 0.74 
DIAS0002366 < 2.2E-16 48.90 29.80 14.10 15.80555 34.80555 19.00555 *** 0.49 
H3GA0002488 2.36E-15 46.70 35.20 15.70 19.50555 31.00555 11.60555 *** 0.11 
INRA0003647-  3.67E-05 - 20.00 36.10 - - -16.10555 - - 
ASGA0095614 5.62E-13 43.0 29.90 12.40 13.10555 30.50555 17.50555 *** 0.42 
ASGA0004144 1.21E-12 42.8 28.60 12.60 16.10555 30.30555 14.20555 *** 0.75 
ASGA0004161 0.09 43.7 30.50 34.70 13.22 9.00 -4.22 0.17 0.03 
ALGA0005414 1.71E-05 51.2 33.50 26.80 17.66555 24.36555 6.69555 *** 0.07 
ALGA0005524 0.10 31.9 34.20 44.60 -2.36 -12.77 -10.40 0.03 0.26 
INRA0003923 0.57 33.4 35.10 30.00 -1.68 3.40 5.08 0.50 0.30 
INRA0003610 0.14 39.5 38.30 31.80 6.55 7.78 1.23 0.61 0.74 
H3GA0002483 3.61E-13 12.40 29.90 43.10 -17.50 -30.70 -13.20 *** 0.44 

,%All significant EMM; adjusted means of the considered trait according to the statistical model used) effects are significant for P<0.001. 
3 *** means that the contrasts are significant for P≤0.001. 
4 *** means that the effects are significant for P<0.0001. 
-%Only two genotypes were detected on the analyzed samples for INRA0003647. 
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Figures 

Figure 1. Diagram showing the Principal Component Analysis results obtained among 

the three genetic types (= farm of origin) analyzed. PC=Principal Component. 
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Figure 2. (A) Manhattan plot and (B) Q-Q plots were obtained considering 

Ferrochelatase activity (λ = 1). (C) The genomic region of porcine chromosome 1 where 

the gene Ferrochelatase (FECH), and its two transcripts, are displayed. The position of 

the most significant single nucleotide polymorphism detected in an exon of the FECH 

gene where the missense variant (Val>Ala) is present is indicated by a red arrow at the 

top of the figure. The two black arrows indicate the position of the markers. The former 

is DIAS0002366 on the gene Asparaginyl-tRNA Synthetase 1 (NARS1), and the second is 

ALGA0005395 that maps in an intergenic region. The other genes than FECH displayed 

in the figure are the aforementioned gene NARS1, ENSSSCT00000070180 (gene: 

ENSSSCG00000046224), and ENSSSCT00000047084 (gene: ENSSSCG00000033063). 

(A) 
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(B) 
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(C) 

 

 

http://Dec2021.archive.ensembl.org/Sus_scrofa/Location/View?r=1%3A106850000-106953000  
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Figure 3. Haploview representation of the region of Sus scrofa chromosome 1 where the false discovery rate most significant markers for 

Ferrochelatase activity are present. Eight markers are grouped on three linkage blocks delimited by thick black lines. 
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Supplementary Materials 

Table S1. The procedure applied in the dry-cured ham process. 

 Salting!9# Cold drying'  Maturing*  

 1:; phase 2<- phase 1:;%phase 2<-%phase  

Temperature 1 - 4 °C 1 - 4 °C 1 - 4 °C 1 - 4 °C 13 - 16 °C 

Relative Humidity 75 – 85 % 75 – 85 % 60 – 70 % 65 – 75 % 60 – 65 % 

Time 7 days 14 days 2 weeks 10 weeks until 15 months 
!%Wet and dry sea salt was added to ham skin and exposed lean surface, respectively. 

# At the end of each salting phase hams were brushed to remove the unabsorbed salt. 

'  At the end of the cold drying hams were washed with warm water and then dried at 16 – 20 °C (65 – 80 RH%) for one week. 

*  After 2 - 3 months of maturing the exposed lean surface was smeared with a mixture of pork fat and rice flour (sugna). 
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Table S2. Threshold levels utilized to define the significance level of the analyzed 

markers. 

SSC1 SNP2 1%3 5%4 
1 4,927 2.03E-06 1.01E-05 
2 3,276 3.05E-06 1.53E-05 
3 3,035 3.29E-06 1.65E-05 
4 3,148 3.18E-06 1.59E-05 
5 2,366 4.23E-06 2.11E-05 
6 3,993 2.50E-06 1.25E-05 
7 3,125 3.20E-06 1.60E-05 
8 2,965 3.37E-06 1.69E-05 
9 3,119 3.21E-06 1.60E-05 
10 2,094 4.78E-06 2.39E-05 
11 1,919 5.21E-06 2.61E-05 
12 1,964 5.09E-06 2.55E-05 
13 3,858 2.59E-06 1.30E-05 
14 3,468 2.88E-06 1.44E-05 
15 2,869 3.49E-06 1.74E-05 
16 1,984 5.04E-06 2.52E-05 
17 1,675 5.97E-06 2.99E-05 
18 1,381 7.24E-06 3.62E-05 
ALL+ 51,166 1.95E-07 9.77E-07 

1 SSC: Sus scrofa chromosome. 

2 Number of SNP considered for the analyses after filtering for each chromosome. 

3 1% threshold level for chromosome-wide significance. 

4 5% threshold level for chromosome-wide significance. 

5 ALL: number of SNP markers considered for the analyses after filtering for the whole genome; 1% and 

5% threshold levels for genome-wide significance. 
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Table S3. Chromosome-wide significant markers detected for 11 traits of carcasses and hams. Allele and genotype frequencies (counts of each 

genotype class are reported in brackets) were calculated for the chromosome-wide significant markers. 

Traits SNP markers rs# SSCa Position (nt) A1 A2 effB(SEB)b effABb effBBb FDRc Allele 
frequencies 

Genotype 
frequenciesd 

           1 2 11 12 22 

HCW MARC0010481e rs80833486 7 92,317,462 A G 2.90(0.70) 2.90 5.79 9.06E-02 0.77 0.23 0.61 
(144) 

0.32 
(76) 

0.07 
(17) 

BFT WU_10.2_9_130213386e rs328108429 9 118,562,520 A G 2.10(0.52) 1.76 5.64 6.75E-02 0.92 0.08 0.85 
(201) 

0.14 
(33) 

0.01 
(3) 

 WU_10.2_9_130218234e rs324724964 9 118,567,368 A G 2.86(0.71) 2.92 5.44 6.75E-02 0.92 0.08 0.85 
(201) 

0.14 
(33) 

0.01 
(3) 

 WU_10.2_9_130230793e rs325056723 9 118,579,926 A G 2.86(0.71) 2.92 5.44 6.75E-02 0.08 0.92 0.01 
(3) 

0.14 
(33) 

0.85 
(201) 

 WU_10.2_9_130266401e rs319118334 9 118,615,532 G A 2.86(0.71) 2.92 5.44 6.75E-02 0.81 0.19 0.65 
(154) 

0.32 
(76) 

0.03 
(7) 

LMPC WU_10.2_9_130213386e rs328108429 9 118,562,520 A G -0.96(0.24) -0.80 -2.62 1.21E-01 0.92 0.08 0.85 
(201) 

0.14 
(33) 

0.01 
(3) 

 WU_10.2_9_130218234e rs324724964 9 118,567,368 A G -1.29(0.33) -1.31 -2.48 1.21E-01 0.92 0.08 0.85 
(201) 

0.14 
(33) 

0.01 
(3) 

