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The Slovenian Krškopolje pig is the only preserved local autochthonous breed, appreciated mainly for its good meat quality and considered more appropriate for processing into dry-cured products. However, the biological characteristics of the skeletal myofibers of the Krškopolje breed, specifically the heavy myosin chain-based contractile and metabolic phenotypes that could affect meat quality, have not been established under different husbandry systems. The breed is generally maintained in either conventional indoor or organic systems. In the present study, the morphological, contractile, and metabolic properties of myofibers of the longissimus dorsi muscle were compared between animals reared in either an organic or a conventional indoor system. The myofibers were studied using immunohistochemical and succinate dehydrogenase (SDH) activity-based classification, histomorphometric assessment, and qPCR. Results revealed that the organic production system influenced the composition of the longissimus dorsi myofiber type, characterized by a smaller myofiber cross-sectional area, a shift toward oxidative (SDH-positive) myofiber types, increased relative expression of myosin heavy chain (MyHC) isoforms I, IIa, and IIx, and downregulation of MyHC IIb. On the contrary, no apparent effect was observed on the metabolic phenotype of the myofiber as assessed through relative mRNA expression of energy metabolism-related genes [peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PGC-1α), peroxisome proliferator-activated receptor gamma (PPARγ), lipoprotein-lipase (LPL), carnitine palmitoyltransferase 1B (CPT1B), glycogen synthase 1 (GYS1), hexokinase 2 (HK2), and fatty acid synthase (FASN)]. Differences in MyHC expression were largely corroborated by the histochemical classification, indicating that the contractile protein content is directly regulated by the MyHC genes. A correlation between the muscle contractile and metabolic phenotypes was not established, except for that between the HK2 and MyHC I genes. In conclusion, the present study showed an evident effect of rearing on the longissimus dorsi myofiber contractile phenotype but not the metabolic phenotype. Moreover, obtained data suggest that rearing the Krškopolje pig breed in a conventional system would result in an increased fiber size and a greater proportion of type IIb myofibers, which are known to be negatively correlated with some meat quality traits.
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INTRODUCTION

Myofibers constitute 75–90% of skeletal muscle and are largely responsible for the determination of meat quality traits, in particular, through morphological and physiological characteristics (1–3). In pig skeletal muscles, myofibers are classified into four different types, including I, IIa, IIx, and IIb. They are characterized by the myosin heavy chain (MyHC) isoform expression, with different shortening velocities increasing in the order MyHC I < IIa < IIx < IIb, and MyHC expression can shift from MyHC I to IIa, IIa to IIx, and IIx to IIb reversibly (4, 5). Consequently, hybrid myofibers that contain more than one MyHC isoform, are also present in muscles. The metabolic profile of myofibers generally meets the energetic demands of the MyHC isoform. High oxidative capacity is a characteristic feature of type I, which have a higher mitochondria and myoglobin content, with lipids as the main energetic source. The IIb myofibers have higher glycogen content for quick, short-lasting contractions, while type IIa and IIx myofibers represent a metabolically intermediate type (6). Type IIa myofibers have higher oxidative capacity than type IIx myofibers (3, 6). In pigs, reprogramming of the myofiber phenotype alters the contractile and metabolic properties of the muscle and can consequently influence meat quality. Such an impact on myofiber phenotype can appear due to various factors, including selective breeding, rearing conditions, dietary regime, or physical activity (7–10).

For decades, pig breeding programs have focused on improving the growth rate, feed efficiency, and carcass lean meat content (11). This has resulted in myofiber hypertrophy, an increased proportion of IIb myofibers, and a switch to higher glycolytic muscle metabolism in modern pig breeds, thereby causing some undesirable impacts on meat quality (12). On the contrary, autochthonous (local) pig breeds have been neglected since many years and have not been selected for growth rate and muscle tissue deposition. Moreover, these breeds are usually reared in production systems characterized by more welfare-friendly conditions. They exhibit slower growth rates and higher body fatness (13), and their products are of better quality compared to modern, highly selected pig breeds (14).

