Supplemental materials for “A reduced SNP panel to trace gene flow across southern European wolf populations and detect hybridization with other Canis taxa”

Supplemental Note S1. Identification of candidate loci under selection

Methods. To identify candidate SNPs under selection, the FST-based approach implemented in the program BAYESCAN 2.11, which detects loci where allele frequencies differ significantly from the average genome-wide distances between populations, was run using default parameters of 5,000 iterations with a burn-in length of 100,000, prior odds of 10 and a conservative false discovery rate (the expected proportion of false positives) of 0.05. Subsequently, we selected an interval of 100 Kb on each side of every outlier SNP2-3 and used the coordinates on the CanFam3.1 reference assembly to i) retrieve the genes included in each genomic interval from the Ensembl gene annotation 100 in BIOMART (http://www.ensembl.org/biomart/martview/), and ii) assess their possible enrichment for any Gene Ontology (GO), Biological Processes (BP) and Human Phenotypes (HP) categories available in G-PROFILER83, retaining the categories that were significant at P < 0.05 after Benjamini–Hochberg corrections.

Results. A search on the CanFam3.1 dog genome assembly indicated that the outlier SNP TIGRP2P4604_rs8896093, identified when comparing Iberian and Dinaric wolves, mapped on chromosome 1, but had no protein-coding genes in its 100Kb flanking regions. However, when considering intervals of 1Mb, three protein-coding genes (Table S14) significantly enriched for GO categories (Table S15) linked to biological processes such as immune response and calcium homeostasis modulation were detected 0.69-0.76 Mb from the SNP (Table S16). The outlier SNP BICF2P1183096, identified when comparing Dinaric and Italian wolves, mapped on chromosome 8 (Table S3) in a 100-kb genomic region including six protein-coding genes (Table S14), of which three were significantly enriched for GO categories (Table S15) linked to biological processes such as cellular metabolism and stress response, kidney filtration ability and muscular regulation (Table S16). The outlier SNP BICF2P137558, identified when comparing Iberian and Italian wolves, mapped on chromosome 25 (Table S3) in a 100-kb genomic region including four other protein-coding genes (Table S14), three of which were significantly enriched for GO categories (Table S15) linked to biological processes such as high altitude adaptation, photo-reaction to nocturnal darkness, bone ossification, and immune response (Table S16). 

Discussion. Despite the limited number of SNPs compared to genome-wide studies4-5 and the absence of strong environmental differences, we detected one locus under potential selection flanked by genes enriched for several GO categories for each pairwise comparison between the three wolf populations. Although the three populations share broadly similar Mediterranean environments, they may be experiencing different selective pressures at the local level, which have been described as the basis for the genetic distinction of different wolf ecotypes2,6. Earlier analyses of wolves across Europe have suggested parallel selection for similar traits acting on different genes in divergent populations2,6. Although various processes including genetic drift can confound signals of selection, the finding of separate genes coding for similar traits (e.g., immune function, kidney filtration) in our study could be further examined to evaluate possible patterns of selection. Rapidly advancing genomic methods have greatly increased the opportunities to investigate such patterns of selection, which have been reported in diverse species7-8. However, we cannot exclude the possibility that genetic drift or other factors have influenced the results, and future research on a larger data set, for example based on transcriptome analyses (e.g., Campbell-Staton et al.7) or whole genomes (e.g., Plassais et al.9), could provide further information.


Supplemental Note S2. Estimates of wolf population divergence times


Methods. We used SNP data to run Approximate Bayesian Computation simulations (ABC) implemented in the software DIYABC 2.1.010. We modeled plausible demographic scenarios and estimated divergence times (in generations) among the three wolf populations, and for these analyses we excluded the three phenotypic loci, SNPs identified by BAYESCAN as being under possible selection, and all the individuals in each wolf population identified as admixed. Because the three southern European wolf populations appear to have diverged closely in time, and their effective sizes steadily declined in the last ten thousands of years2,4,11-12, eight demographic scenarios were examined (Fig. S2), assuming that the three populations (WIB, WIT and WDIN) split simultaneously (Scenarios 1, 2, 3 and 4) or sequentially (Scenarios 5, 6, 7, and 8) and that they experienced simultaneous (Scenarios 2 and 6), sequential (Scenarios 3, 4, 7 and 8) or no (Scenarios 1 and 5) bottlenecks. Altogether 6 x 106 simulations were run for each scenario using uniform prior distributions of the effective population size and time parameters with default settings (Table S17). Summary statistics (proportions of zero values, mean of non-zero values, variance of non-zero values and mean of complete distributions) were estimated for genetic diversities and FST distances. Scenarios were compared by estimating posterior probabilities with the logistic regression method in DIYABC using 1% of the simulated datasets. For the best models, posterior distributions of the parameters were estimated with a logit-transformed linear regression on the 1% simulated datasets closest to the observed data. Scenario confidence was evaluated by comparing observed and simulated summary statistics. Finally, the goodness-of-fit of the posterior parameters for the best performing scenarios was tested via the model checking option with default settings, and significance was assessed after Bonferroni correction for multiple testing10.

