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Abstract

:

Domesticated animals are artificially selected to exhibit desirable traits, however not all traits of domesticated animals are the result of deliberate selection. Loss of olfactory capacity in the domesticated pig (Sus scrofa domesticus) is one example. We used whole transcriptome analysis (RNA-Seq) to compare patterns of gene expression in the olfactory mucosa of the pig and two subspecies of wild boar (Sus scrofa), and investigate candidate genes that could be responsible for the loss of olfactory capacity. We identified hundreds of genes with reductions in transcript abundance in pig relative to wild boar as well as differences between the two subspecies of wild boar. These differences were detected mainly in genes involved in the formation and motility of villi, cilia and microtubules, functions associated with olfaction. In addition, differences were found in the abundances of transcripts of genes related to immune defenses, with the highest levels in continental wild boar subspecies. Overall, the loss of olfactory capacity in pigs appears to have been accompanied by reductions in the expression of candidate genes for olfaction. These changes could have resulted from unintentional selection for reduced olfactory capacity, relaxed selection for maintaining olfactory capacity, pleiotropic effects of genes under selection, or other non-selective processes. Our findings could be a cornerstone for future researches on wild boars, pigs, feral populations, and their evolutionary trajectories, aimed to provide tools to better calibrate species management as well as guidelines for breeders.
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1. Introduction


Domestication is a complex phenomenon related to the wide variety of traits modified by artificial selection that has significantly transformed Earth’s biosphere and evolutionary trajectories of animals and plants [1,2,3].



During domestication, humans intentionally select some morphological, behavioural and physiological traits to enhance benefits and facilitate animal management (e.g., no cryptic coat color, reduction of fear and aggressiveness, increase of fatness) [4]. Other features, conversely, may often co-occur in domesticated animals as pleiotropically linked traits, such as: (i) reduction in brain size (especially in regions of the brain that control aggression and reactivity to external stimuli), (ii) delay in rates of development or paedomorphisis, (iii) changes in cranial morphology, (iv) retention of juvenile behaviours, (v) early sexual maturity, (vi) lop ears (thought to be the result of a failure of cartilage fully develop due to early sexual maturity) [5,6,7,8,9,10]. Another of these traits is the sense of smell which has a pivotal role for animals, enabling them to gather essential information about the surrounding environment and to engage in social communication [11,12].



Swine are considered to have one of the better-developed olfactory abilities, as suggested by the olfactory bulb of pigs that constitutes 7% of their brain size [13], and the porcine genome showing one of the largest olfactory receptor genes’ families [14,15,16,17], providing individuals the ability to perceive a large spectrum of odors. This is crucial for animals living in the wild, whose survival depends on their ability to perceive odours, i.e., to find food or water source [18], for the reproductive behaviour [19], for neonate–mother interactions [20] and to detect predators [21]. Moreover, the sense of smell in the wild boar is already active in an early stage of the gestation period, providing piglets with an advantageous pre-knowledge of the wild environment [22] which may potentially underlie the adaptability and invasiveness [23]. However, differences can often be found when comparing domesticated and wild animals, which are obviously exposed to different environmental stimuli [24,25,26,27]. For example, the density of primary sensory neurons in the olfactory mucosa, as well as the olfactory marker protein (OMP) and olfactory binding protein (OBP) expression level, is lower in pig than in wild boar [28,29], determining variations on the diet and on the microbiota [30].



However, although the sense of smell in porcine is widely studied, most of the analyses mainly focus on domestic forms and on aspects relevant for enhancing commercial pig production, as feed palatability and pheromones to stimulate reproduction [19,31,32,33], remaining several research questions unanswered. In particular, it is still poorly investigated: (i) what is the magnitude of the olfactory changes between the pig and the wild boar and (ii) which functional genes are involved in the differentiation of odorant perception. To address these questions, we set out to characterize gene expression pattern using a recent advance in transcriptome sequencing (RNA-seq). For the first time, we compared the transcriptome of the olfactory mucosa of domestic and wild forms of Sus scrofa, meaning pig and wild boar, respectively. In particular, we highlighted overall dissimilarities and identified variations in genes’ expression that could specifically correlate with olfactory differences in the two forms. Indeed, modifications in genes’ expression, although not affecting the structure of the encoded proteins, can alter abundance, timing or spatial distribution patterns of their products, providing a source of variation for phenotypic evolution [34,35,36,37].



The comparison was performed taking in mind the current and controversial taxonomic classification for the wild boar in different geographical subspecies [38,39,40]. Overlooking the taxonomic complexity of Italian wild boar, here we conventionally refer to continental wild boars as Sus scrofa scrofa, and to island wild boar as Sus scrofa meridionalis (from Sardinia). The latter appear to be descendants of ancient pig strains from an early stage of domestication, or nearly domesticated, escaped from humans control and readapted to the wild [41,42,43,44] in the early Neolithic [45,46], although actually it remains unclear whether the first swine repopulating the Sardinia were wild or domesticated [41].



Sus scrofa scrofa, instead, represents the wild boar forms widespread across Western Europe, more massive than its island counterpart and well adapted to Mediterranean scrub and forests [47,48,49,50,51].




2. Materials and Methods


2.1. Sampling Collection


We collected 3 Sardinian wild boars (40°5.21′ N/9°40.2′ E, Western part of the Ogliastra region, Sardinia, Italy) (2 females and 1 male), and 3 Southern Italian wild boars (40°30′ N/15°16′ E) (1 female and 2 males), aged ≥ 1 year, according to their dentation, coat color pattern and general aspect [52]. The wild boars were scarified during legal hunts in accordance with Italian National laws (157/92 and 394/91 Laws), and all field protocols were approved by the Ministry of Environment (ISPRA, protocol number 24581 10/07/2014). The good health of the animals was evaluated by a veterinary attending our sampling procedures.