Manipulating the muscle myofiber type composition through physical activity, nutrition, and environmental rearing conditions have become of utmost important because of growing interest in organic rearing and concerns about animal welfare. The Krškopolje pig breed is the only autochthonous pig breed in Slovenia that is reared in a variety of husbandry systems, but mainly in a more free-range way. This breed has originated from southeastern Slovenia and has been relatively poorly studied. Various reports have indicated limited muscular development and increased fat deposition in this breed (15). It is considered more suitable for products like dry-cured ham (16) than modern leaner pig breeds, including Landrace, Large White, and Pietrain. Results of our recent study obtained from the Krškopolje breed have demonstrated an important effect of organic vs. conventional rearing on fat and meat quality traits, such as pH, lipid oxidation status, and fatty acid composition (longissimus dorsi muscle of organically reared pigs contained a higher proportion of monounsaturated fatty acids) (17). However, the interaction between some genes related to muscle contractile phenotype/energy metabolism, including MyHCs and peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α), and their consequences under different husbandry systems has not been established. Therefore, it has been hypothesized that the production system could impact the contractile and metabolic properties of the longissimus muscle of Krškopolje pigs, in particular, on the myofiber types composition and their hypertrophic potential. The present study aimed to test this hypothesis by analyzing the effects of organic outdoor vs. conventional indoor production systems on the morphological, contractile, and metabolic properties of longissimus muscle myofibers of Krškopolje pigs. Furthermore, correlation between the relative expression of MyHCs and selected energy metabolism-related genes that define muscle tissue contractile and metabolic properties was also investigated.



MATERIALS AND METHODS


Animals and Rearing Conditions

Animals and rearing conditions were selected as previously described (17). Briefly, 24 barrows originating from 12 L were assigned within litter to either conventional (C; n = 12) or organic (O; n = 12) group. Both groups were reared in the same farm; however, the organic group was reared in compliance with the Commission regulation (889/2008) for organic production, with a sheltered area of 16 m2 and an outdoor paddock area of 100 m2. Pigs of the group C were housed indoors (7.5 m2/pen). Pigs were fed a barley-based feed mixture, equivalent for the C and O groups of pigs in terms of energy, nutrient content, and fatty acid composition (17). However, the diet of O pigs was composed of organically grown ingredients. In line with organic farming, pigs of the O group were also offered roughage (alfalfa hay). In the beginning of the trial, the pigs were weighted 68 ± 8 kg at the age of 157 ± 6 days. After a period of 73 days, pigs were sent to slaughter (in a commercial abattoir according to the standard procedure, with CO2 stunning followed by de-hairing, evisceration, and veterinary inspection). There were no significant differences between pigs from the C and O groups in carcass mass (97.6 vs. 98.8 kg, respectively) and longissimus dorsi area (37.0 vs. 35.6 cm2, respectively) (17).