Results. ABC simulations showed the highest support for scenario number 7 (sequential population splitting with subsequent bottlenecks), which performed better than the other seven models examined and showed P-values of the summary statistics that were not significantly different from simulations for all the posterior parameters after Bonferroni’s corrections (Table S18). Under scenario 7, the mean values of the divergence times suggested that separation among the three wolf populations occurred relatively close in time (Fig. S3 and Table S19). Our results indicated that Dinaric wolves have been isolated from the other two populations for about 2,670 generations (5% quantile (q050) = 320 − 95% quantile (q950) = 4,790), and Iberian and Italian wolves for the last 2,370 generations (5% quantile (q050) = 237 − 95% quantile (q950) = 4,690) (Fig. S3 and Table S14). Therefore, assuming a generation time of 3.013 or 4.514 years, respectively, our results suggest that Dinaric wolves started to diverge from the others c. 8,010 (960–14,370) or 12,015 (1,440–21,555) years ago, whereas Italian wolves started to diverge from Iberian wolves c. 7,110 (711–14,070) or 10,665 (1,067–21,105) years ago (Fig. S3 and Table S14). Under scenario 7, the current effective population sizes (N3, N2 and N1; Fig. S3) strongly declined, showing a reduction of c. 5.7 times in the Dinaric, c. 5.4 times in the Iberian and c. 6.3 times in the Italian wolf populations after their bottlenecks. These bottlenecks were estimated to have started c. 6,480–9,720 years ago for Dinaric wolves (from 513–13,980 to 770–20,970), c. 3,900-5,850 years ago for Iberian wolves (from 702–10,950 to 1,053–16,425), and c. 3,480-5,220 years ago for Italian wolves (from 303–4,470 to 455–6,705), depending on the generation time applied (3 vs. 4.5 years, respectively; Table S19). 

Discussion. Several studies have been performed to estimate divergence times in European wolf populations based on analyses of different molecular markers such as mtDNA15, microsatellites12, SNPs2, or whole genomes5, which have produced different patterns and estimates. Our results suggest that the three wolf populations separated after the last glacial maximum, with the Dinaric population separating first (c. 8.000-12.000 years ago), followed by the Italian and Iberian populations (7.000-10.000). These results are consistent with those from the recent study of Silva et al.5 based on analyses of whole genomes from Croatian, Italian, and Iberian wolves. However, our findings and those of Silva et al.5 vary depending on the generation time applied, which was either 3 years13 or 4.5 years14. As expected, our results also had very wide confidence intervals, likely due to the small number of loci used for the analyses. Moreover, the bias toward loci with high FST values may also have affected the results. Nonetheless, our marker set was able to model bottleneck and genetic drift events that have affected these wolf populations, mainly in Italy and Iberia2,16-18.
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Supplemental Figure legends

Figure S1. STRUCTURE and ADMIXTURE results. (a) Bar plots for individual qi-values obtained running STRUCTURE 2.3.420 with the 98,004 SNP-genotypes of the parental populations (J: jackals; D: dogs; WDIN: Dinaric; WIB: Iberian and WIT: Italian wolves), assuming K = 5 clusters and the “Admixture” and “Independent allele frequencies” models. Bar plots were obtained concatenating data from the five independent runs using CLUMPP 1.1.122 and graphically displayed using DISTRUCT 1.123. (b) Bar plots for individual qi-values obtained running ADMIXTURE 1.2321 with the 98,004-SNP genotypes of the parental populations (J: jackals; D: dogs; WDIN: Dinaric; WIB: Iberian and WIT: Italian wolves), with default parameter settings and assuming K = 5 clusters. (c) Cross validation errors for K from 1 to 10 obtained running ADMIXTURE 1.2321 with the 192-SNP genotypes of the five reference populations (J: jackals; D: dogs; WDIN: Dinaric; WIB: Iberian and WIT: Italian wolves). (d) Bar plots for individual qi-values obtained running ADMIXTURE 1.2321 with the 192-SNP genotypes of the parental populations (J: jackals; D: dogs; WDIN: Dinaric; WIB: Iberian and WIT: Italian wolves), with default parameter settings and assuming K = 5 clusters. (e) Bar plots for individual qi-values obtained with ADMIXTURE 1.2321 for the 192-SNP genotypes of the five reference populations and 10 first-generation (F1) hybrid and first-generation backcross (BC1) genotypes simulated for each pairwise combination of canid groups, with default parameter settings and assuming K = 5. 

