Supplementary Methods

Subjects, DNA extraction and genotyping procedures: We performed a genome-wide analysis on 304 unrelated Italian samples, grouped according to their birthplace and representing eleven out of the twenty Italian administrative regions. DNA was purified from 1ml blood by a standard on-column purification method (QIAamp DNA Blood Kit – QIAGEN GmbH, Germany). DNA concentrations were determined by spectrometry (NanoDrop 8000, Thermoscientific). The study sample was composed of 225 individuals genotyped with the Illumina HumanOmni2.5 BeadChip Array (Illumina Inc, S. Diego, CA, USA), plus 79 individuals genotyped with the Illumina HumanOmni1-QUAD v1.0 BeadChip (Illumina Inc., S. Diego, CA) belonging to a previously published study.
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 Nine technical replicates were also included in the analysis to evaluate the concordance between replicated samples and to check the imputation accuracy. Genotyping was carried out according to the instructions provided by the manufacturer.

SNPs on sex chromosomes, those with call rate < 95%, insertions/deletions, monomorphic, or SNPs that failed the Hardy-Weinberg equilibrium test (p < 0.0001) were excluded. Four subjects were excluded from the analysis due to global call rate < 95% (two samples), those closely related to other individuals (kinship > 0.0625 - closer than first cousins - one sample), or because they were outliers based on Principal Component Analysis (PCA, one sample). Finally, genetics data for 300 individuals were used for statistical analyses.
We included in the analyses published genotype data on European, Middle Eastern, and North African populations,
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 as well as the genomic data of the Tyrolean iceman discovered in 1991 in the Otzal Alps who dates to about 5,000 years ago (y.a.).
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 This extended database was used to assess the influence of neighbouring populations on the Italian genome and to attempt to reconstruct the major migratory events that occurred within the Italian area. A complete list of and references to all the additional publicly available datasets included in our study is provided in Table 1. The same quality control procedures were applied to filter SNPs and samples from the additional datasets. Details on the genomic analyses carried out on the Tyrolean iceman DNA specimen are provided elsewhere.
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Phasing and Imputation: The overlap between the two Italian datasets was 617,622 SNPs. Haplotype phasing and imputation of missing genotypes were performed using Beagle v3.2 software using default parameters.6
 Genotypes of SNPs that were in the 2.5 million BeadChip only (i.e. not included in the one million BeadChip) were imputed using our own dataset as the reference panel in order to fill in the gap between the two genotyping arrays used. Several combinations of software (IMPUTE v27
, Beagle v3.2) and additional reference panels from the 1000 Genome Project
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 (CEU: Utah residents with Northern and Western European ancestry from the CEPH collection and/or TSI: Italians from Tuscany) were also used for the imputation procedure to check whether the accuracy of genotypic imputation improved significantly. The estimated R2 was used as a measure of the imputation quality, and SNPs with R2 < 0.8 were excluded from the analysis.6
 Duplicate samples genotyped on both the 2.5M and 1M BeadChips were used to evaluate the concordance between imputed and genotyped SNPs.

Ancestry and Admixture analysis: Ancestry and admixture proportion were estimated as described in Methods and validated using an independent methodology implemented in the RFMIX software.8
 

Briefly, this algorithm performs individual locus ancestry estimation by using a conditional random field trained by an a priori-chosen reference panel. For each individual, the sum of the local ancestry contribution inferred by RFMix provides a proportion of the ancestry inherited from each reference population. On the basis of previous results (see Results, Comparison with neighbouring population section), we chose Mozabite, Sardinians, Finnish, and Druze populations as representative of the four ancestral components (North African, Southern European, Northern European, and Middle Eastern). The least admixed samples (based on ADMIXTURE) were further selected from each subgroup and used as references for RFMix.

Time since admixture events: In order to estimate the time of admixture events we used the extension of the ROLLOFF method implemented in the software ALDER


9

, which includes an LD-based three-population test for admixture including a series of pre-tests with one reference population at a time, in order to avoid false inference of admixture. The overall procedure is described by Loh et al.10
 According to these authors this test is strongly conservative under the assumption of the simplified model of admixture we used – i.e. single pulse from discrete sources. Thus, to gain statistical power, for this analysis the Italian regions were grouped according to the five major Italian macro areas (Northern, Central, Southern, Aosta Valley and Sardinia), and admixture was tested against each of the populations included in the study.