Immunoenzyme Histochemistry of Muscle Samples

Muscle samples were collected from the central part of the longissimus dorsi muscle (LD) at the level of the last thoracic vertebrae within 2 h after slaughter, deep-frozen in liquid nitrogen, and stored at −80°C till further analysis. Immunoenzyme histochemistry was performed on a subset of animals (6 animals per group) as previously described (18). Briefly, three different monoclonal antibodies (MAb) specific for adult MyHC isoforms were used: NLC-MHCs, specific for slow-twitch MyHC I; SC 71, specific for MyHC IIa; and BF-F3, specific for rat MyHC IIb (19). The reactivities of the listed MAbs for pig myofiber classification have been previously confirmed (6, 20). Transverse serial cryosections (10 μm) of muscle tissues cut with a cryostat Leica CM 1800 (Heidelberg, Germany) at −17°C and mounted on Thermo Scientific™ Superfrost® Plus adhesion slides (Gerhard Menzel B.V. & Co. KG, Braunschweig, Germany) were incubated with the primary antibody in a humidified chamber at 4°C overnight. The immunohistochemical reaction was visualized using a peroxidase-conjugated secondary antibody kit using the Dako REAL™ DAB chromogen (Copenhagen, Denmark). The oxidative capacity of the myofibers was estimated on the basis of the activity of mitochondrial succinate dehydrogenase (SDH) (21). The sections were dehydrated and mounted using Synthetic Mountant (Shandon, CA, USA). Classification of myofiber types of pig longissimus dorsi muscles into I, IIa, IIx, and IIb was based on a previous study (6) and is summarized in Table 1. Type I myofibers displayed the strongest SDH activity, denoted as ++; type IIa displayed strong/moderate SDH activity, denoted as ++/+, respectively; type IIx displayed moderate/negative SDH activity, denoted as +/–, respectively; and IIb displayed predominantly negative SDH activity, denoted as - Table 1.


Table 1. Specificity/intensity of immunohistochemical staining and the succinate dehydrogenase (SDH) activity supporting the classification of myofiber types into I, IIa, IIx, and IIb.
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The histomorphometric analysis of the transverse serial sections was performed using a Nikon Eclipse Ni-UM microscope equipped with a DS-Fi1 camera and the Imaging Software NIS-Elements BR 4.60 (Nikon instruments Europe B.V., Badhoevedorp, The Netherlands) as previously described (18). Approximately 500 myofibers in randomly selected complete muscle fascicles were analyzed per muscle sample to determine the average proportion of individual myofiber types according to the immunohistochemical staining and SDH activity as well as the cross-sectional area (CSA) of myofiber types. To assess the oxidative capacity of the LD muscle, the glycolytic-to-oxidative myofiber and relative area ratios were calculated. Glycolytic-to-oxidative myofiber ratio was calculated by dividing the proportion of type IIb myofibers by the proportion of type I, IIa, and IIx myofibers. Glycolytic-to-oxidative relative area was calculated by dividing the relative area ratio of type IIb myofibers by the relative area ratio of type I, IIa, and IIx myofibers.



RNA Isolation, cDNA Synthesis, and Quantitative Polymerase Chain Reaction (qPCR)

RNA isolation from frozen LD samples, cDNA synthesis, and qPCR were performed as previously described (22). Briefly, total RNA was extracted from ~25 mg frozen muscle tissue using an RNeasy Fibrous Tissue Mini Kit (Qiagen, Stockach, Germany) and subjected to an on-column DNase digestion step using the RNase-Free DNase Set (Qiagen, Stockach, Germany). The 260/280 and 260/230 absorbance ratios were then determined using UV–VIS Lambda 25 spectrophotometer (Perkin Elmer, Waltham, MA, USA) to quantify the extracted RNA and check for potential contamination. Thereafter, three out of the 24 RNA samples, one extracted from the C, and two from the O group muscle samples, were excluded due to insufficient low RNA quantity/quality. Subsequently, 1 μg of each RNA sample with 260/280 and 260/230 ratios close to 2.0 was used for cDNA synthesis using the RT2 First Strand Kit (Qiagen, Stockach, Germany). Primers and fluorescent 6-FAM dye-labeled minor groove binder probes/predesigned assays were obtained from Applied Biosystems (Thermo Scientific GmbH, Vienna, Austria). Primers/probes to detect the MyHC isoforms I, IIa, IIx, and IIb, reflecting muscle contractile phenotype, were used as reported previously (22). Information on the pre-developed assays used for assessing the muscle metabolic phenotypes and their prospective functions, using two endogenous controls including the eukaryotic ribosomal (r) 18S RNA (18S rRNA) that displays a high level of conservation amongst eukaryotes and actin beta (ACTB), are presented in Table 2. The 18S rRNA and ACTB has been previously shown as suitable controls for qPCR data normalization of LD muscle samples in pig (23, 24). The mean cycle threshold (Ct) values for 18S rRNA in the C and O group of pigs were 13.69 ± 0.63 and 14.39 ± 0.77, respectively. The mean Ct values for ACTB in the C and O group of pigs were 28.30 ± 0.46 and 28.09 ± 0.51, respectively.


