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Abstract: The Sardinian population of wild boar (WB, Sus scrofa meridionalis) has evolved on this
Mediterranean island since its arrival in Neolithic age. Climate and land use vary across the island;
high temperatures and dryness represent limiting factors for the development and reproduction of
the species. Hence, the environment can have contributed to create the morphological differences
we observe today across the island and could sustain the genetic structure that has been previously
observed using neutral molecular markers. We therefore searched for genomic signatures of local
adaptation in a sample of Sardinian WB genotyped at almost 50 K single nucleotide polymorphisms
(SNPs). Genetic structure was observed in the population separating the northwest and southwest
from the east of the island, where internal substructure also emerged. We identified 49 SNPs as
candidate loci involved in adaptation and 61 genes. Gene ontology enrichment analysis revealed
over-representation of terms related to cell localization, motility, and adhesion, but also related
to anatomical development and immunity. According to our results, the environment seems to
have played a role in shaping the genetic differentiation of the Sardinian wild boar in a limited
evolutionary timescale.

Keywords: Sus scrofa; local adaptation; landscape genomics; SNPs; population structure

1. Introduction

The environment can influence the genetic variation of a population through natural
selection, a process that can lead to adaptation to local conditions [1–3]. The observable
effect is genetically structured metapopulations [4–6], which can be sustained by patterns
of gene flow between similar environments, a phenomenon called isolation by environ-
ment [7,8]. However, neutral demographic processes like bottlenecks, genetic drift, or
isolation by distance (IBD) can create similar patterns of differentiation, hence the necessity
to accurately characterize neutral population structure [9,10]. Although the general assump-
tion is that demographic events affect the entire genome, whereas selection targets only the
advantageous allele—and its surroundings—because of physical linkage [11,12], this is not
always the case [13]. Several statistical approaches have been developed and implemented
in a number of software programs to detect patterns of local adaptation [14–18].

The preferred genetic markers to study local adaptation are single nucleotide poly-
morphisms (SNPs) because they are abundant and widespread across the genome, and
can directly influence the sequence or the expression level of a protein [19,20]. Compared
to short tandem repeats (STR), SNPs depict more ancient events because of their lower
mutation rate [21,22], so the two markers may give different results in terms of population
structure because of the different timescales they represent [23,24].

The Sardinian wild boar (WB) (Sus scrofa meridionalis, Major 1883) has probably reached
the island of Sardinia as a primordial domestic form together with the first human settlers
in the early Neolithic and then escaped and became feral [25]. It has evolved ever since on
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this Mediterranean island, with occasional introductions of European WB to restock the
population for hunting purposes and with the possibility to hybridize with the domestic
pigs that were bred in semi-natural husbandry regime until the ban of 2012 [26]. Despite this
occasional gene flow, the Sardinian population has diverged from mainland populations
both morphologically, developing some typical features like a small body size and different
skull/teeth shape [25,27], and genetically [28–30].

Previous studies on STRs have identified population structure in a wide sample of
Sardinian WB, with the strongest signal separating the east from the northwest and the
southwest when using 10 STRs [31] and further differentiation within the northwestern
and eastern clusters when using 16 STRs [32]. Likewise, the climate on the island is
characterized by geographic variation in the precipitation regime and extreme temperatures
reached in the coldest and hottest months of the year [33,34]; water scarcity can limit food
availability and extreme heat could indirectly influence piglet growth and survival [35].
Land use is also diversified, providing different levels of resource availability that influences
species abundance [36]. The role of the environment in shaping the genetic diversity of
the Sardinian WB as opposed to simple isolation due to distance or landscape resistance
is not known. Despite the high plasticity that characterizes the WB (e.g., [37–39]), it is
possible that local adaptation could explain a portion of the differentiation we observe
today. This is especially true considering that it was shown that climatic variables can
influence population distribution and dynamics, both directly and indirectly through
resource availability [40–42]. Moreover, the timing of reproduction can also be influenced
by climatic variables [38] producing different survival patterns of piglets.

In this study, we characterize the population structure in the Sardinian WB with a
panel of thousands of SNPs distributed across the genome, and then test the hypothesis that
the environment has affected the detected genetic differentiation. We expect to confirm the
coarse pattern of population structure previously highlighted by STRs, and, concurrently, to
highlight a moderate but significant contribution of environmental variables to the observed
genetic structure. Eventually, we search for genomic regions that might be involved in local
adaptation and explore the possible functions of the genes that map within them.