In addition, we sampled 3 adult (2 females and 1 male) large white domestic pigs listed in the Indigenous Genetic Type Registry by the Italian National Association of Swine Breeders.



Immediately after the animals’ death, we filleted ~7 cm section of tissue from the olfactory epithelium with a sterilized scalpel, placing the biological sample in RNAlater stabilization solution (Invitrogen) for immediate RNase inactivation. The samples were stored in laboratory at −20 °C until processing.




2.2. Transcriptional Profiling of Olfactory Mucosa


2.2.1. RNA Isolation


Total RNA was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. All the RNA samples were of high and comparable quality, as assessed by Agilent Bioanalyzer (Agilent Technologies, Boblingen, Germany).



RNA library preparation and total RNA sequencing (2 × 100 paired-end) were generated according to standard procedures using Illumina Stranded Total RNA Prep with kit Ribo-Zero (Illumina Inc., San Diego, California, USA) on NovaSeq 6000 (Illumina, San Diego, CA, USA) at the Genomix4Life Srl (http://www.genomix4life.com/it/ accessed on 15 February 2024).




2.2.2. Data Processing and Differential Expression Analysis


The initial raw sequencing reads were processed using Trimmomatic software v0.33 [53], trimming low-quality bases and removing any adapter sequences to ensure the quality and integrity of the data.



The high quality reads obtained after trimming were then aligned to the Sus scrofa reference genome Sscrofa11.1 (available at https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000003025.6/ accessed on 20 May 2024) using the STAR (Spliced Transcript Alignment to a Reference) RNA-seq aligner [54]. STAR is known for its high accuracy and speed in mapping RNA-seq reads, and it handles spliced alignments efficiency.



Following the alignment, gene expression levels were quantified using RSEM (RNA-Seq by Expectation-Maximization) [55]. It constructs a gene expression matrix by estimating the number of RNA-seq fragments that originate from each gene, by modeling the sequencing process and accounting for factors such as transcript length and sequencing depth. The resultant expression matrix serves as the basis for differential expression analysis.



The analysis of differentially expressed genes (DEGs) was performed using the edgeR software package v3.19 [56], designed for the analysis of RNA-seq count data and enable to employ statistical methods to identify genes that show significant changes in expression levels between different conditions. In this study, a stringent threshold was applied, with a False Discovery Rate (FDR) < 0.001 and Fold Change (FC) > 2, to ensure that the identified DEGs are both statistically significant and biologically relevant.



To gain insights into the biological functions and processes associated with the differentially expressed genes, the Gene Ontology (GO) enrichment analysis was performed using ShinyGO (http://www.geneontology.org/ accessed on 25 May 2024) [57], which allows for the identification of GO terms that are significantly overrepresented among the DEGs, providing a functional context to the changes observed in the gene expression data.






3. Results


After quality filtering, 160,768,612 reads were successfully aligned to the Sus scrofa reference genome, with the percentage of mapped reads per sample ranged from 84.76% to 92.28% (Table 1).



The expression levels of transcripts in specific tissues were inferred through gene expression analysis visualized by a heatmap (Figure 1). This global expression pattern clearly delineates the differences between wild and domestic forms showing that numerous up-regulated genes in wild boar are either completely absent or down-regulated in pigs. A slight difference between the two wild boar’s subspecies was also observed (Figure 1).



The number of genes showing significant differential expression, with fold change (FC) of at least 2, was 918 between pig and S. scrofa meridionalis (with 603 up-regulated in S. scrofa meridionalis) and 384 between pig and S. scrofa scrofa (with 294 up-regulated in S. scrofa scrofa). In contrast, there are only 32 DEGs between the two wild boar’s subspecies (see Supplementary Material).



To better understand the potential functional relevance of the differences in gene expression, we examined the GO enrichment of the differentially expressed genes in wild boars compared to pigs (Figure 2), showing that in both Sardinian and Italian wild boars the most highly expressed genes are involved in the assembly of ciliary components and the regulation of ciliary movements. Interestingly, there is also an increased expression of genes typically associated with sperm motility and sperm flagellum assembly.



Comparing pig with the two wild boars’ subspecies, we revealed differences in fold enrichment values (FCv): genes encoding motile cilium assembly exhibited nearly 15 FCv in Sardinian wild boar (Figure 2a) whereas in Italian wild boar the FCv value was estimated to be under 10 (Figure 2c). Similarly, genes associated with cilium or flagellum-depended cell motility, cilium-depended cell motility and cilium movement involved in cell motility showed more than 10 FCv in Sardinian wild boar (Figure 2a) and less than 10 FCv in Italian wild boar (Figure 2c).



Linked-gene pattern analysis for up-regulated genes in both in Sardinian wild boar (Figure 2b) and Italian wild boar (Figure 2d) demonstrates a close functional association of genes related to ciliary assembly and motility. Among them, genes up-regulated exclusively in Italian wild boar are involved in response to xenobiont, water and extracellular homeostasis, immune response, and benzene metabolism (Figure 2b,d).



Analysis of the chromosomal locations of up-regulated genes in wild boars compared to pig reveals that the differences are primarily attributed to the greater number of up-regulated genes in Sardinian wild boars, particularly evident on chromosomes X, 18, 17, 15, 12, 11, and 7 (Figure 3).