 WU_10.2_9_130230793e rs325056723 9 118,579,926 A G -1.29(0.33) -1.31 -2.48 1.21E-01 0.08 0.92 0.01 
(3) 

0.14 
(33) 

0.85 
(201) 

 WU_10.2_9_130266401e rs319118334 9 118,615,532 G A -1.29(0.33) -1.31 -2.48 1.21E-01 0.81 0.19 0.65 
(154) 

0.32 
(76) 

0.03 
(7) 

HW H3GA0001138e rs80964860 1 23,690,032 A G 0.25(0.06) 0.25 NA 2.49E-01 0.80 0.20 0.63 
(149) 

0.34 
(80) 

0.03 
(8) 

 ALGA0058907e rs81424689 10 44,582,418 A G -0.16(0.04) -0.31 -0.27 2.49E-01 0.59 0.41 0.31 
(74) 

0.56 
(133) 

0.13 
(30) 

 10_49282888e rs335340698 10 44,556,135 A G -0.15(0.04) -0.30 -0.24 3.56E-01 0.51 0.49 0.21 
(50) 

0.60 
(141) 

0.19 
(45) 

LMPH WU_10.2_9_130213386e rs328108429 9 118,562,520 A G -0.51(0.13) -0.41 -1.40 2.04E-01 0.92 0.08 0.85 
(201) 

0.14 
(33) 

0.01 
(3) 
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 WU_10.2_9_129901613e rs322020545  9 118,251,676 G A -0.57(0.15) -0.59 -1.03 2.04E-01 0.65 0.35 0.39 
(92) 

0.51 
(122) 

0.10 
(23) 

 MARC0015234e rs80784388  11 11,929,849 G A -0.39(0.10) -0.35 -0.80 2.04E-01 0.54 0.46 0.26 
(61) 

0.57 
(136) 

0.17 
(40) 

PHU ALGA0123562e rs81321669 15 121,820,768 A G -0.03(0.01) -0.05 -0.05 1.11E-01 0.75 0.25 0.57 
(235) 

0.36 
(85) 

0.07 
(17) 

 MARC0073704e rs81259776   
This variant does 
not map to the 
genome 

A C 0.04(0.01) 0.03 0.12 1.90E-01 0.13 0.87 0.01 
(2) 

0.24 
(56) 

0.76 
(179) 

 WU_10.2_16_75579381e rs343570397 16 69,744,233 G A 0.04(0.01) 0.03 0.12 1.90E-01 0.25 0.75 0.08 
(20) 

0.32 
(77) 

0.59 
(140) 

 MARC0054662e rs81244927  9 24,006,973 G A -0.03(0.01) -0.03 -0.06 1.90E-01 0.55 0.45 0.27 
(63) 

0.57 
(135) 

0.16 
(39) 

SALT1 WU_10.2_5_85202138e rs331537375  
This variant does 
not map to the 
genome 

A G 0.02(0.01) 0.02 0.06 1.11E-01 0.14 0.86 0.02 
(5) 

0.24 
(58) 

0.73 
(174) 

WLS1 WU_10.2_3_7828156f rs343967250 3 8,485,061 A G -0.09(0.02) -0.07 -0.19 1.29E-01 0.49 0.51 0.23 
(55) 

0.51 
(122) 

0.25 
(60) 

SALT ASGA0090353e rs81308652 3 6,178,930 G A -0.04(0.01) -0.04 -0.08 4.35E-01 0.44 0.56 0.16 
(37) 

0.57 
(134) 

0.28 
(66) 

WLS WU_10.2_15_47227793e rs318911771 15 40,823,434 A G -0.13(0.03) -0.17 -0.22 3.50E-01 0.56 0.44 0.30 
(71) 

0.52 
(124) 

0.18 
(42) 

WLCD ALGA0114176e rs81343094 1 271,157,848 A G 0.30(0.08) 0.22 0.83 3.32E-01 0.20 0.80 0.03 
(8) 

0.34 
(80) 

0.63 
(149) 

aSSC: Sus scrofa chromosome. 
beffB: effect of the B allele in the allelic test; SEB: standard error of effB (in brackets); effAB: effect of the AB genotype in the genotypic test; effBB: effect of the BB 
genotype in the genotypic test. 
cFDR = P-value false discovery rate corrected. 
d the number of samples is reported in brackets. 
e 5% chromosome-wide significant marker. 
f 1% chromosome-wide significant markers. 
Abbreviations: HCW = hot carcass weight; BFT = backfat thickness; LMPC = lean meat percentage of the carcass; HW = fresh ham weight; LMPH = lean meat 
percentage of ham; pHU = muscle pH measured at 48 h postmortem; SALT1, SALT = percent of salt content in the lean part of hams after first salting and at salting 
end; WLS1, WLS = ham weight losses after first and at salting end; WLCD = ham weight loss after the cold drying period.  
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Table S4. Nearest coding genes of the chromosome-wide significant markers. 

Traits SNP markers Nearest gene(s)1 Type of variant 
HCW MARC0010481 RAD51B intron variant 
BFT WU_10.2_9_130213386 PAPPA2 intron variant 
 WU_10.2_9_130218234 PAPPA2 intron variant 
 WU_10.2_9_130230793 PAPPA2 intron variant 
 WU_10.2_9_130266401 PAPPA2 intron variant 
LMPC WU_10.2_9_130213386 PAPPA2 intron variant 
 WU_10.2_9_130218234 PAPPA2 intron variant 
 WU_10.2_9_130230793 PAPPA2 intron variant 
 WU_10.2_9_130266401 PAPPA2 intron variant 

HW H3GA0001138 - / ENSSCG00000043584 intergenic variant 
 ALGA0058907 CACNB2 intron variant 
 10_49282888 CACNB2 intron variant 
LMPH WU_10.2_9_130213386 PAPPA2 intron variant 
 WU_10.2_9_129901613 TNR, COP1 / PAPPA2, ASTN1 intergenic variant 
 MARC0015234 DCLK1 intron variant 

pHU ALGA0123562 

SLC4A3, STK11IP, INHA, OBSL1, TMEM198, CHPF, 
ASIC4, ENSSSCG00000031491, GMPPA, SPEGNB, 
ENSSSCG00000032522, DES, DNPEP, 
ENSSSCG00000022460, ENSSSCG00000016219, PTPRN, 
DNAJB2) / - 

intergenic variant 

 MARC0073704 This variant does not map to the genome  
 WU_10.2_16_75579381 GRIA1 / - intergenic variant 
 MARC0054662 - / - intergenic variant 
SALT1 WU_10.2_5_85202138 This variant does not map to the genome  
WLS1 WU_10.2_3_7828156 AGFG2 intron variant 
SALT ASGA0090353 KPNA7 intron variant 
WLS WU_10.2_15_47227793 - / - intergenic variant 
WLCD ALGA0114176 NUP214 intron variant 

Abbreviations: HCW = hot carcass weight; BFT = backfat thickness; LMPC = lean meat percentage of the carcass; HW = green ham weight; LMPH = lean meat percentage of 
ham; pHU = muscle pH measured at 48 h postmortem; SALT1, SALT = percent of salt content in the lean part of hams after first salting and at salting end; WLS1, WLS = ham 
weight losses after first salting and at salting end; WLCD = ham weight loss after the cold drying period. 
1 “-” means the absence of a coding gene in the range ±500kb upstream/downstream of the reported marker. 
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Table S5. Nearest coding genes of the markers significant for FECHA. 