Table 2. List of predesigned TaqMan gene expression assays used for qPCR.
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qPCR was carried out in 96-well-plates with a final reaction volume of 10 μL consisting of 4.5 μL of the 10-fold diluted cDNA sample and 5.5 μL of the TaqMan universal PCR Master Mix in the QuantStudio™ 5 Real-Time PCR System (ThermoFisher Scientific, Applied Biosystems, Foster City, CA, USA). The following conditions were used for PCR amplification: one cycle of 50°C for 2 min and one cycle of 95°C for 10 min followed by 45 cycles of 15 s at 95°C and 1 min at 60°C. Each reaction was run in triplicates. Briefly, the results were calculated from a threshold cycle (Ct) at which the PCR product crossed the detection threshold. The threshold line that showed the threshold cycle number (Ct) was fixed at 0.10. A Ct value >40 was defined as the cutoff (for the detection of gene expression). Relative quantification of target transcripts, normalized against the geometric mean of 18S rRNA and ACTB, was performed according to the comparative Ct method (ΔCt = Ctgeometric mean of controls – Cttarget transcript), and the relative changes in the expression of the studied target transcripts (fold changes in the expression) between indoor conventional (C) or organic (O) group of pigs was determined using the 2ΔΔCt method. The PCR efficiency of studied genes was >90% and was derived from standard curves composed of four 10-fold dilutions of the cDNAs. Applied Biosystems™ Analysis Software, Relative Quantification Analysis Module, version 3.9, was used for data analysis.



Statistical Analysis

To compare the expression of contractile and energy metabolism genes under organic (O) vs. conventional husbandry (C), analysis of variance (procedure GLM of SAS/STAT® software; SAS Institute Inc., Cary, NC, USA) was used with the model, including the fixed effect of treatment group (O vs. C). In the case of a significant effect (p < 0.05), means were compared using the Tukey test. The magnitude of differences between treatment groups, such as effect size, was also assessed with Cohen's d (25). To determine and visualize the relationship between MyHC mRNA expression and myofiber typing, and between contractile and energy metabolism gene expression, principal component analysis (PCA) was performed using R software (26). FactoMineR (27) was used for PCA calculations, while the Factoextra package (28) was used for visualizing the graph of variables. Pearson correlation coefficient (r) was computed using the Hmisc package (29), and the correlation matrix was displayed using the Corrplot package (30).




RESULTS


Myofiber Types Composition and Morphological Characteristics

Immunohistochemical and SDH activity-based classification of myofiber types is shown in Figure 1 and the morphometric data are summarized in Table 3. Immunoenzyme histochemistry results showed that the prevalent myofiber type in Krškopolje pig LD muscle was type IIb, followed by IIx, IIa, and I myofibers (Figure 1, Table 3). The production system had a notable impact (Cohen's d > 0.8) on the proportion of type I, IIx, and IIb myofibers; however, it was observed to be statistically significant in the case of type I and IIb myofibers only. In comparison to the LD muscle of pigs from conventional indoor husbandry systems (group C), the LD muscle of pigs reared in organic conditions (group O) contained a higher percentage of type I and a lower percentage of type IIb myofibers. This also resulted in a significantly lower glycolytic-to-oxidative myofiber ratio of 1.12 ± 0.24 in the O group compared with 1.45 ± 0.13 in the C group (p = 0.03). The husbandry system also notably affected the morphological characteristics of myofibers (Cohen's d > 0.8); however, it was only observed to be significant when the average cross-sectional area of all myofiber types was compared between groups C and O, and the myofiber's cross-sectional areas of LD were found to be smaller in group O than in group C. Similar to fiber ratios, the calculated glycolytic-to-oxidative relative area ratio was also significantly decreased in group O pigs (2.14 ± 0.33 vs. 1.62 ± 0.43 for C and O group, respectively; p = 0.014).
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FIGURE 1. Immunohistochemical and succinate dehydrogenase (SDH) activity-based classification of myofiber types in Krškopolje pig longissimus dorsi (LD) muscle. (A) Serial transverse sections of the LD muscle from pigs raised in the conventional indoor husbandry system (group C; A–D) or in organic conditions (group O; panels E–H) stained with the monoclonal antibodies (A,E) NLC-MHCs, (B,F) SC 71, and (C,G) BF-F3, specific for myofiber types I, II, and IIb, respectively; (D,H) succinate dehydrogenase (SDH) activity demonstrating the oxidative profile of myofibers. Scale bar, 200 μm is valid for all panels.