All the figures and tables were created using the open source software R v3.0.3.11

Supplementary Results

Imputation accuracy: A total of six samples (two from the Aosta Valley-Northern Italy, two from Latium-Central Italy, and two from Sicily-Southern Italy) were genotyped on both the Illumina HumanOmni1-QUAD v1.0 BeadChip and the Illumina HumanOmni2.5 Bead Chip to check the imputation accuracy. The concordance between imputed and genotyped SNPs was on average 0.9547 ± 0.002. The inclusion of more reference panels in the imputation procedure (CEU and/or TSI from the 1000 Genome Project
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) and the use of alternative software (Impute v.212
) did not significantly improve the concordance between imputed and genotyped SNPs (data not shown), suggesting that our dataset is a suitable reference panel for good quality common variant imputation in Italians.
ADMIXTURE analysis on the Italian sample only: We further investigated Italian population genomic variability using ADMIXTURE on the 300 Italian samples. The algorithm indicated that the number of source populations producing the low cross validation error are K=2 and K=3. The great differences between Sardinians and other Italians and the presence of a genetic gradient across mainland Italy are clear (Figure S3).
Comparison with neighbouring populations: We combined our dataset with previously described data from the literature representing 35 different populations from Europe, the Middle East, and North Africa. There were 347,131 SNPs in common among all the datasets. In total we assembled SNP data from 1,272 individuals. We first used PCA to investigate genetic differences among populations (Figure S5). The projection of the first two eigenvectors reflects well the geographical origins of the subjects included in the analysis. Among the Middle Eastern populations, Cypriots and Armenians were the closest to the Southern Italians; individuals from Turkey are also close to the Italians, and are in general closer to Europeans than to people from the Middle East. Among the Eastern Europe populations, Romanians are close to the Southern Europeans whereas Hungarians cluster close to Central/Northern European populations. Finally, Sardinian, Basques, and Chuvash form separate clusters, most likely due to the effect of prolonged genetic isolation. It is noteworthy that the inclusion of the non-Italian populations in the PCA did not attenuate the previously observed variability among the Italian individuals. Interestingly, the genetic position of the individuals from the Aosta Valley is intermediate between the Northern Italians and the French, and partially overlapped the Iberian individuals. When we included the Tyrolean iceman’s genetic data in the PCA (Figure S8), we confirmed his previously reported similarity with Sardinians,
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 as well as the probable Middle Eastern ancestry of the iceman, since his genetic position is intermediate between contemporary Middle Eastern populations and Sardinians.

We further investigated population structure using ADMIXTURE. Based on the cross validation error, the algorithm indicated K=4 as the most reliable number of ancestral populations producing the observed pattern (Figure S9). The cross validation error was also very close to the minimum for K=3 and K=5. Therefore, we show the results for K = 3,4,5 (Figure S6) using bar plots, as is usual for ADMIXTURE. Three major components are detectable in the Italian sample: although none of these components is fixed in a particular geographical region, the first is higher on average in the Southern European samples (petroleum green); the second is higher on average among the Middle Eastern populations (red); and the third is higher on average in Northern Europeans (light green). A South to North decreasing gradient is seen for the “Middle Eastern” component with the reverse trend for the “Northern European” component across Italy. Interestingly, a North African ancestry (yellow) signature is detectable in the Southern Italian and Sardinian samples. In order to validate our estimates of ancestry proportions we used RFMix, an alternative to ADMIXTURE. RFMix-estimated ancestries are not significantly different from those using ADMIXTURE. The North-African component is detectable in the Italian sample, especially in Sicily, Calabria, and Sardinia and it is distinguishable from random noise: 5.42% (2.99% - 7.85%) in South Italy and 4.66% (2.22% - 7.11%) in Sardinia. Furthermore, we have compared the results from the ADMIXTURE run on the overall dataset and the ADMIXTURE run on the Italian dataset only. Specifically, we have computed the correlation between the three major components inferred based on the first run (the red, the petroleum green and the light green ones - K=4), and the three components inferred based on the second run (the red, the light green and the blue ones - K=3). The correlation was higher than 0.8 for each of the three comparisons.