SNP markers Nearest gene(s) Type of variant 
ASGA0004152 FECH missense variant 
DIAS0002366 NARS1 synonymous variant 
ALGA0005395 NARS1 / ENSSCG00000033063 intergenic variant 
H3GA0002488 ANKDD1A synonymous variant 
INRA0003647 ST8SIA3 / ONECUT2 intergenic variant 
ASGA0095614 ST8SIA3 upstream gene variant 
ASGA0004144 ST8SIA3 3 prime UTR variant 
ASGA0004161 ONECUT2 / FECH intergenic variant 
ALGA0005414 RBPMS2 intron variant 
ALGA0005524 RORA intron variant 
INRA0003923 DNAAF4 intron variant 
INRA0003610 TXNL1 intergenic variant 
H3GA0002483 ST8SIA3 upstream gene variant 
ALGA0005538 RORA intron variant 
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Figure S1. Manhattan plot and Q-Q plot of the traits showing association with 

chromosome-wide significant markers. 

Hot carcass weight (HCW, λ = 0.9999902) 

  

 

Backfat thickness (BFT, λ = 1) 
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Carcass lean meat percentage (LMPC, λ = 1) 

  

 

Fresh ham weight (HW, λ = 1) 

  

 

Lean meat percentage of fresh ham (LMPH, λ = 1) 
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Semimembranosus muscle ultimate pH (pHU, λ = 1) 

  

 

Salt content after first salting (SALT1, λ = 1) 
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Cumulative losses after the first salting step (WLS1, λ = 1) 

  

 

Salt content at the end of salting (SALT, λ = 1) 

  

 

Ham weight loss at the end of salting (WLS, λ = 0.9999901) 
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Weight loss at the end of cold drying (WLCD, λ = 0.9999805) 
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Figure S2. Region of porcine chromosome 1 showing the nucleotide interval defined by the genome-wide significant markers. 

 

http://Dec2021.archive.ensembl.org/Sus_scrofa/Location/Overview?r=1%3A106600000-111000000 
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Manuscript 3 

RNA-seq study on the Longissimus thoracis muscle of Italian Large 

White pigs fed extruded linseed with or without antioxidants and 

polyphenols. 

Published in Animals DOI: 10.3390/ani13071187 

 

 

Simple summary 

In humans, a dietary intake of n-3 polyunsaturated fatty acids (n-3 PUFAs) along with 

antioxidants has been shown to have anti-inflammatory and antioxidant activities. In pigs, 

on the other hand, there are few studies dealing with the use of n-3 PUFAs in the diet. For 

this reason, our study aimed to investigate the differences in gene expression of the 

Longissimus thoracis muscle of Italian Large White pigs fed with four different diets: a 

standard diet for growing-finishing pigs and three experimental diets; one supplemented 

with extruded linseed, a source of n-3 PUFAs, another with extruded linseed plus vitamin 

E and selenium as antioxidants, and another with extruded linseed plus oregano and grape 

skins extracts, which are natural polyphenols. From the results of the expression analysis, 

it was possible to deduce that, in the diets, the oxidative stability of the n-3 fatty acids 

increased, consistent with an increase in the fluidity of cell membranes and increasing the 

anti-inflammatory potential of muscle. This can determine the high quality of the muscle 

tissue as regards the lipid composition; consequently, the meat will be qualitatively better 

for human health.  
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Abstract 

The addition of n-3 polyunsaturated fatty acids (n-3 PUFAs) to the swine diet increases 

their content in muscle cells, and the additional supplementation of antioxidants promotes 

their oxidative stability. However, to date, the functionality of these components within 

muscle tissue is not well understood. Using a published RNA-sequencing dataset and a 

selective workflow, the study aimed to find the differences in gene expression and 

investigate how differentially expressed genes (DEGs) were implicated in the cellular 

composition and metabolism of muscle tissue of 48 Italian Large White pigs (24 barrows 

and 24 gilts) under different dietary conditions. A functional enrichment analysis of 

DEGs, using Cytoscape, revealed that the diet enriched with extruded linseed and 

supplemented with vitamin E and selenium promoted a more rapid and massive immune 

system response because the overall function of muscle tissue was improved, while those 

enriched with extruded linseed and supplemented with grape skin and oregano extracts 

promoted the presence and oxidative stability of n-3 PUFAs, increasing the anti-

inflammatory potential of the muscular tissue. 

 

Keywords: swine, transcriptome, methodological approach for RNA-sequencing data 

analysis, polyunsaturated fatty acids (PUFAs), antioxidants, vitamin E, selenium, 

polyphenols 

 

1. Introduction 

To date, there are multiple strategies to improve the nutritional quality of meat and meat 

products (Rocchetti et al., 2022). These include adding sources of n-3 polyunsaturated 

fatty acids (n-3 PUFAs) and antioxidants, such as selenium plus vitamin E or natural 

polyphenols, to the diet. In humans, n-3 PUFAs co-added with antioxidants have a 
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positive role in the metabolism by showing anti-inflammatory and antioxidant activity 

and have a positive effect against obesity and insulin resistance (Vitali et al., 2019). In 

swine, few studies in the literature examined the effects on metabolism, particularly at 

the molecular level, of dietary intake of n-3 PUFAs sources supplemented with 

antioxidants and polyphenols. 

This research aims to study pig Longissimus thoracis muscle gene expression differ- 

ences between pig diets through the application of a selective workflow of RNA-

sequencing (RNA-seq) data processing. Compared with previous studies, we chose 

DESeq2 to identify the differential expression genes (DEGs) and we applied a strict log2 

Fold Change (log2FC) to identify the DEGs. This approach, which is quite common in 

human research, was used in pigs to iden- tify effects on gene expression of diets 

supplemented with different antioxidants. Thanks to the identification of DEGs , this 

paper highlights the relevance of adding antioxidants to pig diets when animals are fed 

with a source of PUFAs, in order to increase the stability of the fat component of pork 

utilized both for fresh consumption and to produce high-quality pig-meat-seasoned 

products. 

 

2. Materials and Methods 

Forty-eight Italian Large White pigs, 24 gilts and 24 barrows, were used in the experi- 

ment. These pigs were chosen from a large group of 258 piglets, which were descended 

from 21 sows and 3 boars marked in the herd book of the Italian National Association of 

Pig Breeders (ANAS: https://www.anas.it/). 

The 48 pigs were divided into four experimental groups of 12 animals, each balanced for 

weight, father, and sex. The subjects were all fed a standard diet until the start of the trial, 

after which each group was given its respective diet, which was a standard diet for 
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growing-finishing pigs (D1); the same diet as D1, enriched with extruded linseed, an n-3 

PUFAs source (D2); the same diet as D2, enriched with vitamin E and selenium (D3); 

and the same diet as D2, enriched with grape skin and oregano extracts, sources of natural 

polyphenols (D4). In the middle of the trial, in the experimental group D4, a pig died of 

natural causes. For ingredients, chemical composition, and feeding methods of the four 

diets administered, for the manner and timing (in relation to the weight of the animals) of 

pig slaughtering, and for regulations on the protection of animals at slaughter, refer to 

Sirri et al., 2018 and Vitali et al., 2019. 

After slaughter, Longissimus thoracis muscle samples were taken and placed immediately 

into liquid nitrogen for cryopreservation. After that, they were stored at -80 °C until the 

time of RNA extraction. Regarding materials and methods of RNA extraction, library 

preparation, and sequencing, we refer to Sirri et al., 2018 and Vitali et al., 2019. 