2. Materials and Methods
2.1. Study Area

The study was conducted in the island of Sardinia, Italy, located at the center of
the western Mediterranean basin (between 38◦51′ N to 41◦15′ N and 8◦80′ E to 9◦50′ E)
and extending for around 24,000 km2. It is predominantly hilly and mountainous, with
the main massifs represented by the Gennargentu, in the central–eastern side (maximum
elevation 1834 m a.s.l.) and the chain of Marghine and Goceano, crossing the island
along a SW-NE direction in the northern part of the island. The main lowlands are the
Campidano plain in the southwest and the Nurra in the northwest. Rivers have mostly
the features of streams during the hot season. Other sources of water are constituted by
a single small natural lake (0.6 km2), some tens of artificial basins (the largest of which
is 29 km2), and ponds and lagoons along the coast. Two macrobioclimates occur in the
island: Mediterranean pluviseasonal oceanic (99% of the island) and Temperate oceanic
(1%) [34]. The former occurs in the form of thermomediterranean dry, prevailing in the
southwest and along the coasts, and mesomediterranean dry or subhumid, typical of
inner lowlands, hilly areas and low-elevation mountains (especially in the north, center
and east of the island). Only the highest mountains in central-eastern Sardinia show a
Temperate oceanic bioclimate. Precipitations mostly fall during autumn and winter with
higher frequency on the northern and the eastern sides of the island. Annual precipitations
range on average between 400 and more than 1200 mm, with snowfalls occurring only
in winter on the highest mountainous massifs. Mean temperatures range between 8 ◦C
in January and 25 ◦C in August, with less variation on a daily and seasonal basis along
the coasts (https://sardegna-clima.it/climatologia/temperature (accessed on 16 August
2022)). During its history since human colonization, the landscape of the island has
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been transformed from one dominated by closed primary forests to a mosaic of agro-
silvopastoral patches [43]. During the last 50 years, socio-economic transformations have
led to an increase in forest cover, associated with a strong decrease of open semi-natural
areas [44]. Nowadays, these areas cover about half of the territory, whilst in inner hilly
areas and highlands maquis and woodlands (mainly Quercus ilex, Q. suber and Q. pubescens),
combined with pastures for livestock, are prevalent.

2.2. Dataset Selection and Quality Control

The initial dataset consisted of ninety-six Sardinian WB genotyped on the Illumina
SNP60 Porcine Beadchip v2 [45] already used for the assessment of genomic variation of the
Sardinian wild boar [28] (Dryad data repository: doi:10.5061/dryad.8bf48). The geographic
location of each individual was assumed to be the centroid of the hunting area or a random
point in the suitable area of the municipality where it was hunted (Figure 1).
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Figure 1. Sampling locations for the ninety-six Sardinian wild boars analyzed in this study. Samples
collected in the same municipality are grouped in rings. Individuals excluded because of the initial
quality filters are shown in red; the two individuals in the northwest excluded after the population
structure analysis are shown in orange; the final dataset for the local adaptation tests is shown
in green.

Since relatives inflate the analysis, while hybridization and rare variants (i.e., low
minor allele frequency, MAF) can introduce bias, we used PLINK 1.9 [46] to retain samples
with no more than 5% missing data and Identity By Descent (IBD) < 0.5; hybrids detected
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in [28] were excluded. We filtered out SNPs with a call rate < 0.95, Minor Allele Frequency
(MAF) < 0.01, and we pruned for linkage disequilibrium (LD) where r2 > 0.2.

2.3. Population Structure Analysis

Two different approaches were used to evaluate the population structure in the data:
the principal component analysis (PCA) as an unsupervised method [47], and an ancestry
analysis with the program ADMIXTURE v.1.2.3 as a model–based method [48]. PCA was
performed with the R package adegenet v.2.1.3 [49]. We inspected the distribution of samples
along the principal components and tested axes significance with the Tracy–Widom test
using the ‘tracy.widom’ function in the R package LEA v.3.0.0 [50]. ADMIXTURE was run
for K from 1 to 10 and the best K was determined by the lowest cross-validation error.

Two samples from the northwest (Nurra region) deviated from an otherwise uniform
grouping corresponding to the northwestern part of Sardinia according to both PCA and
ADMIXTURE analyses. Hence, we decided to remove them from the dataset for the search
for local adaptation.