4. Discussion


Artificial selection affects animals’ traits, shaping the phenotype in order to align with human-desired characteristics [1,58,59]. In particular, domestication of pigs has led to higher meat productivity, higher fertility and earlier sexual maturity, all aimed at enhancing food yield [25,43,60]. However, sometimes the captivity could lead to traits arising as byproducts, according to a spandrel effect [61]. For instance, while the sense of smell is crucial for survival in the wild, it may become less critical in controlled environments and does not directly impact on fitness of pigs. However, it is not clear if the loss of olfaction in the pig is the result of developmental constraints or without adaptive significance. Domestication could select for less sensitivity to odors, if for example it prevented unwanted behavioral responses to odors, such as the flight-or-fight response to natural enemies or intraspecific aggression. Conversely, domestication could result in relaxation of selection for maintaining olfactory capacity, which would be expected when the need to search for food is eliminated.



The reduction in odour perception of domestic vs wild swine forms has been studied by other authors using different approaches, i.e., with histological analysis of olfactory mucosa [28] or quantification of the expression of the single genes involved in sniffing [62]. We performed a comparative analysis of the olfactory mucosa of pig and wild boar by a whole transcriptome approach, never used before. We provided evidence of a significant reduction in the expression level of genes in domestic forms, supporting intriguing evolutionary implications, as the pleiotropy of traits emerging from domestication [9,63].



Our previous findings showed a greater quantity of mucosal cells and higher expression level of carrier proteins, as OBP and OMP, in wild boars [29,62], suggesting as the sense of small has crucial for survival and increasing fitness. Our present data enhance the understanding of this important toolkit for adaptation in wild. Indeed, we identify other candidate genes for reduction in olfactory capacity, such as those involved in the production of cilia, villi and microtubules, linked to catch odorous molecules and neurons’ functionality although they have other roles as well. Moreover, we hypothesize that down-regulated genes involved in the production and mobility of ciliary structures in pig, also influences genes typically associated with sperm motility and sperm flagellum assembly. This reflects the decreased activity in the production of microtubules, cilia and inner and outer dynein arms, involved in cell motility in the olfactory mucosa but linked to misleading GO assignment [64,65,66,67,68,69].



The down-regulation of genes linked to ciliary structures and sperm motility, although in a tissue not directly involved in the reproductive process, could suggest a lower reproductive performance in the domestic form which undergoes human manipulation to achieve more performing insemination. Indeed, domestication of animals appears to have had effects on the reproductive efficiency as suggested by ages of puberty and senescence, seasonality of breeding, sperm production [70]. In species managed by artificial insemination (AI), wild males showed higher sperm velocity, percentages of motile and progressive cells, and spermatocrit compared to domesticated individuals [71]. In domesticated pig AI affects the sperm performance in term of motility and dimension [72,73]. In Western Europe, more than 90% of the sows have been bred by AI for more than two decades [74,75], since that farmers consider AI a very useful tool to introduce superior genes into sow herds, with a minimal risk of disease [76]. Our data showed also the up-regulation of genes involved in immune response and benzene metabolism in Italian wild boars that may reflect adaptative strategies to respond to the wider variety of chemicals and pathogens in natural environments [77,78]. This would require a greater detoxification capacity and a more responsive immune system to protect the olfactory mucosa. Interestingly, the reduction of the expression of these genes is more pronounced when comparing pigs to Sardinian wild boars than to Italian wild boars. The differences in expression patterns between the two wild boar’s subspecies are confirmed and further highlighted by the chromosomal expression maps. We hypothesize that distinct phylogenetic histories influencing wild boar forms may contribute to this diversification. Specifically, ancestors of the Sardinian wild boar may have originated from ancient domesticated animals, introduced on island and abandoned or left to range freely thousand years ago [46,79]. The latter likely experienced more pronounced changes in the olfactory mucosa within just few generations compared to the adaptations observed in populations remained always wild which evolved to thrive in their natural environments.




5. Conclusions


The sense of smell is crucial for macrosmatic animals living in the wild, like wild boar, whose survival depends on the ability to perceive odours. However, the artificial selection would have produced a reduction in the pig’s sense of smell probably because it is potentially redundant. For the first time, by using a whole transcriptome analysis, we performed a comparative investigation of gene expression in the olfactory mucosa of pig and wild boar, showing what is the magnitude of the olfactory changes between the domestic and wild forms and which functional genes are involved in the differentiation of odorant perception. Although the RNA-seq method is robust enough to not always require validation by other approaches [80,81,82,83,84,85], follow-up endeavors may be used to test these findings applying alternative quantification methods (i.e., qPCR) on a subset of genes to add value to our DEGs analyses.



Our empirical evidence could be a cornerstone for future researches on evolutionary trajectories of wild boars, pigs, and ferals allowing to address open issues that deserve to be developed. For instance, it would be interesting to extend the investigation to all domesticated breeds and wild boar’s subspecies differentiated globally. This huge survey, considering the different geographical locations, environmental conditions and farming methods, could clarify numerous aspects on the evolution of this intriguing species, providing tools to deal with wildlife emergencies as well as guidelines for breeders. For example understanding which genes can affect the adaptative abilities of wild populations is crucial to manage their invasive potential, mitigating or preventing their impact on biodiversity [23].








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/life14081045/s1, Table S1: Genes differentially expressed between pig and Sus scrofa meridionalis (SM), up-regulated in SM; Table S2: Genes differentially expressed between pig and Sus scrofa meridionalis (SM), up-regulated in pig; Table S3: Genes differentially expressed between pig and Sus scrofa scrofa (SS), up-regulated in SS. Table S4: Genes differentially expressed between pig and Sus scrofa scrofa (SS), up-regulated in pig.