The forty-eight RNA-seq datasets for pigs fed with different diets were downloaded from 

the ArrayExpress (https://www.ebi.ac.uk/biostudies/arrayexpress), accession: E-MTAB-

7131), whose reads are 100 nucleotides paired-end sequencing reads. The quality of the 

raw reads was evaluated using FastQC v.0.11.5 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and reported in detailed 

files with MultiQC v.1.10.1 (Ewels et al., 2016). Then the reads were trimmed with 

Trimmomatic v.0.39 (http://www.usadellab.org/cms/?page=trimmomatic, Bolger et al., 

2014) by removing Illumina adapters, deleting the final bases of the reads with quality < 

3, eliminating reads when their average quality was < 15 in a sliding window of 4 bases, 

and, finally, removing reads of length < 60 nucleotides to ensure the highest quality of 

clean reads. Following this, clean reads were mapped to the reference genome, Sus scrofa 

genome assembly version Sscrofa11.1 (https://www.ensembl.org/Sus_scrofa/Info/Index) 

using STAR v.2.6.1.d (https://github.com/alexdobin/STAR; Dobin et al., 2013) with 



158 

default parameters and uniquely mapped reads obtained after filtering were used for the 

quantification of gene expression. FeatureCounts was used for the evaluation of gene 

expression, implemented in Subread v.1.6.3 (Liao et al., 2014) using the default 

parameters, and based on the genomic annotation of swine (release-104) from Ensembl 

database (Cunningham et al., 2022). The identified genes were then assessed for 

differential expression between experimental diets: D1 vs D2, D1 vs D3, D1 vs D4, D2 

vs D3, D2 vs D4, and D3 vs D4, for a total of six comparisons.  

DEGs were then detected using DESeq2 (Love et al., 2014), an R package from 

Bioconductor v.3.14. In DESeq2, the correction method used anticipated the dietary 

groups as experimental factors, while father, sex, slaughter day, and hidden batch effect 

were fixed factors. The hidden batch effect was previously calculated with sva 

(https://bioconductor.org/packages/3.14/bioc/html/sva.html), an R package from 

Bioconductor v.3.14, to adjust for unknown, unmodeled, or latent sources of noise; noise 

that would have conditioned the effect exerted by diets (Parker et al., 2014). Genes were 

assumed to be differentially expressed only those with at least 8 samples in at least one 

condition, with a number of reads equal to at least 10. The same conditions were used in 

studies concerning humans (Chen et al., 2016). In addition, DEGs were considered those 

fulfulling the criteria of the log# of the FC value (log#FC) %≥ |0.70| (Markussen et al., 2022) 

and False Discovery Rate (FDR) adjusted P-value £ 0.1, preserving the highly expressed 

DEGs, and they detected and described, in particular, the most pronounced differences in 

gene expression between diets provided to pigs of the same breed. For the validation 

methodology with quantitative real-time PCR, refer to Sirri et al., 2018 and Vitali et al., 

2019. 

In order to perform a functional analysis, DEGs were considered. For the annotation of 

the DEGs, the pig annotation gene was used first, after which the remaining unidentified 
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genes were named using the human homologous genes. To do this, BioMart-Ensembl 

(https://www.ensembl.org/biomart/martview) was employed (Cunningham et al., 2022). 

The functional enrichment analysis of DEGs was analyzed using stringApp, an app of the 

Cytoscape v3.9.1 software (Doncheva et al., 2019), using databases Gene Ontology (GO, 

including Biological Process, BP; Cellular Component, CC; Molecular Function; MF), 

Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways, and Reactome Pathways. 

All the genes from Homo sapiens were used as the background for the analysis because, 

with this background, we obtained networks with more genes involved and more 

interactions than using Sus scrofa. For the realization of the network, a confidence (score) 

cutoff of 0.40 was used, and to favor the creation of a network that included genes relevant 

for functional analysis, but which were not present among the DEGs, 5 maximum 

additional interactor genes were added for the comparison D1 vs D3. No genes were 

summed for comparison D1 vs D4 while for the comparison between D2 vs D4, no 

network was built because of the small number of DEGs found therein. The functions and 

pathways considered in the study had a significance threshold FDR < 0.05. 

 

3. Results 

The results of the RNA-seq data pre-processing and gene expression analysis are shown 

in Table 1. Not all clean reads were assigned to that feature, and this is probably because 

the pig genome was not completely annotated, so a part of the remaining reads was not 

assigned However through these reads, it would be possible to update the annotation of 

the pig genome (Shu et al., 2022). 

As the result of differential expression assessment, a total of 36 significant DEGs were 

detected, of which 34 genes were unique non-redundant considering all comparisons 

between diets. Only two DEGs (Transmembrane Protein With EGF Like And Two 
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Follistatin Like Domains 2, TMEFF2, and RING1 And YY1 Binding Protein, RYBP) were 

detected for D2 vs D4, and thus not further considered in functional analyses. For D1 vs 

D3, 22 DEGs were obtained, of which 19 were upregulated in D3. Finally, for D1 vs D4, 

12 DEGs were obtained, of which 11 were upregulated in D4. Since we did not detect 

significant DEGs in the comparison of D1 vs D2, D2 vs D3, and D3 vs D4, these were 

omitted from Tables 2 and 3. The complete list of DEGs with their average expressions 

and significance is reported in Table 2. The list of pathways and functions detected by 

functional enrichment analysis is reported in Table 3, and the description of the roles of 

the DEGs considered in the study is shown in Table 4. 

From the subsequent functional analyses of the D1 vs D3, some pathways were detected 

using Cytoscape (Figure 1a). Among them, the “positive regulation of the immune system 

process” BP of the GO database (Table 3) included the DEG, Lymphatic Vessel 

Endothelial Hyaluronan Receptor 1 (LYVE1), which is connected to C-C Motif 

Chemokine Ligand 21 (CCL21) and Plasmalemma Vesicle Associated Protein (PLVAP) 

in the network (Figure 1a) and has a role in regulating immune cell migration (Table 4). 

 

4. Discussion 

The results obtained from the D1 vs D3 comparison are consistent with the hypothesis 

that the cell migration process of the immune system is more activated in the diet 

supplemented with extruded linseed plus selenium and vitamin E (CCL21, 

Christopherson et al., 2002; LYVE1, Johnson et al., 2017; Lawrance et al., 2016), and the 

filtering efficiency of lymphocytes within the blood vessels is stimulated (C4A, Wang & 

Liu, 2021; PLVAP, Guo et al., 2016). This may suggest that, in pigs, the intake of a diet 

enriched with n-3 PUFAs (extruded linseed) plus antioxidants (vitamin E and selenium) 
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promotes a more rapid and massive immune system response because the overall function 

of muscle tissue is improved. 

Considering the comparison of D1 vs D4, the "Unsaturated fatty acid biosynthetic 

process” BP of GO database was detected as significant (Table 3) and included Stearoyl-

CoA Desaturase (SCD), ELOVL Fatty Acid Elongase 5 (ELOVL5), and ELOVL Fatty 

Acid Elongase 6 (ELOVL6) genes (Figure 1b); the ELOVL5 gene codes for an enzyme 

acting in the metabolic path of docosahexaenoic (DHA) and eicosapentaenoic (EPA) n-3 

acid formation (Guillou et al., 2010) from the alpha-linoleic supplementation (Calder, 

2017). This is consistent with the D4 supplementation stimulated the expression of genes 

acting in the synthesis of eicosanoid acids. In addition, dietary D4 supplements, grape 

skin, and oregano, with their antioxidant effects on lipids, might preserve EPA and DHA 

(Aviram et al., 2008; Ranucci et al., 2015; Rosenblat et al., 2006; Zou et al., 2016). This 

could result in a greater concentration in the phospholipid membrane of these n-3 fatty 

acids – which are the precursors of important anti-inflammatory metabolites released 

upon inflammation, such as resolvins, protectins, and marensins – in muscle cells 

(Ishihara et al., 2019). However, the lack of phenotypes limits the full understanding of 

how DEGs and signaling pathways influence certain characteristic meat traits. 