2.4. Search for Local Adaptation

As the two landscape genomic analyses that we used do not accept missing data, we
used the procedure implemented in the package LEA to impute the residual missing alleles
(on average seventeen SNPs per sample), using a function that applies a sparse nonnegative
matrix factorization (snmf). We used the resulting dataset for the outlier analysis and the
two landscape genomics approaches.

2.4.1. Outlier Analysis

Pcadapt R package v.4.3.3 [14] was used to apply an outlier detection method to identify
putative SNPs under diversifying selection. It corrects for population structure by selecting
the number of PCs that best summarize the structure in the genetic dataset.

We focused on the first four PCs according to the result of snmf, as we obtained
that K = 4 was the best clustering solution on the basis of the cross-entropy value when
imputing the missing data (see Results). We ran the function ‘pcadapt’ that uses the robust
Mahalanobis distance to regress each SNP on each PC and computes the Z scores that are
then converted into p-values. After applying the Benjamini–Hockberg (BH) correction with
the RBase function ‘p.adjust’, we considered outliers the SNPs with adjusted p-value < 0.05.

2.4.2. Environmental Data Retrieval and Elaboration

We characterized the environment at sampling sites by relying on the Bioclimatic
variables available from Worldclim2 [51] at fine scale resolution of 30 s. We downloaded
climatic variables meaningful to the wild boar biology [35,36,40–42]: Bio4, Bio5, Bio9, Bio10,
Bio12, Bio15, Bio16, Bio17, Bio18 (see Table 1 for details). We also included elevation data
interpolated from the Shuttle Radar Topography Mission (SRTM) and downloaded from the
same database. In order to describe the environment around the samples in our dataset, we
calculated for each bioclimatic variable the mean value in a 1-km radius circular area around
each sampling location in ArcGIS 10.2.2. This value was chosen because it approximates
the estimated home range of wild boars in Sardinia according to radiotelemetry [52]. The
climatic data were normalized [53].

We further considered the environmental characteristics of the island by means of
the land use data obtained by photointerpretation of different image sources (update 2008,
scale 1:25,000; www.sardegnageoportale.it). We merged the land use categories into seven
classes: urban and industrial areas, cultivated areas, broadleaved forests, coniferous forests,
shrublands, areas with rare or absent vegetation, and finally humid areas and water bodies.
We thus computed the relative proportion of each land use class within the 1-km radius
circular area around each sample. We decided to further elaborate these data and calculate
the Shannon Index to account for the diversity of available resources, as it seems to play
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a role for the wild boar [35]. We used the function ‘diversity’ from the R package vegan
v.2.5-7 [54] to obtain the index within every area.

Table 1. Environmental variables considered in this study.

Variable Name Description Source

Bio4 Temperature Seasonality
(standard deviation ×100) Worldclim2

Bio5 Max Temperature of Warmest Month Worldclim2
Bio9 Mean Temperature of Driest Quarter Worldclim2

Bio10 Mean Temperature of Warmest Quarter Worldclim2
Bio12 Annual Precipitation Worldclim2

Bio15 Precipitation Seasonality
(Coefficient of Variation) Worldclim2

Bio16 Precipitation of Wettest Quarter Worldclim2
Bio17 Precipitation of Driest Quarter Worldclim2
Bio18 Precipitation of Warmest Quarter Worldclim2

Elevation Elevation derived from the SRTM data Worldclim2
Shannon Index Diversity index calculated on land use categories SardegnaGeoportale

Finally, we checked for correlation in the environmental data because multicollinearity
violates one of the assumptions of the multidimensional statistical test applied in the
landscape genomic approach. We first used the R package psych v.2.1.6 [55] to compute
Pearson’s correlation coefficient between the nine bioclimatic variables, elevation, and the
Shannon Index. Since the pairwise correlations were high in many comparisons (i.e., above
the recommended threshold of 0.7 [56]), we reduced the bioclimatic variables by performing
a PCA in adegenet. We saved the coordinates on the first three PCs after inspecting the
loading plot for every axis. We checked again for correlation among the eigenvalues
obtained for the principal components, elevation, and Shannon Index. We also checked
the variance inflation factor (VIF) after a simple redundancy analysis (RDA) in vegan using
the function ‘vif.cca’ (suggested threshold VIF ≤ 10 [57]). As elevation was still strongly
correlated with PC1, and both had a VIF > 10, we removed the former, obtaining a VIF < 10
for all the remaining four variables we included in the analyses: PC1, PC2 and PC3 (from
the dimensionality reduction of the bioclimatic variables), and the Shannon Index (Table S1)

2.4.3. Genotype–Environment Association

We used two landscape genomics analyses: latent factor mixed models (LFMM) as
a univariate approach—testing for correlation one SNP and one environmental variable
at a time—while RDA is a multivariate analysis, which is especially useful in case of
polygenic selection.