Author Contributions


Conceptualization, M.B. and D.F.; Data curation M.B., E.R., S.A. and D.F.; Formal analysis, M.B., S.A. and D.F.; Investigation, M.B., E.R. and D.F.; Methodology, M.B., S.A. and D.F.; Resources, D.F.; Supervision, M.B. and D.F.; Validation, M.B. and D.F.; Visualization, M.B., E.R., V.P., C.B. and D.F.; Writing—original draft, M.B., E.R., S.A., V.P., C.B. and D.F.; Writing—review & editing, M.B., E.R., S.A., V.P., C.B. and D.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially supported by Program of Funding of University Research (FRA) 2021 of University of Naples Federico II, CUP E25F21000320001, PG/2021/0034364 del 06/04/2021.




Institutional Review Board Statement


The wild boars were scarified during legal hunts in accordance with Italian National laws (157/92 and 394/91 Laws), and all field protocols were approved by the Ministry of Environment (ISPRA, number 24581 20/07/2014).




Informed Consent Statement


Not applicable.




Data Availability Statement


All sequences data will be available in the Sequence Read Archive (SRA) in case of acceptance.




Acknowledgments


We thank all specialized hunters that give assistance in the sampling activities, in particular Giorgio and Mauro Pusole.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Larson, G.; Fuller, D.Q. The Evolution of Animal Domestication. Annu. Rev. Ecol. Evol. Syst. 2014, 45, 115–136. [Google Scholar] [CrossRef]

	



Price, E.O. Behavioral Aspects of Animal Domestication. Q. Rev. Biol. 1984, 59, 1–32. [Google Scholar] [CrossRef]

	



Lyons, S.; Amatangelo, K.L.; Behrensmeyer, A.K.; Bercovici, A.; Blois, J.L.; Davis, M.; DiMichele, W.A.; Du, A.; Eronen, J.T.; Tyler Faith, J.; et al. Holocene Shifts in the Assembly of Plant and Animal Communities Implicate Human Impacts. Nature 2016, 529, 80–83. [Google Scholar] [CrossRef] [PubMed]

	



Price, M.; Hongo, H. The Archaeology of Pig Domestication in Eurasia. J. Archaeol. Res. 2020, 28, 557–615. [Google Scholar] [CrossRef]

	



Lega, C.; Raia, P.; Rook, L.; Fulgione, D. Size Matters: A Comparative Analysis of Pig Domestication. Holocene 2016, 26, 327–332. [Google Scholar] [CrossRef]

	



Trut, L.; Oskina, I.; Kharlamova, A. Animal Evolution during Domestication: The Domesticated Fox as a Model. BioEssays 2009, 31, 349–360. [Google Scholar] [CrossRef]

	



Van Laere, A.-S.; Nguyen, M.; Braunschweig, M.; Nezer, C.; Collette, C.; Moreau, L.; Archibald, A.L.; Haley, C.S.; Buys, N.; Tally, M.; et al. A Regulatory Mutation in IGF2 Causes a Major QTL Effect on Muscle Growth in the Pig. Nature 2003, 425, 832–836. [Google Scholar] [CrossRef]

	



Fang, M.; Larson, G.; Soares Ribeiro, H.; Li, N.; Andersson, L. Contrasting Mode of Evolution at a Coat Color Locus in Wild and Domestic Pigs. PLoS Genet. 2009, 5, e1000341. [Google Scholar] [CrossRef]

	



Zeder, M.A. Domestication as a Model System for the Extended Evolutionary Synthesis. Interface Focus 2017, 7, 20160133. [Google Scholar] [CrossRef]

	



Albiach-Serrano, A.; Bräuer, J.; Cacchione, T.; Zickert, N.; Amici, F. The Effect of Domestication and Ontogeny in Swine Cognition (Sus Scrofa Scrofa and S. s. Domestica). Appl. Anim. Behav. Sci. 2012, 141, 25–35. [Google Scholar] [CrossRef]

	



Kittawornrat, A.; Zimmerman, J.J. Toward a Better Understanding of Pig Behavior and Pig Welfare. Anim. Health. Res. Rev. 2011, 12, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Kristensen, H.H.; Jones, R.B.; Schofield, C.P.; White, R.P.; Wathes, C.M. The Use of Olfactory and Other Cues for Social Recognition by Juvenile Pigs. Appl. Anim. Behav. Sci. 2001, 72, 321–333. [Google Scholar] [CrossRef]

	



Brunjes, P.C.; Feldman, S.; Osterberg, S.K. The Pig Olfactory Brain: A Primer. Chem. Senses 2016, 41, 415–425. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, D.-Q.; Webber, C.; Hehir-Kwa, J.; Pfundt, R.; Veltman, J.; Ponting, C.P. Reduced Purifying Selection Prevails over Positive Selection in Human Copy Number Variant Evolution. Genome Res. 2008, 18, 1711–1723. [Google Scholar] [CrossRef]

	



Guerrier, S.; Coutinho-Budd, J.; Sassa, T.; Gresset, A.; Jordan, N.V.; Chen, K.; Jin, W.-L.; Frost, A.; Polleux, F. The F-BAR Domain of srGAP2 Induces Membrane Protrusions Required for Neuronal Migration and Morphogenesis. Cell 2009, 138, 990–1004. [Google Scholar] [CrossRef]

	