 

5. Conclusion 

To summarize, we identified 34 DEGs of which 27 are new DEGs compared to the 289 

DEGs in Sirri et al., 2018. Given the source of RNA being comparable pigs under 

different diets, we do not expect large changes in their transcriptional landscape (reflected 

by the low log2FC cut-off). Hence, to retrieve a set of DEGs with a lower number of false 

positives we conducted the present data analysis using more conservative filters and the 

statistical tool DESeq2 which was shown in Schurch et al., 2016 as preferential for a 
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moderate number of replicates to call small numbers of true positive DEGs. The current 

data analysis suggests that the use of antioxidants (selenium and vitamin E) or 

polyphenols as natural antioxidants (grape skin and oregano) in the diets enriched with n-

3 PUFAs derived from extruded linseed increased both the content and oxidative stability 

of n-3 fatty acids. This possibly provides the cells with greater membrane fluidity and 

anti-inflammatory potential, important requirements for maintaining cellular physiology 

as reported for immune cells (Calder 2017) and allows for a higher quality of muscle 

tissue resulting in increased meat quality for human health in relation to the lipid content 

and composition (de Tonnac et al., 2018). In general, this paper highlights the relevance 

of adding natural antioxidants to pig diets when animals are fed with a source of 

polyunsaturated fatty acids in order to increase the stability of the fat component of pork 

produced by heavy pigs, which can be utilized both for fresh consumption and to produce 

high-quality pig-meat-seasoned products. 
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Tables 

Table 1. Results of RNA-seq data pre-processing and gene expression analysis. The table 

shows for each sample, the type of experimental diet, the number of starting reads (raw 

reads), the number of reads remaining after the trimming step (clean reads), the 

percentage of reads out of the total clean reads uniquely mapped to the genome (uniquely 

mapped reads), and the number and percentage of reads assigned to exons out of the total 

clean reads for the identification of differential expression genes. 

Sample Dietsa Raw  
reads (N) 

Clean  
reads (N) 

Uniquely  
mapped reads (%) 

Reads  
assigned (N) 

Reads  
assigned (%) 

ERR2775643 D1 15,222,091 12,231,608 86.9 9,139,962 74.7 
ERR2775644 D1 11,864,858 9,324,171 87.3 6,775,878 72.7 
ERR2775645 D1 19,689,337 15,667,592 85.9 11,375,307 72.6 
ERR2775646 D1 20,182,659 16,184,879 86.2 11,585,338 71.6 
ERR2775659 D1 15,434,949 12,447,467 86.4 9,135,322 73.4 
ERR2775660 D1 17,757,331 14,217,671 85.5 10,410,825 73.2 
ERR2775661 D1 13,390,239 10,536,701 87 7,571,975 71.9 
ERR2775662 D1 16,184,027 12,817,542 85.7 9,264,611 72.3 
ERR2775673 D1 12,247,350 9,678,899 86.2 6,823,627 70.5 
ERR2775674 D1 12,718,558 10,018,047 86.7 7,270,784 72.5 
ERR2775675 D1 13,279,182 10,362,507 86.9 7,643,066 73.7 
ERR2775676 D1 14,546,288 11,620,043 86.3 8,331,936 71.7 
ERR2775647 D2 12,477,450 9,885,484 86.2 7,077,650 71.6 
ERR2775648 D2 12,974,371 9,985,754 87.3 7,270,811 72.8 
ERR2775649 D2 12,534,078 9,874,602 85.9 7,131,936 72.2 
ERR2775650 D2 13,908,762 10,890,036 85.9 7,959,151 73.1 
ERR2775651 D2 15,976,939 12,860,711 86.5 9,412,286 73.2 
ERR2775663 D2 14,471,427 11,460,053 86.8 8,240,029 71.9 
ERR2775664 D2 17,320,618 13,933,143 85.7 10,027,479 72 
ERR2775677 D2 17,174,540 13,807,456 86.3 9,910,284 71.8 
ERR2775678 D2 17,414,226 14,078,405 86.8 10,294,253 73.1 
ERR2775679 D2 17,246,132 13,643,475 86.4 9,756,837 71.5 
ERR2775680 D2 11,403,686 9,015,980 85.8 6,383,622 70.8 
ERR2775681 D2 15,452,512 12,419,639 86.5 8,957,969 72.1 
ERR2775652 D3 13,209,059 10,380,751 87.8 7,545,142 72.7 
ERR2775653 D3 16,449,679 13,227,601 85.9 9,420,488 71.2 
ERR2775654 D3 17,059,831 13,680,926 85.9 9,809,351 71.7 
ERR2775655 D3 17,665,490 14,373,661 86.2 10,242,721 71.3 
ERR2775665 D3 11,995,565 9,496,805 85.5 6,876,554 72.4 
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ERR2775666 D3 17,203,151 13,983,413 86.9 10,233,830 73.2 
ERR2775667 D3 14,287,420 11,591,105 86.9 8,529,950 73.6 
ERR2775668 D3 17,274,474 13,799,136 85.9 9,852,763 71.4 
ERR2775682 D3 17,533,837 14,169,711 86.4 10,330,258 72.9 
ERR2775683 D3 13,905,859 11,119,814 86.6 8,117,696 73 
ERR2775684 D3 14,116,063 11,330,645 87.1 8,172,131 72.1 
ERR2775685 D3 10,588,464 8,189,077 86.3 5,835,669 71.3 
ERR2775656 D4 19,899,598 16,125,093 85.9 11,299,711 70.1 
ERR2775657 D4 15,916,725 12,643,514 86.1 8,989,816 71.1 
ERR2775658 D4 11,677,680 9,152,447 85.9 6,543,642 71.5 
ERR2775669 D4 16,786,939 13,525,029 86.3 9,802,873 72.5 
ERR2775670 D4 15,204,776 12,248,050 86.4 9,032,702 73.7 
ERR2775671 D4 11,461,974 9,100,759 84.9 6,509,055 71.5 
ERR2775672 D4 15,301,870 12,092,472 86.6 8,836,322 73.1 
ERR2775686 D4 16,052,676 12,844,838 86.3 9,253,262 72 
ERR2775687 D4 11,974,411 9,290,605 85.9 6,610,776 71.2 
ERR2775688 D4 18,407,201 14,873,971 86.3 10,764,983 72.4 
ERR2775689 D4 13,247,963 10,477,587 86.3 7,505,028 71.6 
ERR2775690 D4 13,937,437 11,134,910 87.3 8,087,906 72.6 

a Diets: 
D1 = a standard diet for growing-finishing pigs;  
D2 = D1 plus enriched with extruded linseed, n-3 PUFAs source;  
D3 = D2 plus enriched with vitamin E and selenium;  
D4 = D2 plus enriched with grape-skin and oregano extracts, source of natural polyphenols. 
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Table 2. Differentially expressed genes (DEGs) were obtained from D1 vs. D3, D1 vs. 

D4, and D2 vs D4 comparisons. For each DEG, the ENSEMBL identity number, the mean 

of the normalized counts, the log2 Fold Change (log2FC), the raw p-values, the adjusted 

P-values (padj) and gene symbol are reported. 