We applied LFMM with the functions included in LEA package. Latent factors account
for population structure and are conceptually similar to PCs; thus, like we did for pcadapt,
we chose K = 4 and checked the uniformity of the distribution of p-values for each environ-
mental variable to know the hypothesis was well calibrated (i.e., uniform with a peak on
zero [39]). Then, we adjusted the p-values with the BH method and identified the SNPs
showing an adjusted p-value < 0.05 as outliers.

We ran simple and partial RDA (pRDA) with vegan, the difference being that pRDA
calculates the correlation among the predictor variables and the SNPs and at the same time
it controls for the effect of neutral population structure [58]. To account for the population
structure in our dataset, we assigned each sample to the cluster where its admixture
coefficient was the highest according to the best run in snmf. We then tested the significance
and computed the adjusted R2 of the simple and partial models, and finally partitioned the
overall variance between environment and neutral population structure with the function
‘varpart’. Following Forester and colleagues [56], a SNP was considered an outlier if its
Z-score deviated more than 1.96 standard deviation from the mean, which corresponds to a
significance level of α = 0.05.
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2.5. Annotation and Gene Ontology Enrichment Analysis

The next steps were focused on the SNPs identified by at least two of the three
methods implemented to look for local adaptation, as suggested by [56]. Therefore, first,
we identified the outlier SNPs shared by the three methods with a Venn diagram (http:
//bioinformatics.psb.ugent.be/webtools/Venn/ (accessed on 14 July 2021)). Then, we
inspected the allele frequencies of the candidate loci by the four genetic clusters identified
with LEA for north–south or west–east gradients; finally, we correlated the allele frequencies
of those SNPs that appeared to follow any of the two possible geographic patterns with
the mean values of the environmental variables calculated within the areas occupied by
the same four clusters. SNP coordinates were first converted from Sscrofa10.2 into the
Sscrofa11.1 genome assembly coordinates, the most complete reference genome for the
pig [59]. The conversion was done with the tool LiftOver from UCSC (http://genome.ucsc.
edu (accessed on 14 July 2021)); one of the candidate SNPs was not found any longer in the
newest assembly, so it was treated separately (see below). We annotated the candidate SNPs
using the program SnpEff [60] and Sscrofa11.1.99 database. Subsequently, we used the
Biomart tool from Ensembl to look for genes within 100,000 bp around each candidate SNP;
this window was chosen after calculating, for each of the four genetic clusters identified in
snmf, the LD decay with PLINK (Figure S1; [2,61]). We performed a gene ontology (GO)
enrichment analysis with g:Profiler [62], using Sus scrofa as the reference organism and
considered as significant each GO term that had a p–value ≤ 0.05 after BH correction. The
candidate SNP left out during the map conversion was manually annotated by looking into
it on the Ensembl database [63] for Sscrofa10.2 genome assembly.

3. Results

The initial dataset was thinned to 83 Sardinian WB and 13,917 autosomal biallelic
SNPs after filtering individuals for genotyping rate, IBD, and hybrids with the DP, and
markers for MAF and LD.

3.1. Population Structure

Population structure was detected with both unsupervised and model-based methods,
with northwestern (NW) and southwestern (SW) subpopulations clearly differentiated
between them and from the eastern (E) subpopulation (Figures 2, S2 and S3). NW was
very homogeneous according to both PCA and ADMIXTURE; only two individuals from
Nurra were split between the NW and E clusters in ADMIXTURE and leaned towards
the E population in the PCA (Figure 2). SW was also pretty homogeneous in its genetic
composition; four individuals resulted to be admixed between SW and E, but they are part
of the gradient characterizing SW (especially along PC4, Figure 2b). This subdivision was
further dissected in snmf, with E divided into a northeastern subpopulation (NE) and a
central and southeastern subpopulation (CSE) (Figure S4).