Groenen, M.A.M.; Archibald, A.L.; Uenishi, H.; Tuggle, C.K.; Takeuchi, Y.; Rothschild, M.F.; Rogel-Gaillard, C.; Park, C.; Milan, D.; Megens, H.-J.; et al. Analyses of Pig Genomes Provide Insight into Porcine Demography and Evolution. Nature 2012, 491, 393–398. [Google Scholar] [CrossRef] [PubMed]

	



Paudel, Y.; Madsen, O.; Megens, H.-J.; Frantz, L.A.F.; Bosse, M.; Crooijmans, R.P.M.A.; Groenen, M.A.M. Copy Number Variation in the Speciation of Pigs: A Possible Prominent Role for Olfactory Receptors. BMC Genom. 2015, 16, 330. [Google Scholar] [CrossRef]

	



Rinaldi, A. The Scent of Life: The Exquisite Complexity of the Sense of Smell in Animals and Humans. EMBO Rep. 2007, 8, 629–633. [Google Scholar] [CrossRef]

	



Rekwot, P.I.; Ogwu, D.; Oyedipe, E.O.; Sekoni, V.O. The Role of Pheromones and Biostimulation in Animal Reproduction. Anim. Reprod. Sci. 2001, 65, 157–170. [Google Scholar] [CrossRef]

	



Distel, H.; Hudson, R. The Contribution of the Olfactory and Tactile Modalities to the Nipple-Search Behaviour of Newborn Rabbits. J. Comp. Physiol. 1985, 157, 599–605. [Google Scholar] [CrossRef]

	



Erdtmann, D.; Keuling, O. Behavioural Patterns of Free Roaming Wild Boar in a Spatiotemporal Context. PeerJ 2020, 8, e10409. [Google Scholar] [CrossRef] [PubMed]

	



Fulgione, D.; Rippa, D.; Buglione, M.; Trapanese, M.; Petrelli, S.; Maselli, V. Unexpected but Welcome. Artificially Selected Traits May Increase Fitness in Wild Boar. Evol. Appl. 2016, 9, 769–776. [Google Scholar] [CrossRef] [PubMed]

	



Fulgione, D.; Buglione, M. The Boar War: Five Hot Factors Unleashing Boar Expansion and Related Emergency. Land 2022, 11, 887. [Google Scholar] [CrossRef]

	



Wright, D. The Genetic Architecture of Domestication in Animals. Bioinform. Biol. Insights 2015, 9, 11–20. [Google Scholar] [CrossRef]

	



Price, E.O. Behavioral Development in Animals Undergoing Domestication. Appl. Anim. Behav. Sci. 1999, 65, 245–271. [Google Scholar] [CrossRef]

	



Diamond, J. Evolution, Consequences and Future of Plant and Animal Domestication. Nature 2002, 418, 700–707. [Google Scholar] [CrossRef]

	



Albert, F.W.; Somel, M.; Carneiro, M.; Aximu-Petri, A.; Halbwax, M.; Thalmann, O.; Blanco-Aguiar, J.A.; Plyusnina, I.Z.; Trut, L.; Villafuerte, R.; et al. A Comparison of Brain Gene Expression Levels in Domesticated and Wild Animals. PLoS Genet. 2012, 8, e1002962. [Google Scholar] [CrossRef]

	



Maselli, V.; Polese, G.; Larson, G.; Raia, P.; Forte, N.; Rippa, D.; Ligrone, R.; Vicidomini, R.; Fulgione, D. A Dysfunctional Sense of Smell: The Irreversibility of Olfactory Evolution in Free-Living Pigs. Evol. Biol. 2014, 41, 229–239. [Google Scholar] [CrossRef]

	



Petrelli, S.; Buglione, M.; Maselli, V.; Troiano, C.; Larson, G.; Frantz, L.; Manin, A.; Ricca, E.; Baccigalupi, L.; Wright, D.; et al. Population Genomic, Olfactory, Dietary, and Gut Microbiota Analyses Demonstrate the Unique Evolutionary Trajectory of Feral Pigs. Mol. Ecol. 2021, 31, 220–237. [Google Scholar] [CrossRef]

	



Petrelli, S.; Buglione, M.; Rivieccio, E.; Ricca, E.; Baccigalupi, L.; Scala, G.; Fulgione, D. Reprogramming of the Gut Microbiota Following Feralization in Sus Scrofa. Anim. Microbiome 2023, 5, 14. [Google Scholar] [CrossRef]

	



Jacela, J.Y.; DeRouchey, J.M.; Tokach, M.D.; Goodband, R.D.; Nelssen, J.L.; Renter, D.G.; Dritz, S.S. Feed Additives for Swine: Fact Sheets—Flavors and Mold Inhibitors, Mycotoxin Binders, and Antioxidants (2010). Kans. Agric. Exp. Stn. Res. Rep. 2010, 27–32. [Google Scholar] [CrossRef]

	



Peden, R.S.E.; Turner, S.P.; Boyle, L.A.; Camerlink, I. The Translation of Animal Welfare Research into Practice: The Case of Mixing Aggression between Pigs. Appl. Anim. Behav. Sci. 2018, 204, 1–9. [Google Scholar] [CrossRef]

	



Schild, S.-L.A.; Rørvang, M.V. Pig Olfaction: The Potential Impact and Use of Odors in Commercial Pig Husbandry. Front. Anim. Sci. 2023, 4, 1215206. [Google Scholar] [CrossRef]

	



Fraser, H.B. Genome-Wide Approaches to the Study of Adaptive Gene Expression Evolution: Systematic Studies of Evolutionary Adaptations Involving Gene Expression Will Allow Many Fundamental Questions in Evolutionary Biology to Be Addressed. BioEssays 2011, 33, 469–477. [Google Scholar] [CrossRef]