D1 vs D3 
ENSEMBL ID D1 D3 log2FC P-value padj Gene symbol 

ENSSSCG00000001427 51.66 129.03 -1.44 1.19E-04 0.034 C4A 
ENSSSCG00000029886 14.61 32.98 -1.12 1.75E-04 0.039 LYVE1 
ENSSSCG00000012234 16.32 30.25 -1.09 2.03E-05 0.014 SRPX 
ENSSSCG00000004052 48.08 96.87 -1.07 3.30E-06 0.012 FNDC1 
ENSSSCG00000038162 31.58 59.87 -1.00 8.73E-05 0.031 CCL21 
ENSSSCG00000037706 12.59 26.32 -0.97 1.90E-05 0.014 PRKAR2B 
ENSSSCG00000018007 143.72 284.16 -0.97 4.30E-04 0.064 MYH3 
ENSSSCG00000011239 15.31 27.81 -0.88 5.14E-04 0.071 TRANK1 
ENSSSCG00000033919 53.23 91.72 -0.86 9.27E-04 0.099 DCLK1 
ENSSSCG00000040904 19.62 35.12 -0.86 1.39E-05 0.014 CLDN1 
ENSSSCG00000001570 235.46 402.93 -0.82 3.32E-04 0.059 PI16 
ENSSSCG00000007073 10.58 18.38 -0.81 5.45E-04 0.074 ISM1 
ENSSSCG00000037803 98.72 184.50 -0.80 6.47E-04 0.080 MARCKS 
ENSSSCG00000040337 49.27 83.66 -0.80 5.12E-04 0.071 AK4 
ENSSSCG00000029458 16.47 27.36 -0.80 3.95E-05 0.019 SLC16A2 
ENSSSCG00000037025 76.02 123.59 -0.79 3.41E-05 0.017 PLVAP 
ENSSSCG00000014088 24.90 43.19 -0.76 3.18E-04 0.059 IQGAP2 
ENSSSCG00000006082 86.84 152.88 -0.76 1.06E-04 0.033 MATN2 
ENSSSCG00000032015 12.79 21.14 -0.73 3.64E-04 0.061 SH3BGRL2 
ENSSSCG00000037292 23.96 13.65 0.74 7.61E-04 0.089 PLA2G4E 
ENSSSCG00000039921 18.60 9.49 0.97 3.98E-04 0.064 LOC100153854 
ENSSSCG00000044553 33.93 13.43 1.31 6.02E-04 0.078 DDIT3 

D1 vs D4 
ENSEMBL ID D1 D4 log2FC P-value padj Gene symbol 

ENSSSCG00000003088 42.11 90.45 -1.03 2.46E-04 0.077 APOE 
ENSSSCG00000004052 48.08 89.79 -0.94 8.00E-05 0.052 FNDC1 
ENSSSCG00000005997 376.19 588.51 -0.71 1.59E-04 0.065 COL14A1 
ENSSSCG00000008991 147.17 270.34 -1.01 3.51E-05 0.031 FRAS1 
ENSSSCG00000010554 453.56 1182.12 -1.57 3.47E-05 0.031 SCD 
ENSSSCG00000014232 19.88 39.84 -1.14 2.53E-05 0.031 LOX 
ENSSSCG00000024149 44.81 80.94 -0.98 5.22E-06 0.021 ELOVL5 
ENSSSCG00000026383 41.57 63.66 -0.72 3.69E-05 0.031 NRP2 
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ENSSSCG00000036236 81.34 160.13 -1.04 2.44E-04 0.077 ELOVL6 
ENSSSCG00000038420 54.49 96.94 -0.88 4.62E-05 0.033 PERP 
ENSSSCG00000040337 49.27 97.58 -0.94 9.07E-05 0.053 AK4 
ENSSSCG00000032450 38.68 18.34 0.99 7.54E-06 0.021 LYRM9 

D2 vs D4 
ENSEMBL ID D2 D4 log2FC P-value padj Gene symbol 

ENSSSCG00000016064 30.39 17.52 0.92 6.27E-06 0.048 TMEFF2 
ENSSSCG00000025053 121.60 187.28 -1.08 9.06E-06 0.048 RYBP 

  



172 

Table 3. Functions and pathways generated by functional analysis with Cytoscape were 

used for each comparison (D1 vs D3 and D1 vs D4) of the respective differentially 

expressed genes. For each category, there are numbers and symbols of genes of the 

category of belonging (categories of Gene Ontology, GO, or Reactome or Kyoto 

Encyclopedia of Genes and Genomes, KEGG, Pathways); description; and false 

discovery rate (FDR). The pathways marked in bold are those of interest to the study. 