3.2. Local Adaptation

Due to the high collinearity between environmental variables (Figure S5), the PCA
produced highly informative PCs (the first three PCs accounted for > 96% of the overall
variance in the data). According to the loading plots for the first three PCs on the bioclimatic
variables alone (Figure S5), most of the variables loaded on PC1. The two bioclimatic
variables referred to variation in temperature and precipitation (bio4 and bio15) loaded
more on PC3 and PC2, respectively.

Pcadapt found 113, LFMM 134, and RDA 1289 SNP outliers (Figure 3), distributed
across all chromosomes. Forty-eight outliers in pcadapt (42%) were associated to PC4—the
axis describing genetic variation within SW—while a similar number of outliers were
found to be associated to PC1 (25) or PC2 (30), that separated NW from SW and western
from eastern sides of the island, respectively. In LFMM, the environmental descriptor
that was associated with most outliers was PC2, primarily influenced by precipitation
seasonality (bio15) and precipitation of the warmest quarter (bio18) (Figure S5); these

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://genome.ucsc.edu
http://genome.ucsc.edu
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variables follow a west–east cline of variation (see Figure S6). The adjusted R2 for the RDA
and the pRDA were 0.06 and 0.03, respectively, and both models were significant after
permutation test (p-values = 0.001 in both cases). The first three axes resulted in being
significant after permutation for the simple RDA. The triplot of simple RDA (Figure 3a)
clearly separated the four populations; CSE positively correlated with PC2 (i.e., bio15 and
bio18), while NW was negatively associated with it. SW was positively correlated with
PC3 (i.e., temperature seasonality), while NE showed an association with PC1 (most of
the variables related to temperature and precipitation) and the Shannon index. When we
plotted RDA1 vs. RDA3 (Figure S7), NE and SW populations almost overlapped, whereas
CSE spread along RDA3 with three loose clusters positively, neutrally and negatively
correlated with PC1 and PC3 when moving from top to bottom. When population structure
was accounted for in pRDA, however, only the first two axes were significant after the
permutation test. The most striking difference from the simple RDA was that the northern
populations (NW and NE) were not really affected by any variable considered in the
model because they were compressed in the middle (Figure 3b). CSE was widespread with
different clusters: two separated along RDA2, where PC1 loaded the most; hence, this
group of samples was positively correlated with lower mean temperatures or with more
precipitations (bioclimatic variables bio9, bio10, bio12, bio16, bio17), and the other group
was negatively correlated with them; the other group of samples far from the rest along
RDA2 was negatively correlated with PC3, which represented temperature seasonality.
SW was split into two groups along RDA1, which loaded on PC1 and PC2. The variance
partitioning (Figure 3c) showed that the environmental contribution to the variation in the
data was minor—accounting for 3% only—and that a good portion was not attributable to
neither structure alone nor structure and environment taken together (87% not explained).
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Figure 2. Population structure of 83 Sardinian wild boar. (a,b) First four axes from principal com-
ponent analysis (PCA), with the percentage of variance summarized by each axis in parentheses.
PC1 and PC2 describe the strongest pattern in the data, while PC3 and PC4 describe finer differ-
entiation within the southwestern and eastern clusters; (c) individual assignment to three genetic
clusters according to ADMIXTURE analysis. The two individuals from Nurra that were removed
from subsequent analyses are circled in Figure 2a to highlight their positioning with respect to the
northwestern and eastern subpopulations, and flagged with an asterisk in Figure 2c.
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Forty-nine SNPs—out of a total 1536 outliers—were detected by at least two meth-
ods (Figure 4h). Notably, when a marker was found by both LFMM and RDA—the two
approaches that take the environment into account—the environmental descriptor associ-
ated with the marker was the same for the two methods (39 SNPs, 78% of the outliers in
common). Moreover, seven out of 10 SNPs in common between the outlier analysis and at
least one of the other two methods were associated with PC2 from genetic clustering, that
separated West from East, and with PC2 from the environmental analysis, that summarizes
the bioclimatic variables with a west–east pattern of variation (Table S2). Inspection of
the allele frequencies by cluster identified two SNPs that followed a north–south (N–S)
pattern of variation and three SNPs that followed a west–east (W–E) pattern (Figure S8).
By correlating the allele frequencies with the values of the environmental variables that
followed the same N–S or W–E pattern, we found that SNP ASGA0059130 was highly
correlated with the maximum temperature of the warmest month (Figure S9), thus being
one of the most promising markers (see Discussion).