Table 3. Percentages (%) of myofiber types and their cross-sectional areas (μm2) in the longissimus dorsi muscle of Krškopolje pigs according to husbandry.
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Expression of Genes Related to the Contractile and Metabolic Phenotype of Myofibers

The relative expression of genes related to the contractile and metabolic phenotype of myofibers in the LD of Krškopolje pig is shown in Table 4. The system of husbandry strongly and significantly affected the relative mRNA expression levels of MyHC isoforms I, IIa, IIx, and IIb underlying contractile phenotype. The levels of MyHC isoforms I, IIa, and IIx were observed to be significantly (~2-fold) higher, whereas the level of isoform IIb was observed to be significantly (~3.5-fold) lower in the O group than in the C group (Table 4). On the contrary, husbandry did not significantly affect the relative expression of the genes associated with the muscle metabolic phenotypes (Table 4). Despite the lack of statistical significance, it is noticeable that the husbandry system exhibited a medium effect on the relative expression of mRNA in the case of PGC-1α and fatty acid synthase (FASN) (Cohen's d of 0.7 and 0.5, respectively) (Table 4).


Table 4. Effect of the production system (husbandry) on the relative mRNA expression of MyHCs and selected genes related to energy metabolism in the longissimus dorsi muscle of Krškopolje pigs.
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Correlation Between Histology Based Myofiber Classification and Relative Expression of MyHC Isoforms

PCA and correlation analysis were performed to establish the relationship between histology based myofiber classification and the relative expression of MyHC isoforms (Figure 2). The results showed that over 75% of the variation was explained by the first two components, with high quality of representation (cos2) for all variables except for the percentage of type IIa myofibers. Together with the correlation analysis, PCA demonstrated that the proportion of type I and IIb myofibers and the mRNA abundance of the corresponding genes (MyHC I and IIb) were well-correlated (r = 0.79; p = 0.002 and 0.73; p = 0.007, respectively). Positive correlation was also observed between the type I myofibers and the MyHC IIa expression (r = 0.62; p = 0.032), whereas the proportion of type IIx myofibers was negatively correlated with the MyHC IIb expression (r = −0.63; p = 0.029). The correlation between the proportion of type IIa and IIx myofibers and the mRNA abundance of the corresponding genes (MyHC IIa and IIx) was not significant (p > 0.05). The mRNA abundances of MyHCs showed positive correlation of MyHC I with MyHC IIa (r = 0.68; p = 0.014) and IIx (r = 0.72; p =0.004), MyHC IIa with IIx (r = 0.72; p = 0.008) and negative correlation of MyHC IIb with the mRNA levels of MyHC IIa (r = −0.81; p = 0.002) and MyHC IIx (r = −0.58; p = 0.047).
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FIGURE 2. Principal component and correlation analyses between myofiber classification and relative expression of MyHC isoforms. (A) The quality of representation was measured using the squared cosine (cos2), and the variables that contribute most to the separation of the trait between dimensions 1 and 2 are in blue; (B) The correlation analysis between variables. The size and color of the circle denote the strength of the relationship and its direction. Only the significant correlations are represented, and the values of the correlation are given inside the circles.