D1 vs D3 
N Genes Categorya Description FDRb Genes symbol 

2 GO MF protein 
phosphatase 
activator activity 

0.0039 CALM3|CALM1 

6 GO MF protein kinase 
binding 

0.0044 CD4|PRKAR2B|CALM3|CALM1| 
ACTB|MARCKS 

9 GO BP negative 
regulation of 
molecular 
function 

0.0108 PRKAR2B|IQGAP2|CALM3|CALM1|
ACTB|PI16|C4A|CD44|DDIT3 

5 GO BP positive 
regulation of 
cytosolic calcium 
ion concentration 

0.0108 CD4|CCL21|CALM3|CALM1|DDIT3 

2 GO BP hyaluronan 
catabolic process 

0.0112 LYVE1|CD44 

2 GO BP regulation of 
cellular 
extravasation 

0.0161 PLVAP|CCL21 

7 GO BP response to biotic 
stimulus 

0.0176 CD4|DCLK1|CCL21|CLDN1|C4A| 
CD44|DDIT3 

6 GO BP cell adhesion 0.0176 CD4|LYVE1|CCL21|CLDN1|SRPX| 
CD44 

3 GO MF actin filament 
binding 

0.0177 IQGAP2|MYH3|MARCKS 

4 GO MF enzyme inhibitor 
activity 

0.0191 PRKAR2B|IQGAP2|PI16|C4A 

5 GO MF protein domain-
specific binding 

0.0226 PRKAR2B|CALM3|CALM1| 
SH3BGRL2|DDIT3 

2 GO BP release of 
sequestered 
calcium ion into 
cytosol 

0.0255 CCL21|DDIT3 

14 GO BP localization 0.0336 CD4|MATN2|DCLK1|CCL21|PRKAR
2B|IQGAP2|CALM3|CLDN1|CALM1|
ACTB|SRPX|CD44|DDIT3|SLC16A2 

2 GO BP multicellular 
organismal water 
homeostasis 

0.0348 PRKAR2B|CLDN1 



173 

3 GO BP negative 
regulation of 
peptidase activity 

0.0394 PI16|C4A|CD44 

2 GO MF virus receptor 
activity 

0.0412 CD4|CLDN1 

2 GO BP positive 
regulation of actin 
filament 
polymerization 

0.0432 CCL21|IQGAP2 

2 GO BP response to fatty 
acid 

0.0436 CCL21|CLDN1 

5 GO BP positive 
regulation of 
immune system 
process 

0.0437 CD4|PLVAP|CCL21|ACTB|C4A 

5 GO BP cell motility 0.0474 MATN2|DCLK1|CCL21|ACTB|CD44 
2 GO BP dendrite 

development 
0.0474 MATN2|DCLK1 

7 GO BP small molecule 
metabolic process 

0.0492 LYVE1|PRKAR2B|CALM3|CALM1| 
AK4|CD44|MYH3 

D1 vs D4 
N Genes Category Description  FDR Genes symbol 

3 Reactome 
Pathways 

Fatty acyl-CoA 
biosynthesis 

0.0034 SCD|ELOVL5|ELOVL6 

3 GO BP Unsaturated 
fatty acid 
biosynthetic 
process 

0.0146 SCD|ELOVL5|ELOVL6 

4 GO BP Purine 
ribonucleotide 
biosynthetic 
process 

0.0146 SCD|ELOVL5|ELOVL6|AK4 

2 GO BP Fatty acid 
elongation, 
saturated fatty 
acid 

0.0146 ELOVL5|ELOVL6 

2 GO BP Fatty acid 
elongation, 
monounsaturated 
fatty acid 

0.0146 ELOVL5|ELOVL6 

2 GO BP Fatty acid 
elongation, 
polyunsaturated 
fatty acid 

0.0146 ELOVL5|ELOVL6 

2 GO BP Very long-chain 
fatty acid 
biosynthetic 
process 

0.0146 ELOVL5|ELOVL6 

3 GO BP Regulation of 
cholesterol 
biosynthetic 
process 

0.0146 APOE|SCD|ELOVL6 

4 GO BP Regulation of 
lipid biosynthetic 
process 

0.0146 APOE|SCD|ELOVL5|ELOVL6 

3 GO BP fatty-acyl-CoA 
biosynthetic 
process 

0.0146 SCD|ELOVL5|ELOVL6 
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5 GO BP Regulation of 
small molecule 
metabolic process 

0.0146 APOE|SCD|ELOVL5|ELOVL6|AK4 

2 GO BP Long-chain fatty-
acyl-coa 
biosynthetic 
process 

0.0215 ELOVL5|ELOVL6 

2 GO MF Fatty acid 
elongase activity 

0.0400 ELOVL5|ELOVL6 

2 GO MF 3-oxo-arachidoyl-
CoA synthase 
activity 

0.0400 ELOVL5|ELOVL6 

2 GO MF 3-oxo-cerotoyl-
CoA synthase 
activity 

0.0400 ELOVL5|ELOVL6 

2 GO MF 3-oxo-
lignoceronyl-CoA 
synthase activity 

0.0400 ELOVL5|ELOVL6 

2 GO MF Very-long-chain 
3-ketoacyl-coa 
synthase activity 

0.0400 ELOVL5|ELOVL6 

2 KEGG 
Pathways 

Biosynthesis of 
unsaturated fatty 
acids 

0.0434 SCD|ELOVL6 
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Table 4. Description of the functions of the most relevant differentially expressed genes 

(DEGs). 

Comparisons DEGs Gene function 

D1 vs D3 

C4A 

C4A (Complement C4A) gene favors the reduction of 
susceptibility to infections as a deficiency of C4A and 
C4B proteins was associated with an increase in 
susceptibility to infections (Wang & Liu., 2021). 

CCL21 

CCL21 (C-C Motif Chemokine Ligand 21) expresses 
proteins that are part of and promote immune cell 
migration processes. CCL21 stimulates the migration of 
T cells and dendritic cells to specific regions of the 
node in secondary lymphoid organs, where antigen 
presentation can occur (Christopherson et al., 2002) 

LYVE1 

LYVE1 (Lymphatic Vessel Endothelial Hyaluronan 
Receptor 1) expresses proteins that are part of and 
promote immune cell migration processes. LYVE1 
expresses a receptor that binds hyaluronic acid present 
on the membrane of dendritic cells, allowing passage of 
these cells through lymphatic vessels (Johnson et al., 
2017; Lawrance et al., 2016). 

PLVAP 

PLVAP (Plasmalemma Vesicle Associated Protein) 
expresses proteins that are part of and promote immune 
cell migration processes. PLVAP expresses a protein 
that acts as a physical filter for regulating the entry of 
lymphocytes and soluble antigens into the parenchyma 
(Guo et al., 2016). 

D1 vs D4 

ELOVL5 

ELOVL5 (ELOVL Fatty Acid Elongase 5) is part of the 
enzymes called Elongation of very-long-chain fatty 
acids (ELOVLs) that catalyze the elongation of two 
carbon atoms to polyunsaturated fatty acids (PUFAs). 
ELOVL5 acts in the pathway that from alpha-linoleic 
acid, a polyunsaturated fatty acid of the omega-3 series 
and found in greater amounts in extruded linseed leads 
to the synthesis of eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) (Calder, 2017). 

ELOVL6 

ELOVL6 (ELOVL Fatty Acid Elongase 6) is part of the 
enzymes called Elongation of very-long-chain fatty 
acids (ELOVLs) that catalyze the elongation of two 
carbon atoms into saturated and monounsaturated fatty 
acids (Guillou et al., 2010). 

SCD 

SCD (Stearoyl-CoA Desaturase) is a key enzyme in 
unsaturated fatty acid biosynthesis since it catalyzes the 
insertion of the first double bond into saturated fatty 
acyl-CoA substrates (palmitoyl-CoA and stearoyl-CoA) 
at the delta-9 position (Goren & Fox, 2008; Wang et al., 
2005). 

a MF = Molecular Function; BP = Biological Process. 

b FDR = false discovery rate. 
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Figures 

Figure 1. Cytoscape Gene networks achieved with stringApp for the differentially 

expressed genes obtained comparing D1 vs D3 to the left (a) and D1 vs D4 to the right 

(b) diets. Over-expressed genes were colored in shades of blue, from the lightest (less 

over-expressed) to the darkest (most over-expressed). Down-expressed genes were 

colored in shades of red, from the lightest, least under-expressed to the darkest, most 

under-expressed. The genes indicated with a grey ellipse are additional interactor genes 

selected by Cytoscape. 
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Conclusions 

High-quality meat products from heavy pigs have always excelled among Italian agri-

food products. This is due to a well-defined production system regulated by production 

specifications. However, in order to further improve quality standards and to provide 

products that keep up with the changing food and nutritional needs of consumers, the 

contribution that scientific research can provide is crucial. 

In this regard, this thesis offers some insights into genetic and biochemical aspects that 

may influence the chemical and physical parameters of fresh pork to produce high-quality 

cured products, including Parma ham. 

Regarding the methods of investigation, genomics methods, i.e., genome-wide 

association studies (GWAS) were applied in the reported studies to identify genomic 

regions and genes potentially influencing traits related to carcass quality and nitrite-free 

fresh ham, and transcriptomics, through technologies that study gene expression in 

muscle samples, such as microarrays and RNA-seq. 

The microarray approach was used in the first study to analyze two pools of muscle tissue 

samples at 24 hours postmortem, derived from the Semimembranous muscle of Italian 

Large White (ILW) pigs, which diverged in glycolytic potential (GP), which is a 

biochemical parameter that defines the number of carbohydrates convertible to lactate in 

skeletal muscle. In the pool with higher GP only one gene is overexpressed, the Myosin 

Heavy Chain Isoform 3 (MYH3). In the pool with less GP, among the overexpressed genes 

is one that functions as a master regulator, that controls the expression of various genes 

in many metabolic pathways, in lipid metabolism, namely Peroxisome Proliferator 

Activated Receptor Alpha (PPARA). In fact, in this study, PPARA might have regulated 

the overexpression of genes related to syntheses, such as Stearoyl-CoA Desaturase (SCD) 

and Lipoprotein Lipase (LPL), transport, such as Fatty Acid Binding Protein 3 (FABP3) 
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and Fatty Acid Binding Protein 5 (FABP5), and oxidative metabolism, such as Acyl-CoA 

Synthetase Long Chain Member 1 (ACSL1), of fatty acids. Overexpression of SCD 

promotes the release of monounsaturated fatty acids, oleate, and palmitoleate, which in 

turn can induce increased expression of PPARA. Its overexpression can activate fatty acid 

oxidation at the mitochondrial level in muscle tissue, directing adenosine triphosphate 

(ATP) production toward fatty acid beta-oxidation and oxidative phosphorylation. 