Annotation of these candidate loci on the latest pig genome assembly Sscrofa11.1 [59]
revealed that most of the candidate SNPs were intronic variants or located in intergenic
regions. Chromosome 15 was the most represented while chromosomes 10 and 18 were
not listed (Table S2). We recovered 61 genes within a 100 kbp window around each SNP
position (Table S3). The genes in close proximity to the 2 SNPs identified as candidate
loci by all methods are TEX49, ADCY6, CACNB3, DDX23, and RND1 on chromosome 5,
and AMPH on chromosome 9. TEX49 is the testis expressed 49 gene, whose function is
not described in literature. ADCY6 encodes for the adenylate cyclase 6, a member of the
adenylate cyclase protein family, which are implied in the synthesis of cyclic AMP and
hence has a role in the transmembrane signaling pathways [64]. CACNB3 gene product
is a beta subunit of the voltage dependent calcium channel; it contributes to regulating
the calcium transport [65]. DDX23 is a putative RNA helicase, thus responsible for the
secondary modifications to mRNA and miRNAs formation [66]. RND1 belongs to the Rho
GTPase family, which plays a role in the regulation of the actin cytoskeleton [67]. AMPH
encodes for a protein found in the cytoplasmatic side of synaptic vesicles and is found to
have a role in their endocytosis [68].

We found several GO terms significantly enriched in our gene list for biological
processes related to cell junction and adhesion, and to development (Table S4). Among
these, BBX is implied in sequence-specific double-stranded DNA binding activity and
could be implied in bone development [69]. CTNNA1 encodes for a protein belonging to
the catenin family that are important for establishing the connection between the cadherins
on the plasma membrane with the actin filaments inside the cell, and it is reported to be a
myogenesis inhibitor [70]. Myogenic functions are found also for ZBED2, which helps the
binding to the cis–regulatory region for transcription activity and is differentially expressed
in myogenic and adipogenic precursors [71]; PRKRA encodes for a protein kinase that
is activated by double–stranded RNA and hence intervenes during viral infections [72],
but it is also reported to be implied in morphogenesis and to interact with a miRNA that
targets many genes that negatively regulate cell proliferation [73,74]. JAM3 belongs to the
junctional adhesion molecule family, and the resulting protein is found in the tight junctions
between high endothelial cells, probably interacting with leukocyte cell lines [75–77].
It is interesting that other genes appearing several times in the above-mentioned GO
categories have roles in immunity. For example, PIK3CB encodes for a protein kinase that
was shown to take part in the activation pathway in neutrophils in case of an injury or
infection [78]; FAIM instead protects against apoptosis when it is receptor-triggered and
regulates signaling and differentiation in B–cells [79]; CRTAM encodes for a transmembrane
protein and is upregulated in CD4 and CD8-positive T cells [80].
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Figure 4. Distribution of test statistics for each SNP of the dataset (13,290 SNPs). (a) Manhattan plot
of the outlier analysis conducted on pcadapt, considering the first four PCs to correct for population
structure. (b–e) Manhattan plot of the univariate landscape genomics analyses conducted with
LFMM. Results are shown for K = 4 to correct for population structure. As a univariate analysis, each
environmental variable is considered separately. (f,g) Manhattan plot for the multivariate landscape
genomics analyses conducted with constrained RDA to correct for population structure. (h) Venn
diagram showing the intersection of the SNP outliers identified by the three different methods.
Forty-nine SNPs (in green in each Manhattan plot) were identified by at least two methods and thus
considered as candidates for local adaptation; (i) distribution of the 49 candidate loci across the Sus
scrofa genome.
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4. Discussion

In this study, we analyzed a sample of Sardinian wild boar and looked for genomic
signatures of adaptation to local environmental conditions. We considered climatic vari-
ables and land use characteristics that could influence the biology of the species. Given its
relatively ancient arrival on the island (i.e., arguably during the 8th millennium BP, [25]),
we expected that the variation in climate and land use correlated with the allele frequencies
at a few loci in correspondence or close to genes that are relevant for local adaptation. An-
other study carried out on a recently introduced insular population, the white-tailed deer
(Odocoileus virginianus), that colonized the Anticosti Island off the Canadian coasts around
200 years ago, found that the population is currently differentiating from the founding
population on the mainland, with some markers significantly showing signs of divergent
selection [81].