	



McGregor, A.P.; Orgogozo, V.; Delon, I.; Zanet, J.; Srinivasan, D.G.; Payre, F.; Stern, D.L. Morphological Evolution through Multiple Cis-Regulatory Mutations at a Single Gene. Nature 2007, 448, 587–590. [Google Scholar] [CrossRef]

	



Wray, G.A. The Evolutionary Significance of Cis-Regulatory Mutations. Nat. Rev. Genet. 2007, 8, 206–216. [Google Scholar] [CrossRef]

	



Harrison, P.W.; Wright, A.E.; Mank, J.E. The Evolution of Gene Expression and the Transcriptome–Phenotype Relationship. Semin. Cell Dev. Biol. 2012, 23, 222–229. [Google Scholar] [CrossRef]

	



Bosse, M.; Madsen, O.; Megens, H.-J.; Frantz, L.A.F.; Paudel, Y.; Crooijmans, R.P.M.A.; Groenen, M.A.M. Hybrid Origin of European Commercial Pigs Examined by an In-Depth Haplotype Analysis on Chromosome 1. Front. Genet. 2015, 5, 442. [Google Scholar] [CrossRef] [PubMed]

	



Maselli, V.; Rippa, D.; Deluca, A.; Larson, G.; Wilkens, B.; Linderholm, A.; Masseti, M.; Fulgione, D. Southern Italian Wild Boar Population, Hotspot of Genetic Diversity. Hystrix Ital. J. Mammal. 2016, 27, 137–144. [Google Scholar] [CrossRef]

	



Keiter, D.A.; Mayer, J.J.; Beasley, J.C. What is in a “common” name? A call for consistent terminology for nonnative Sus scrofa. Wildl. Soc. Bull. 2016, 40, 384–387. [Google Scholar] [CrossRef]

	



Albarella, U.; Tagliacozzo, A.; Dobney, K.; Rowley-Conwy, P. Pig Hunting and Husbandry in Prehistoric Italy: A Contribution to the Domestication Debate. Proc. Prehist. Soc. 2006, 72, 193–227. [Google Scholar] [CrossRef]

	



Albarella, U.; Manconi, F.; Rowley-Conwy, P.; Vigne, J.D. Vigne Pigs of Corsica and Sardinia: A Biometrical Re-Evaluation of Their Status and History. In Archaeozoological Studies in Honour of Alfredo Riedel; Ufficio Beni Archeol: Bolzano, Italy, 2006; pp. 285–302. [Google Scholar]

	



Albarella, U.; Dobney, K.; Ervynck, A. Pigs and Humans: 10,000 Years of Interaction; Oxford University Press: New York, NY, USA, 2007; ISBN 978-0-19-920704-6. [Google Scholar]

	



Wilkens, B. Archeozoologia. Il Mediterraneo, La Storia, La Sardegna; Democratica Sarda: Sassari, Italy, 2012; ISBN 978-88-6025-251-7. [Google Scholar]

	



Vigne. Les Mammifères Post-Glaciaires de Corse: Étude Archéozoologique; Supplément à “Gallia préhistoire”; Centre National de la Recherche Scientifique: Paris, France, 1989; ISBN 978-2-222-04130-6. [Google Scholar]

	



Larson, G.; Dobney, K.; Albarella, U.; Fang, M.; Matisoo-Smith, E.; Robins, J.; Lowden, S.; Finlayson, H.; Brand, T.; Willerslev, E.; et al. Worldwide Phylogeography of Wild Boar Reveals Multiple Centers of Pig Domestication. Science 2005, 307, 1618–1621. [Google Scholar] [CrossRef] [PubMed]

	



Hess, S.C.; Wehr, N.H.; Litton, C.M. Wild Pigs in the Pacific Islands. In Invasive Wild Pigs in North America; VerCauteren, K.C., Beasley, J.C., Ditchkoff, S.S., Mayer, J.J., Roloff, G.J., Strickland, B.K., Eds.; CRC Press: Boca Raton, FL, USA, 2019; pp. 403–421. ISBN 978-1-315-23305-5. [Google Scholar]

	



Maselli, V.; Rippa, D.; Russo, G.; Ligrone, R.; Soppelsa, O.; D’Aniello, B.; Raia, P.; Fulgione, D. Wild Boars’ Social Structure in the Mediterranean Habitat. Ital. J. Zool. 2014, 81, 610–617. [Google Scholar] [CrossRef]

	



Frantz, L.A.F.; Schraiber, J.G.; Madsen, O.; Megens, H.-J.; Cagan, A.; Bosse, M.; Paudel, Y.; Crooijmans, R.P.M.A.; Larson, G.; Groenen, M.A.M. Evidence of Long-Term Gene Flow and Selection during Domestication from Analyses of Eurasian Wild and Domestic Pig Genomes. Nat. Genet. 2015, 47, 1141–1148. [Google Scholar] [CrossRef] [PubMed]

	



Gering, E.; Incorvaia, D.; Henriksen, R.; Conner, J.; Getty, T.; Wright, D. Getting Back to Nature: Feralization in Animals and Plants. Trends Ecol. Evol. 2019, 34, 1137–1151. [Google Scholar] [CrossRef] [PubMed]

	



Iacolina, L.; Corlatti, L.; Buzan, E.; Safner, T.; Šprem, N. Hybridisation in European Ungulates: An Overview of the Current Status, Causes, and Consequences. Mammal Rev. 2019, 49, 45–59. [Google Scholar] [CrossRef]