Figure S2. Graphical representation of the eight simulated demographic scenarios run in DIYABC 2.1.010. Scenarios 1,2, 3 and 4 assumed that the three wolf populations split simultaneously, scenarios 5, 6, 7, and 8 that they diverged sequentially, and that populations experienced simultaneous (Scenarios 2 and 6), sequential (Scenarios 3, 4, 7 and 8) or no (Scenarios 1 and 5) bottlenecks.

Figure S3. Graphical representation of the best performing demographic scenario (number 7) simulated in DIYABC 2.1.010. This scenario assumed sequential population splitting with sequential bottlenecks. The resulting population sizes and divergence times were reported using a generation time of g = 3.0 or g = 4.5 years. N1-N2-N3: Italian-Iberian-Dinaric wolf post-bottleneck effective population sizes; N1b-N2b-N3b: Italian-Iberian-Dinaric wolf pre-bottleneck effective population sizes; NA effective population size of the initial population; t1: the divergence time from the common ancestor in thousands of generations; t2: the divergence time between the Italian and Iberian wolf populations in thousands of generations; db3: bottleneck duration for the Dinaric wolf population; db2: bottleneck duration for the Iberian wolf population; db1: bottleneck duration for the Italian wolf population.

[bookmark: _GoBack]Figure S4. Scores of individual 178-SNP invasive and non-invasive genotypes of wild and domestic canids plotted on the first two axes of a Principal Coordinates Analysis (PCoA) computed using GENALEX 6.50219. The first axis, which explained more than 35% of the total genetic variability, clearly separated Italian wolves (WIT; left side) from all the other canids (right side), whereas the second axis, which explained more than 20% of the total genetic variability, clearly separated dogs (bottom right side), from fox, jackal, Dinaric (WDIN) and Iberian (WIB) wolf (bottom right side) samples. Notably, non-invasive genotypes clustered with profiles from their respective reference groups (grey dots), and admixed individuals (Hy-IT, black dots) were positioned between parental groups, with older-generation backcrosses located closer to wild parental groups.

Figure S5. STRUCTURE and ADEGENET results obtained with the 178 SNPs that performed successfully in the Fluidigm test. (a) Bar plots for the 158 individual qi-values obtained through assignment with the 178-SNP genotypes. Each individual is represented by a vertical line partitioned into coloured segments, whose length is proportional to the individual coefficients of membership (qi) in the jackal, dog and wolf clusters inferred by Bayesian assignment analyses performed in STRUCTURE 2.3.420, assuming K = 5, no prior information (option Usepopinfo not activated) and choosing the “Admixture” and “Independent Allele Frequency” models. J: jackals; D: dogs; WDIN: Dinaric wolves, WIB: Iberian wolves; WIT: Italian wolves. Bar plots were obtained concatenating data from the five independent runs using CLUMPP 1.1.122 and graphically displayed using DISTRUCT 1.123. (b) Bar plots for the 158 individual qi-values obtained through STRUCTURE 2.3.420 assignment for the canid reference populations with the 178-SNP genotypes, assuming K = 5 clusters: jackals (J), dogs (D), Dinaric wolves (WDIN), Iberian wolves (WIB), Italian wolves (WIT), and 10 first-generation (F1) hybrid and first-generation backcross (BC1) genotypes simulated for each pairwise combination of canid groups. Bar plots were obtained concatenating data from the five independent runs using CLUMPP 1.1.122 and graphically displayed using DISTRUCT 1.123. Results from (c) a multivariate discriminant analysis (PC performed with the “dudi.pca” function) in the ADEGENET 2.3.424 package and from (d) a Bayesian assignment approach in STRUCTURE 2.3.420 (assuming K = 5 and the “Admixture” and “Independent allele frequencies” models), obtained with 178-SNP genotypes for the five reference populations (J: jackals; D: dogs; WDIN: Dinaric; WIB: Iberian; WIT: Italian wolves) together with 33 additional canid genotypes categorized as non-admixed (W, grey dots) or admixed (Hy, black dots) in earlier studies (n = 10 Italian and n = 9 Dinaric wolves, n = 4 Italian wolf x dog (HyIT), n = 4 Dinaric wolf x dog (HyDIN), n = 4 Iberian wolf x dog (HyIB), and n = 2 jackal x dog individuals (HyJ-D)). Bar plots were obtained concatenating data from the five independent runs using CLUMPP 1.1.122 and graphically displayed using DISTRUCT 1.123.