We can expect that the majority of the loci under selection was part of the standing
genetic variation of the population that colonized the island rather than originated from new
mutations. The sampling time frame in this study spanning a decade should not introduce
bias in the analyses of local adaptation to the environmental conditions because the process
of evolution usually takes much longer to produce considerable shifts in allele frequencies.

4.1. Population Structure in the Sardinian Wild Boar

The neutral population structure detected on the island by three different methods
shed light on possible hierarchical sub–structuring of the population: even though PCA and
ADMIXTURE results are concordant in dividing the northwestern (NW) and southwestern
(SW) populations from the eastern one (E), we should note that PCs were significant up
to the 6th axis (Figure S2), with clear differentiation within E and SW subpopulations.
Moreover, snmf supported the differentiation of a northeastern (NE) group of samples
from the rest of samples from central and southeastern areas (CSE). Previous studies on
microsatellite markers showed concordant results: the same three main clusters were
identified by Scandura et al. [31] after cleaning the dataset from samples showing traces
of introgression from either European populations of wild boar or from the domestic pig,
while five clusters were detected increasing both sample size and number of markers [26].
Here, the western side of the population was divided into north (Nurra), center and
south, while the eastern side was weakly differentiated with the northern and central
populations clustering together and the southern population in a different cluster. The
minor mismatch between that work and the present one can be explained by the difference
in sample spatial distribution and size. In addition, the increased diagnostic power of
thousands of genome-wide markers like our SNP dataset with respect to the usual set of
microsatellites can play a role as well [82]. Interestingly, in the study by Lecis et al. [32],
the authors excluded that isolation by distance is sufficient to justify the identified genetic
structure, and concluded that roads and land use are actively sustaining the differentiation
on the island thus limiting the gene flow among different areas. This creates the perfect
conditions to develop adaptations to local environmental conditions. Additionally, the
resulting pattern of differentiation emerged in a limited time interval; if restriction to gene
flow persists, we can expect that population structure is maintained and that the chances to
develop detectable signatures of adaptation to local environmental conditions will increase
even more.

4.2. The Effect of the Environment on the Genetic Diversity of the Sardinian Wild Boar

When different methods are implemented to investigate the possible genetic signa-
ture of selection in response to local environmental conditions, the results do not match
completely because of the intrinsically different methodological approaches. It is indeed
recommended to apply more than one method and consider as strong candidates of se-
lection only the markers identified by at least two of them [5,56,83]. In our study, RDA
detected many more outliers than pcadapt and LFMM; if standing genetic variation is the
main source on which selection acted, we can expect that the resulting soft sweep causes
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a multi-locus pattern of shift in allele frequencies and therefore multi-locus approaches
like RDA are more effective in identifying them [56,84]. When we controlled for neutral
population structure in the partial RDA (pRDA), the environment appeared to be influ-
encing the genetic variability within the single clusters SW and CSE more than among the
four different clusters we previously detected. Friis and colleagues [6] observed that, in the
distribution of the Oregon junco complex (Junco hyemalis oreganus), the genetic structure was
created by different processes: one of the most isolated populations of the complex was not
influenced by the environment when removing the effect of neutral population structure in
the pRDA, thus highlighting the effect of evolution under isolation and genetic drift, while
the populations with a continuous distribution were diverging from each other following
some environmental variables. Since Lecis and co–authors [32] found that both isolation
by resistance and isolation by barrier were influencing the gene flow in the Sardinian wild
boar, we can argue that the genetic differentiation observed in some populations is the
result of restricted gene flow and genetic drift rather than of diversifying selection driven
by adaptation to local environmental conditions.

The variance partitioning (Figure 3c) showed that the environmental variables we
included in the analysis explain 3% of the genetic variation in the dataset, while the simple
neutral population structure accounts for twice as much. These results are in line with
other landscape genomics studies on plants [85] and animals [6], and may be explained
by either balancing selection acting on the majority of the SNPs included in this study, or
by the absence of other important ecological factors in our environmental set of variables.
The first hypothesis is supported by the great ability of the wild boar to adapt to different
conditions, a characteristic that made it one of the most abundant ungulates [86]; such
plasticity can be indeed sustained by balancing selection [87,88].

A final note on the environmental descriptors included in this work regards the change
that the landscape and land use have undergone in Sardinia, especially during the last three
centuries [43]; it is possible that the data we retrieved were not optimal proxies to describe
the environmental diversity—in the form of Shannon Index—in which the population has
evolved. A possible confirmation of this could come from the low number of outlier SNPs
that correlated with the Shannon Index.