	



Matschke, G.H. Aging European Wild Hogs by Dentition. J. Wildl. Manag. 1967, 31, 109–113. [Google Scholar] [CrossRef]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef]

	



Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [Google Scholar] [CrossRef]

	



Li, B.; Dewey, C.N. RSEM: Accurate Transcript Quantification from RNA-Seq Data with or without a Reference Genome. BMC Bioinform. 2011, 12, 323. [Google Scholar] [CrossRef]

	



Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor Package for Differential Expression Analysis of Digital Gene Expression Data. Bioinformatics 2010, 26, 139–140. [Google Scholar] [CrossRef]

	



Ge, S.X.; Jung, D.; Yao, R. ShinyGO: A Graphical Gene-Set Enrichment Tool for Animals and Plants. Bioinformatics 2020, 36, 2628–2629. [Google Scholar] [CrossRef] [PubMed]

	



Evin, A.; Dobney, K.; Schafberg, R.; Owen, J.; Vidarsdottir, U.S.; Larson, G.; Cucchi, T. Phenotype and Animal Domestication: A Study of Dental Variation between Domestic, Wild, Captive, Hybrid and Insular Sus Scrofa. BMC Evol. Biol. 2015, 15, 6. [Google Scholar] [CrossRef]

	



Frantz, L.A.F.; Haile, J.; Lin, A.T.; Scheu, A.; Geörg, C.; Benecke, N.; Alexander, M.; Linderholm, A.; Mullin, V.E.; Daly, K.G.; et al. Ancient Pigs Reveal a Near-Complete Genomic Turnover Following Their Introduction to Europe. Proc. Natl. Acad. Sci. USA 2019, 116, 17231–17238. [Google Scholar] [CrossRef]

	



Masseti, M. The Economic Role of Sus in Early Human Fishing Communities. In Pigs and Humans; Oxford University Press: Oxford, UK, 2007; ISBN 978-0-19-920704-6. [Google Scholar]

	



Gould, S.J. The Exaptive Excellence of Spandrels as a Term and Prototype. Proc. Natl. Acad. Sci. USA 1997, 94, 10750–10755. [Google Scholar] [CrossRef]

	



Fulgione, D.; Trapanese, M.; Buglione, M.; Rippa, D.; Polese, G.; Maresca, V.; Maselli, V. Pre-Birth Sense of Smell in the Wild Boar: The Ontogeny of the Olfactory Mucosa. Zoology 2017, 123, 11–15. [Google Scholar] [CrossRef] [PubMed]

	



Zeder, M.A. Core Questions in Domestication Research. Proc. Natl. Acad. Sci. USA 2015, 112, 3191–3198. [Google Scholar] [CrossRef]

	



Roncaglia, P.; Van Dam, T.J.P.; Christie, K.R.; Nacheva, L.; Toedt, G.; Huynen, M.A.; Huntley, R.P.; Gibson, T.J.; Lomax, J. The Gene Ontology of Eukaryotic Cilia and Flagella. Cilia 2017, 6, 10. [Google Scholar] [CrossRef] [PubMed]

	



Sironen, A.; Shoemark, A.; Patel, M.; Loebinger, M.R.; Mitchison, H.M. Sperm Defects in Primary Ciliary Dyskinesia and Related Causes of Male Infertility. Cell. Mol. Life Sci. 2020, 77, 2029–2048. [Google Scholar] [CrossRef]

	



Lehti, M.S.; Sironen, A. Formation and Function of Sperm Tail Structures in Association with Sperm Motility Defects. Biol. Reprod. 2017, 97, 522–536. [Google Scholar] [CrossRef]

	



Leung, M.R.; Roelofs, M.C.; Ravi, R.T.; Maitan, P.; Henning, H.; Zhang, M.; Bromfield, E.G.; Howes, S.C.; Gadella, B.M.; Bloomfield-Gadêlha, H.; et al. The Multi-Scale Architecture of Mammalian Sperm Flagella and Implications for Ciliary Motility. EMBO J. 2021, 40, e107410. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, D.; Takeda, H. Ciliary Motility: The Components and Cytoplasmic Preassembly Mechanisms of the Axonemal Dyneins. Differentiation 2012, 83, S23–S29. [Google Scholar] [CrossRef] [PubMed]

	



Ishikawa, T. Axoneme Structure from Motile Cilia. Cold Spring Harb. Perspect. Biol. 2017, 9, a028076. [Google Scholar] [CrossRef] [PubMed]

	



Setchell, B.P. Domestication and Reproduction. Anim. Reprod. Sci. 1992, 28, 195–202. [Google Scholar] [CrossRef]

	



Skjæraasen, J.; Mayer, I.; Meager, J.; Rudolfsen, G.; Karlsen, Ø.; Haugland, T.; Kleven, O. Sperm Characteristics and Competitive Ability in Farmed and Wild Cod. Mar. Ecol. Prog. Ser. 2009, 375, 219–228. [Google Scholar] [CrossRef]

	



Maes, D.; Lopez Rodriguez, A.; Rijsselaere, T.; Vyt, P.; Van Soom, A. Artificial Insemination in Pigs. In Artificial Insemination in Farm Animals; Manafi, M., Ed.; InTech: Houston, TX, USA, 2011; ISBN 978-953-307-312-5. [Google Scholar]

	



Lopez Rodriguez, A.; Van Soom, A.; Arsenakis, I.; Maes, D. Boar Management and Semen Handling Factors Affect the Quality of Boar Extended Semen. Porc. Health Manag. 2017, 3, 15. [Google Scholar] [CrossRef]