Correlation Between the Relative Expression of Genes Related to Contractile (MyHC Isoforms) and Metabolic Phenotype (Energy Metabolism-Related Genes)

The results of PCA (Figure 3A) showed that 59% of the variation was explained by the first two components, with high association (cos2) for all variables except for FASN, PGC-1α, and PPARγ. Together with correlation analysis (Figure 3B), it demonstrated good correlation between the mRNA abundances of energy metabolism-related genes, including hexokinase 2 (HK2) with glycogen synthase 1 (GYS) (r = 0.80; p = 0.002), lipoprotein-lipase (LPL) (r = 0.71; p ≤ 0.001) and carnitine palmitoyltransferase 1B (CPT1B) (r = 0.67; p ≤ 0.001) and LPL with GYS (r = 0.65; p = 0.002) and peroxisome proliferator-activated receptor gamma (PPARγ) (r = 0.48; p = 0.026) and CPT1B (r = 0.81; p ≤ 0.001). On the contrary, no correlation between muscle contractile and energy metabolism genes was evident, except the correlation between HK2 and MyHC I (r = 0.51; p = 0.017).
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FIGURE 3. Principal component and correlation analysis between the relative expression of genes related to contractile (MyHC isoforms) and metabolic phenotypes (energy metabolism-related genes). (A) The quality of representation was measured using the squared cosine (cos2), and the variables that contribute most to the separation of the trait between dimensions 1 and 2 are in blue; (B) The correlation analysis between variables. The size and color of the circle denote the strength of the relationship and its direction. Only the significant correlations are represented, and the values of the correlation are given inside the circles.





DISCUSSION

In recent years, autochthonous local pig breeds have attracted increased public interest, as their meat is considered to be more convenient for processing into high quality pork products. Moreover, local breeds are raised under different, but usually more extensive (organic) rearing system regarded to be more environmental- and animal-friendly (13). However, information regarding their skeletal muscle characteristics and related meat quality traits in relation to specific rearing systems is still very limited. Skeletal muscle myofibers are dynamic structures that exhibit high plasticity and undergo a type shift, following an obligatory pathway I ↔ IIa ↔ IIx ↔ IIb (31, 32). Physical exercise, ambient temperature, and nutrition (essential amino acid deprivation) are potential tools that can be combined with genetic factors (breed, genotype) in different rearing systems to affect the morphological and physiological characteristics of myofibers and associated meat quality traits (33). Physical exercise is well-known to influence myofiber characteristics, depending on the type and duration of the exercise. Aerobic conditioning has been shown to increase the proportion of type I fibers in humans (34). In studies on pigs, exercise-induced effects on muscle fiber types are varying or inconsistent (35), reporting either (i) no differences in the proportion of myofiber types (36, 37), (ii) increased percentage of type IIa and IIx myofibers (38), or (iii) increased percentage of type I and IIx (39) myofibers. It is notable that in these studies, a standard myosin ATPase-based method was followed that did not distinguish IIx myofibers. In the present study, we have used an immunoenzyme histochemical approach for myofiber classification in combination with the relative mRNA expression levels of the MyHC isoforms for more precise determination of the contractile pattern. A higher percentage of oxidative type I and lower percentage of type IIb myofibers was observed, resulting in a decrease in glycolytic-to-oxidative myofiber type and relative area ratios, thereby indicating a shift toward an increase in oxidative capacity in the O group of pigs which was clearly substantiated by a strong effect on the relative expression of all MyHC isoforms at the mRNA levels (increased expression of MyHC I, IIa, and IIx, and decreased expression of MyHC IIb). This result is further corroborated by the smaller size of myofibers in O group pigs, as fiber size (but not necessarily fiber type) is related to its oxidative capacity (40). These data are also in good agreement with a recent study that has reported on myofiber type morphological traits and the mRNA expression of MyHCs in the LD muscles of pigs reared either with semi-free grazing or at indoor feeding farms (39). Therefore, in the present study, the reason for a shift to more oxidative metabolism in organic pigs might be increased exercise. However, reports have revealed that the same effect could also be induced by non-exercise means, such as a lower dietary lysine level (41) or dietary butyrate supplementation (42). Therefore, it could be assumed that even in our case, a lower dietary lysine level in the O group (17) could be a contributing factor for the higher percentage of oxidative myofibers and, thus, muscle oxidative capacity. Although, lower dietary lysine levels have been previously correlated with a higher proportion of monounsaturated fatty acids, the LD IMF content did not differ substantially between the groups (17). This argues against the predominant effect of lysine, as it has been reported that the IMF content of the muscle increases with decreasing dietary lysine levels (43).