Reinforcing this concept are mitochondrial genes expressing proteins that partially 

constitute mitochondrial membrane ATP synthase (ATP synthase F1F0 or Complex V), 

such as ATP Synthase Membrane Subunit C Locus 3 (ATP5MC3) and ATP Synthase F1 

Subunit Alpha (ATP5F1A), and also others involved in mitochondrial activity and 

oxidative phosphorylation, such as Complement C1q Binding Protein (C1QBP), 

Glutamic-Oxaloacetic Transaminase 1 (GOT1), F-Box Protein 32 (FBXO32), and 

Mitochondrial Calcium Uniporter (MCU), are overexpressed. Oxidative phosphorylation 

and, more generally, mitochondrial activity require oxygen as the final electron acceptor 

in the electron transport chain. The fact that there are these overexpressed genes may 

seem counterintuitive, as one would expect a hypoxic or anoxic condition of the muscle 

at these postmortem stages. Instead, it has been shown that oxygen in postmortem muscle 

gradually decreases within two hours after death, which makes mitochondrial function 

possible by contributing to ATP formation. Thus, mitochondria may influence 

postmortem energy metabolism in the first few hours after slaughter, although at reduced 

levels. Therefore, it is possible that in early postmortem muscle, with oxygen levels 

tending to decrease and with a low GP, muscle cells use not only the breakdown product 

of glycogen, glucose but also other substrates as energy substrates, reversing their energy 

metabolism toward fatty acid oxidation in a kind of compensatory mechanism. Further 

studies that also consider different types of muscle fibers will be needed to validate this 
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hypothesis. 

In the second study, a GWAS was performed on carcass and Semimembranous muscle 

samples derived from commercial hybrid pigs. One trait that could be of particular interest 

in nitrite-free dry-cured pork meat products is ferrochelatase activity (FECHA). For the 

first time, gene associations with this trait were studied. As a result, 14 markers were 

significantly associated with FECHA on Sus scrofa chromosome (SSC)1. Among them, 

three SNPs (ALGA0005395, ASGA0004152, and DIAS0002366) were homozygous for 

extreme phenotypic values of FECHA in ten animals, demonstrating a potential specific 

role of these markers on FECHA. To further investigate this trait, the Ferrochelatase 

(FECH) gene, which encodes for an enzyme that, in addition to being the terminal enzyme 

of the heme biosynthesis pathway, is also involved in the production of the characteristic 

red pigment of nitrite-free Parma ham, Zn-protoporphyrin IX (ZnPP), was characterized 

in silico. The transcripts noted are FECH-201 and FECH-202, which differ in length, with 

10 exons in the former and 12 in the latter, and in the location of the missense variant 

Val>Ala (rs81216562) significantly associated with SNP ASGA0004152, at exon 4 the 

former and exon 5 the latter. Both variants generate functional peptides, and at the same 

time, samples homozygous for SNP ASGA0004152 have very different estimated 

averages; therefore, it is possible that homozygous genotypes of this SNP could result in 

a strong difference in enzymatic activity. This difference could be traced to the difference 

between the two genetic variants and thus also to the possible different production of 

ZnPP in nitrite-free cured hams. To date, there is no indication whether these two 

transcripts could be responsible for different FECHA related to ZnPP production. In 

addition, it would be necessary to validate the results obtained, considering: a larger 

number of pigs, knowledge of the kinship between the subjects, and the allowed genetic) 

types. Futhermore, the work identified chromosomal associations between markers and 
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phenotypic traits. Of note is the fact that a marker significant for carcass hot weight, 

MARC0010481, was mapped on SSC7 in the genomic region where a Quantitative Trait 

Loci (QTL), which regulates ribs number production, is also present. This may be relevant 

to the increase in carcass weight, as more ribs lead to an increase in body size and weight. 

In addition, it is worth noting that not far from the SNP on SSC7 is the Vertnin (VRTN) 

gene, which is responsible for variation in the number of vertebrae, which could confirm 

the implication of this genomic region in increasing trunk length and thus also the size 

and body weight of the animal. In addition, correlations between carcass and fresh ham 

traits were evaluated in this work, among which a positive correlation was observed 

between fresh ham lean meat percentage and carcass lean meat percentage (LMPC). 

However, the correlation is moderately positive and thus LMPC can only partially predict 

the lean meat percentage of the ham, thus setting limits to its use as a possible 

discriminatory parameter for whether carcasses should be excluded from the PDO supply 

chain. 

Finally, RNA-sequencing (RNA-seq) was the method in the third study to evaluate gene 

expression and expression differences between Longissimus thoracis muscle samples 

from ILW pigs fed different diets. Specifically, the diet enriched with extruded linseed 

and supplemented with antioxidants (vitamin E and selenium) and the diet enriched with 

extruded linseed and supplemented with polyphenols (grape skin and oregano), showed 

the best results in terms of the number of differentially expressed genes compared with 

the standard growth diet. The antioxidant-supplemented diet induced the expression of 

genes related to immune system activation, such as C-C Motif Chemokine Ligand 

(CCL21) and Lymphatic Vessel Endothelial Hyaluronan Receptor 1 (LYVE1), which 

promote the migratory process of immune cells, and such as Plasmalemma Vesicle 

Associated Protein (PLVAP), which stimulates the filtration efficiency of lymphocytes 
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within blood vessels. This suggests that, with the use of this diet, muscle tissue, whose 

functions, in general, could be improved, can achieve a more rapid and intense immune 

response. In contrast, the polyphenol-supplemented diet resulted in the expression of 

genes related to the process of unsaturated fatty acid biosynthesis, such as SCD, ELOVL 

Fatty Acid Elongase 5 (ELOVL5), and ELOVL Fatty Acid Elongase 6 (ELOVL6). 

ELOVL5 plays a key role in the formation of eicosapentaenoic (EPA) and 

docosahexaenoic (DHA) fatty acids from alpha-linoleic acid derived from extruded 

linseed in the diet. Because polyphenols have an antioxidant effect on lipids, thus being 

able to store n-3 fatty acids (EPA and DHA), and that the latter are the precursors of 

important anti-inflammatory metabolites (resolvins, protectins, and marensins), it is 

possible to hypothesize an increase in the concentration of these n-3 fatty acids in the 

phospholipid membrane of muscle cells, ensuring a "storage" of anti-inflammatory 

metabolites, ready to be used in the event of an inflammatory process. These hypotheses 

need further studies clarifying in detail the mechanisms regulating the inflammatory and 

anti-inflammatory process, which to date are not entirely clear. Furthermore, compared 

with other works that have treated this topic, a more selective RNA-seq workflow was 

used in this study, which allowed not only the identification of new genes, enriching the 

results of previous studies, but also the identification of those genes that have the highest 

expressivity among different diets. 

Overall, this thesis addresses many innovative aspects that could be of interest to the 

production chain of high-quality cured pork products without nitrites. Alternative 

biochemical mechanisms such as those highlighted in early postmortem muscle tissue or 

complementary information to other studies, such as that provided by the third paper, 

allow adding further pieces to the overall picture of events that go into changing meat 

quality parameters. Still, the discovery for the first time of genetic associations, including 
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that with SNP ASGA0004152 and the FECH gene, maybe a pioneer for further research 

on how FECHA trait and associated markers may influence ZnPP formation in nitrate-

free hams. 