4.3. Genomic Adaptation to Local Environmental Conditions

Our expectation that the morphological differences observed on the island could be
at least partially due to an adaptive response to the local environment was supported by
the list of genes we found close to some outlier loci. It is interesting that some of these
genes encode for regulatory elements, as over a short evolutionary time we can expect that
phenotypic differences are more likely produced by a change in the regulation of protein
expression rather than by mutational steps modifying the structure itself of a protein, as
noticed in the case of the rapid phenotypic changes associated with domestication in the
pig [89] or in the case of strategies to cope with climate change [90].

The gene BBX was found to be significant in a GWAS study on supernumerary nipples
in sheep [91]. In pigs, the number of teats influences the number of offspring that the
sow can nurse and shows a high heritability [92]. The SNP in this gene was correlated
with temperature seasonality in both LFMM and RDA analyses. It is known that body
size impacts the ability of an organism to thermoregulate [93], thus it could be that, where
the temperature varies more throughout the year, it is better to have larger body size.
Another gene implied in transcription regulation is ZBED2, and the SNP close to it was
found to be strongly correlated with the maximum temperature of the warmest month
(bio5; Figure S9). This gene is highly expressed in myogenic versus adipogenic precursors
in pigs [71], suggesting a role in energy allocation for muscle over fat formation in the
presence of high temperatures. Differences in muscle versus fat development were also
found for the CTNNA1 gene when comparing Chinese and European pig breeds [70,94],
and the corresponding outlier SNP was associated with PC1 in both LFMM and RDA,
following again a N–S pattern of variation in maximum temperature and precipitation.
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Another relevant gene is UBASH3B, which encodes for a protein that is found to
inhibit endocytosis of epidermal growth factor receptor and platelet–derived growth factor
receptor [95]. This gene was found to be under selection in a semi-feral Maremmana cattle
breed that evolved in semi-arid and scarcely productive pastures [96]. However, the SNP
close to this gene was correlated with PC2 in pcadapt and with the Shannon index in
LFMM; thus, habitat diversity rather than dryness in the SW area seems to play a role.

5. Conclusions

Despite living on an island, the Sardinian wild boar population shows a remark-
able genomic diversity (e.g., [97,98]). Several factors seem to have contributed to this
variation, some of which have been explored in previous researches (e.g., introgressive
hybridization [28,31], barriers to gene flow [32]) and some others have not been considered
yet—specifically, the contribution of Near Eastern alleles that arrived on the island in
historical times [99]. In the present study, we have gathered new evidence that supports a
possible role of local adaptation to the inner differentiation. Although the overall contribu-
tion of adaptive variation to the genetic structure of the population appears minor with
respect to the impact of landscape, we detected signals in specific regions of the genome
that are suggestive of an ongoing selection on specific loci in response to environmental
gradients that are present on the island. The role of the candidate genes identified and the
possible implications on morphology and fitness of these selective forces deserve further
investigations, especially to forecast the impact of climate change on this species [100].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14090774/s1, Table S1: summary table reporting sample coordi-
nates, normalized bioclimatic variables, elevation, Shannon Index (computed on land use data), and
sample coordinates on the first three axes of PCA for dimensionality reduction on the bioclimatic
variables, Table S2: list of candidate SNPs implied in local adaptation, Table S3: Candidate genes
within a 100,000 kb window around the candidate SNPs, Table S4: Gene Ontology (GO) enrichment
analysis of the list of candidate genes from g:Profiler, Figure S1: LD decay in the four genetic clusters,
Figure S2: proportion of variance explained by the first 20 PCs, Figure S3: Cross-validation error
from ADMIXTURE for 83 Sardinian wild boar, Figure S4: Genetic structure identified with the
analysis snmf from the R package LEA, Figure S5: Loading plots of the first three PCs resulting
from the principal component analysis (PCA) summarizing the variation in the environmental condi-
tions considered in this study, Figure S6: Bioclimatic variables from Worldclim2 considered in this
study, Figure S7: Triplot showing the first (RDA1) versus third (RDA3) axes from the simple redun-
dancy analysis (RDA), Figure S8: Heatmap of the allele frequencies by cluster for the 49 candidate
loci, Figure S9: Spatial distribution of the two alleles at SNP ASGA0059130 over bio5 (maximum
temperature of the warmest month) and correlation plot.
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