Earlier studies have provided evidences for the negative influence of fiber hypertrophy on meat quality traits, such as shear force, drip loss, and cooking loss (3, 9). In both groups, the CSA of type IIx and IIb fiber in the LD muscles of Krškopolje pig was observed to be considerably smaller in comparison to modern white pigs, but larger than in wild pigs of comparable age (~7 months) (18). Data derived from immunohistochemistry-based classification of myofiber types and analysis of MyHC mRNA generally showed a strong correlation in the case of MyHC I and IIb, and moderate and weak in the case of MyHC IIa and MyHC IIx, respectively, indicating that there are still difficulties in correctly classifying the latter. In pigs, the SC 71 antibody has been reported to recognize both MyHC isoforms IIa and IIx; however, with different affinities (6). It was also speculated that the reported cross-reactivity of SC 71 with MyHC IIx (6) is due to the abundance of hybrid IIa/IIx myofibers (44). This may explain the problem with the classification of the subset of myofibers, especially those in which two MyHC isoforms, i.e., IIa and IIx or IIx and IIb, are co-expressed at different ratios.

On the basis of an increased oxidative potential of LD in organic pigs, differences were also expected in the expression of some key genes involved in myofiber energy metabolism, as physical activity could be considered one of the most potent physiological stimuli promoting oxidative metabolism in skeletal muscles (45) because of the potential association with meat quality and, in particular, intramuscular fat (IMF) content (46–49). Therefore, the expression of selected energy metabolism-related genes involved in carbohydrate and lipid metabolism pathways was addressed in the present study. In the skeletal muscle glycolytic cycle, the phosphorylation of glucose to glucose-6-phosphate is controlled by hexokinase 2 (HK2), which is a key enzyme of glycolysis in pig skeletal muscle (50). Another promising candidate gene for traits related to skeletal muscle metabolism in pigs is the GYS1, which encodes glycogen synthase (51). The mRNA levels of these two enzymes (HK2, GYS1) were shown to be significantly higher in fast glycolytic-type muscles than in slow oxidative-type pig muscles (48). Although in the present study, the husbandry system demonstrated no statistically significant effect on either HK2 or GYS1 expression, a positive correlation between the HK2 and MyHC I expression is quite intriguing as, to the best of our knowledge, the upregulation of enzymes involved in carbohydrate metabolism has only been reported in slow-twitch type I aging human myofibers (52).

With respect to lipid metabolism-related genes, the increased oxidative potential of LD in organic pigs was not accompanied by an increase in the relative expression of the studied lipid metabolism genes, including PGC-1α, PPARγ, LPL, CPT1B, and FASN. PGC-1α has a clear impact on metabolism through its effects on many downstream target genes important for oxidative metabolism (23). PGC-1α has been identified as a cold- and exercise-induced coactivator important for mitochondrial biogenesis/function (53, 54), myofiber transformation from the fast- to the slow-twitch type (55), and myoblast differentiation/maturation (56). A recent study has also suggested PGC-1α upregulation to be a possible molecular mechanism underlying the butyrate diet-promoted increase in the slow-twitch myofiber type in finishing pigs (42). Considering the aforementioned results, an increased expression level of PGC-1α was anticipated in organic pigs; however, its level tended to be lower than that in conventionally reared pigs. The PGC-1α expression data could be interpreted with the aid of some other reports, revealing (i) a lack of association between the PGC-1α level and the muscle oxidative capacity (SDH activity) in human myofibers (57); (ii) the predominant post-translational regulation of PGC-1α activity (45, 58); (iii) a lack of dietary lysine level effects on PGC-1α expression in the LD muscle, but not in oxidative-type rhomboid muscle (41); and (iv) age-related variations in PGC-1α expression between wild and conventionally reared domestic pigs, as the PGC-1α level increased only during the early postnatal period, and not in adult wild pigs (22).