	



Gerrits, R.; Lunney, J.; Johnson, A.; Pursel, V.; Kraeling, R.; Rohrer, J.; Dobrinsky, J. Perspectives for Artificial Insemination and Genomics to Improve Global Swine Populations. Theriogenology 2005, 63, 283–299. [Google Scholar] [CrossRef]

	



Vyt, P. Examination and Storage of Liquid Porcine Semen. Ph.D Thesis, Ghent University, Merelbeke, Belgium, 2007. [Google Scholar]

	



Maes, D.; Nauwynck, H.; Rijsselaere, T.; Mateusen, B.; Vyt, P.; De Kruif, A.; Van Soom, A. Diseases in Swine Transmitted by Artificial Insemination: An Overview. Theriogenology 2008, 70, 1337–1345. [Google Scholar] [CrossRef]

	



Van Der Meer, J.R.; De Vos, W.M.; Harayama, S.; Zehnder, A.J. Molecular Mechanisms of Genetic Adaptation to Xenobiotic Compounds. Microbiol. Rev. 1992, 56, 677–694. [Google Scholar] [CrossRef]

	



Leaver, M.J.; Diab, A.; Boukouvala, E.; Williams, T.D.; Chipman, J.K.; Moffat, C.F.; Robinson, C.D.; George, S.G. Hepatic Gene Expression in Flounder Chronically Exposed to Multiply Polluted Estuarine Sediment: Absence of Classical Exposure ‘Biomarker’ Signals and Induction of Inflammatory, Innate Immune and Apoptotic Pathways. Aquat. Toxicol. 2010, 96, 234–245. [Google Scholar] [CrossRef]

	



Larson, G.; Albarella, U.; Dobney, K.; Rowley-Conwy, P.; Schibler, J.; Tresset, A.; Vigne, J.-D.; Edwards, C.J.; Schlumbaum, A.; Dinu, A.; et al. Ancient DNA, Pig Domestication, and the Spread of the Neolithic into Europe. Proc. Natl. Acad. Sci. USA 2007, 104, 15276–15281. [Google Scholar] [CrossRef] [PubMed]

	



Wu, A.R.; Neff, N.F.; Kalisky, T.; Dalerba, P.; Treutlein, B.; Rothenberg, M.E.; Mburu, F.M.; Mantalas, G.L.; Sim, S.; Clarke, M.F.; et al. Quantitative Assessment of Single-Cell RNA-Sequencing Methods. Nat. Methods 2014, 11, 41–46. [Google Scholar] [CrossRef] [PubMed]

	



Griffith, M.; Griffith, O.L.; Mwenifumbo, J.; Goya, R.; Morrissy, A.S.; Morin, R.D.; Corbett, R.; Tang, M.J.; Hou, Y.-C.; Pugh, T.J.; et al. Alternative Expression Analysis by RNA Sequencing. Nat. Methods 2010, 7, 843–847. [Google Scholar] [CrossRef] [PubMed]

	



Hughes, T.R. “Validation” in Genome-Scale Research. J. Biol. 2008, 8, 3. [Google Scholar] [CrossRef]

	



Everaert, C.; Luypaert, M.; Maag, J.L.V.; Cheng, Q.X.; Dinger, M.E.; Hellemans, J.; Mestdagh, P. Benchmarking of RNA-Sequencing Analysis Workflows Using Whole-Transcriptome RT-qPCR Expression Data. Sci. Rep. 2017, 7, 1559. [Google Scholar] [CrossRef]

	



Coenye, T. Do Results Obtained with RNA-Sequencing Require Independent Verification? Biofilm 2021, 3, 100043. [Google Scholar] [CrossRef]

	



Fulgione, D.; Maselli, V.; Rivieccio, E.; Aceto, S.; Salvemini, M.; Buglione, M. Evolutionary Plasticity in Insular Lizard, Adapting over Reproduction, Metabolism, and Color Variation. Biology 2023, 12, 1478. [Google Scholar] [CrossRef]








[image: Life 14 01045 g001] 





Figure 1. Heatmap of differentially expressed gene among the pig, Italian wild boar Sus scrofa scrofa (SS), and Sardinian wild boar Sus scrofa meridionalis (SM). The heatmap gives a graphical representation in expression level of the up (yellow) and down (purple) regulated genes. 
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Figure 2. Gene Ontology enrichment analysis of the up-regulated genes in the olfactory mucosa of (a) Sardinian wild boar and (c) Italian wild boar, each compared to domestic pig. Linked-gene patterns (green spots) in (b) Sardinian wild boar and (d) Italian wild boar. The showed gene patterns are up-regulated in wild boar comparing to pig. 
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Figure 3. Gene position (red dot) on the chromosome (black horizontal line) in (a) Sardinian wild boar and (b) Italian wild boar. The genes are up-regulated in the wild boar compared to pig. 
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Table 1. Statistics of the STAR mapping of the RNA-seq reads on the Sus scrofa reference genome. SS, Sus scrofa scrofa; SM, Sus scrofa meridionalis. s.d., standard deviation.
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Sample

	
#Input Reads

	
%Mapped Reads

	
#Mapped Reads

	
#Mean Mapped Reads Per Type

	
s.d.






	
PIG_1

	
20,663,211

	
86.85

	
17,947,762

	
17,114,785

	
2,111,330




	
PIG_2

	
20,909,420

	
89.35

	
18,682,567




	
PIG_3

	
17,359,635

	
84.76

	
14,714,027




	
SS_1