Shared IBD haplotypes across Europe and the Mediterranean basin: the total length W and the average length L of the shared IBD segments between each of the eleven Italian regions and the other populations considered in the study are shown in Table S4. Two inverse gradients were observed, taking into account the IBD segments shared between Italians and the other populations. Specifically, a South to North trend was observed for the IBD segments shared between the North Africans and Italians, whereas the opposite direction was detected for the IBD segments shared between Italians and the other European populations (Table S4A). We then focused on the L statistics, i.e. the average length of the IBD haplotypes, to estimate the chronological order of the admixture events (the longer the segments, the more recent the admixture). The IBD segments shared between Italians and the other European populations are longer than the IBD segments shared between Italians and Turkish/Middle Eastern individuals, indicating that the admixture events between Italian populations and other European populations are the most recent (Table S4B). Interestingly, Table S4 shows high IBD sharing between Southern Italian regions – Calabria, Basilicata, and Sicily – and North African populations – Moroccans and Mozabite.
Time since admixture events: We estimated the time since admixture events using ALDER. The most significant results are listed below; see Table S5 for the overall significant results. For the Northern Italian population, the algorithm found evidence of admixture with the North-Central European and the North African - Middle Eastern components using several pairs of populations as references (for example, Finnish-Mozabite: adjusted p = 1.8 x 10-06; Finnish-Palestinians: adjusted p = 3.8 x 10-05) dating to about 58±10 generation ago (g.a.) (corresponding to about 1700 y.a. assuming 29 years per generation)13
 and 49±9 g.a. (about 1400 y.a.), respectively. We also found evidence of admixture between Middle Eastern and Caucasian populations (Lezgin-Syrians as reference: adjusted p = 0.01) dating to about 85±10 g.a. (2500 y.a.), and between Northern European and Caucasian (Finnish-Turkish (Kayseri) as reference: adjusted p = 8.10 x 10-04) dating to about 50±7 g.a. (1500 y.a.).

Evidence of admixture was also found for the Central Italian regions (Tuscany and Latium) but the admixture events are estimated to have occurred earlier than those in the Northern Italian regions. For example, using as reference Chuvash-Egyptians (61±7 g.a., adjusted p = 1.1 x 10-09) about 1800 y.a.; Chuvash-Syrians (56±9 g.a., adjusted p =1.4 x 10-06) about 1800 y.a.; Russians-Jordanians (88±9 g.a., adjusted p = 1.1 x 10-08) about 2500y.a.; and Lezgin-Egyptians (100±18 g.a., adjusted p = 0.03) about 3,000 years ago.

Finally, for the Southern Italian individuals, admixture between European and Northern African - Middle Eastern ancestry was estimated to have occurred about 1,000 y.a. (e.g. Basques-Mozabite 36±7 g.a., adjusted p = 3.1 x 10-05; Lithuanians-Moroccans 38±7 g.a., adjusted p = 1.01 x 10-04; Druze-Finnish 34±7 g.a., adjusted p = 4.6 x 10-04).
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Title and Legend to Supplementary Figures

Figure S1. Manhattan plots showing genome-wide association with the first (A), second (B), third (C), and fourth (D) eigenvectors of the Principal Component Analysis. The absolute Pearson correlation estimate (y-axis) for 1,698,926 autosomal SNPs are presented on the basis of their chromosomal positions (x-axis).
Figure S2. Principal Component Analysis on Italians after excluding loci under selective pressure and with low recombination rate including Sardinians (A) and excluding Sardinians (B); x- and y-axes were inverted to emphasize similarity to the geographic map of Italy.

Figure S3. Ancestral population clusters inferred using ADMIXTURE software on the 11 Italian regions for K=2,3. Label: sic = Sicily, cal = Calabria, bas = Basilicata, lat = Latium, emr = Emilia Romagna, lig = Liguria, pie = Piedmont, vda = Aosta Valley, sar = Sardinia.

Figure S4. Ancestral effective population size Ne (on the y-axis, in thousands) estimates based on IBD haplotype sharing for (A) the three main Italian macro-areas, and (B) each of the eleven Italian districts separately.

Figure S5. Principal Component Analysis including 35 different European, Middle Eastern, and Northern African populations: plot on a Cartesian plane of the first two eigenvectors. Labels refer to Table 1; x- and y-axes were inverted to emphasize similarity to the geography.

Figure S6. Ancestral population clusters inferred using ADMIXTURE software on 35 European, Middle Eastern, and North African populations included in the study, for K=3,4,5. Labels refer to Table 1. 

Figure S7. The distribution of the pairwise genetic distances (Fst) within Europe. Interestingly, the genetic distance between Southern and Northern Italians (red line) is higher than the 50% of the overall comparisons within Europe.

Figure S8. Principal Component Analysis including 35 different European, Middle Eastern, and Northern African populations, as well as genomic data of the Tyrolean iceman: plot on a Cartesian plane of the first two eigenvectors. Labels refer to Table 1; x- and y-axes were inverted to emphasize similarity to the geography.

Figure S9. Scree-plot showing the cross validation error (y-axis) for K from 2 to 10 (x-axis) on the ADMIXTURE analysis performed on the 35populations included in the study (see Figure S6).
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