Peroxisome proliferator-activated receptor gamma (PPARγ or PPARG) is mainly present in adipose tissue, where it regulates fatty acid storage and glucose metabolism, such as lipid uptake and adipogenesis by fat cells, by triggering genes, including LPL, which stimulates fatty acid uptake in muscle tissues (59). Correlation between PPARγ expression and intramuscular fat deposition has also been previously reported in the Chinese indigenous fatty pig (Laiwu pig), known for its high meat quality (60). We observed a positive co-expression of these two genes; however, no effect of the husbandry system was observed. We also failed to find any differences in the relative expression levels of the CPT1B that facilitates lipid utilization through regulation of mitochondrial fatty acid oxidation (61), though we found a positive correlation between PPARγ and CPT1B. The lipid content of slow type I myofibers was observed to be three times to that of glycolytic IIb myofibers (62), and a positive correlation between the expression of MyHC I, IIa, and IIx, and a negative correlation between the expression of MyHC IIb and intramuscular fat content, have been previously reported (63). Thus, it was assumed that the relative expression levels of individual MyHCs and the expression levels of lipid metabolism-related genes could be correlated that is not confirmed by the results of the present study. Although a higher percentage of oxidative (SDH-positive) myofibers that utilize lipids as the major energy source, was established for organic pigs, there were no differences in the expression levels of key lipid metabolism-related genes. The effect of organic rearing on intramuscular fat content was moderate (Cohen's d being 0.5), but insignificant (17), that can be related to the predominant localization of lipids in the form of adipose tissue between myofibers (39, 64). Interestingly, the size of myofibers was strongly negatively correlated with intramuscular fat content, supporting the hypothesis that fiber size is negatively related to oxidative capacity (40). A weak correlation between the expression of MyHC genes and energy metabolism-related genes corroborates the hypothesis that in pig muscle, contractile protein content is transcriptionally directly regulated by the MyHC genes and can be uncoupled from energy metabolism genes (6, 65). The lack of effect of rearing on the expression of energy metabolism-related genes also corroborates with the results from previously reported chemical analyses showing no differences in the LD muscle IMF content between O and C group (17). Therefore, it could also be assumed that due to the predominance of the glycolytic fibers (> 50% in both groups), a small, i.e., ~1% increase in type I fibers in the O group of pigs, is not sufficient to exert a significant effect on the relative expression of the studied lipid metabolism-related genes.

To summarize, our results showed that an organic production system provides pigs with outdoor space, thus encouraging spontaneous physical activity, resulting in a shift toward the oxidative (SDH-positive) myofiber types, downregulation of MyHC IIb, and an upregulation of MyHC I, IIa, and IIx in the LD of Krškopolje pigs. However, non-exercise/dietary effects, such as lower dietary lysine, in organically grown pigs cannot be excluded. In contrast, the effect of rearing on the expression of energy metabolism-related genes and their correlation with MyHCs expression was less evident. Therefore, it can be concluded that the conventional system is less than ideal for the Krškopolje pig breed as it would result in an increased hypertrophic potential of myofibers and higher proportion of type IIb myofibers, known to be negatively correlated with some meat quality traits such as water-holding capacity, pH, and tenderness.
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