Population Structure in the Mediterranean basin: a Y chromosome perspective
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Abstract

The Mediterranean region has been characterised by a number of pre-historical and historical events whose genetic legacy is still a matter of debate. The Neolithic revolution, Greek and Phoenician colonisations , and the Roman and Arab conquests are all thought to have shaped the current distribution of genetic variation along the coasts of the Mediterranean basin, but the details are largely unknown. Here we study the distribution of Y chromosome genetic variation in 23 Mediterranean populations, (11 firstly described here and 12 from the literature), in order to investigate the degree of population structure shaped by those events. Our analyses identify three main clusters in the Mediterranean that can be labelled as North Africa, Mediterranean, and Arab. This pattern most likely reflects population movements during the pre-classical and classical periods, and during the later Arab expansions, that have not been obscured by more recent population contacts.

Introduction.
Southern Greece, Sicily, South Coastal Spain were peopled well before 10-12000 years before present (yBP) . By 9000 yBP agricultural development occurred in the Near East and the new technology spread throughout Europe in the next millennia (Cunliffe, 2001). The demographic consequences of such event are still matter of debate among both geneticists (Barbujani et al, 1998; Chikhi et al, 1998; Richards et al, 2000; Simoni et al, 2000; Semino et al 2000; Rosser et al, 2000; Torroni et al, 2001; Chikhi et al, 2002; Richards et al, 2002) and archaeologists (Ammerman and Cavalli-Sforza, 1984; Zvelebil and Zvelebil, 1988). More recently this issue has been extensively addressed by Barbujani and Goldstein (2004) who suggested that in the frame of hypothesis testing, actual available data supports a Neolithic Demic Diffusion (NDD) scenario. 

In historical time Greeks started a series of colony foundations toward the central and west Mediterranean basin (South Italy, Spain and coastal France) and this was paralleled by Phoenician and later Carthaginian settlement, Cartage itself being founded by the Phoenicians (Cunliffe, 2001). A new political reality emerged with the Roman Empire, which at its peak dominated the entire Mediterranean coasts. The last major expansion event was the Arab conquest, starting from the Arabian Peninsula, moving trough the Near East and finally reaching North Africa, the Iberian Peninsula, and Sicily (Finley, 1968; Ricci, 1984; Abun-Nasr, 1987; Hitti, 1990; Dussaud, 1995). 

Previous Y chromosome investigations suggested haplogroup (hg) J as a marker for the Neolithic dispersion (Semino et al, 1996; 2001) and Malaspina et al (2001) pointed to Greek colonisation for the dispersion of a subset of these chromosomes. A recent study of Y chromosome variation in Mediterranean populations showed the distinctiveness of North Africans compared to the rest of the Mediterranean, but failed to find any heterogeneity among other Mediterranean populations (Quintana-Murci et al, 2003). Using a more formal inferential framework, Chikhi et al (2002) estimated the degree of population admixture in Europe when considering as source populations Near Easterners and Basques (Semino et al, 2000). The investigation revealed a higher Near Eastern contribution in Mediterranean populations than continental European samples.

Here we explicitly assess Mediterranean genetic structure by analysing Y chromosome distribution in 11 different populations with a battery of both fast and slow evolving markers (Fig. 1). A total of 656 Y chromosomes were typed for 6 Y linked STRs and 16 Unique Events Polymorphisms (UEPs). Additionally, we include in our analyses Y chromosome data already available for another 12 populations (Bosch et al, 2000, 2001; Nebel et al, 2000, 2001;Semino et al, 2001; Malaspina et al, 2001, Wilson et al, 2001). Data analyses revealed significant structure in the Mediterranean Y chromosome gene pool, a result confirmed by a reanalysis of published mtDNA and autosomal markers. 

Methods

Samples
Geographic distribution of sampled populations is described in figure 1. The Sicilians, a subset of Sardinians and Tunisian samples origin was already described (Romano et al, 2003; Ciminelli et al, 1995; Comas et al, 2000; Plaza et al, 2003). Sample sizes are as in table 1.

Y chromosome genotypings
Y-STRs were genotyped as described in Thomas et al, 1999 and included DYS388, DYS393, DYS392, DYS19, DYS390 and DYS391 loci. The genealogical relationship between the selected markers is shown in figure 1, following the Y chromosome Consortium nomenclature (2002). UEPs were genotyped using monoplex and multiplex reactions. YAP, SRY 10831, SY81 and SRY 4064 were genotyped following published protocols (Thomas et al, 1999). RPS4Y polymorphism was genotyped as described in Capelli et al, 2001. Tat and 12f2 markers were scored as indicated in Rosser et al, (2000). All other markers were genotyped as described below. PCR was carried out in a final volume of 10 l. The reaction contained 1X buffer (HT Biotech, Cambridge), 200 M dNTPs, and 0.13 units of Taq polymerase enzyme (HT Biotech, Cambridge), as well as 9.3 nM TaqStart Antybody (Clontech). The cycling conditions were 94oC for 5 minutes, and then 35 cycles at 95oC for 40 sec, 59°C/58oC/55°C for 40 sec and 40 sec at 72oC, with a final incubation at 72oC for 10 minutes. For M173/M17/M172/M170/M9/92R7 multiplex, the final concentration of MgCl2 was 2.2 mM . Primers and Endonuclease list are shown in table 2. Restriction reaction were performed following supplier information ( New England Biolabs, Beverly, Mass.)

The PCR mix preparation was performed following suggestions described in Thomas et al, 1999. 

Appropriate allelic control DNAs where included to confirm successful restriction reaction conditions. The digested products were run on a 377 ABI instrument (Applied BioSystems, Foster City, CA). Two chromosome found in Cyprus, ancestral at M89 and YAP markers, were considered hg A. Among the Djerba chromosomes, three were found not to be derived at any of the following markers: M9, 12f2, M170. Taking in consideration their phylogenetic position, assignment to haplogroups E3b (1 chromosome) and FxIJK (2 chromosomes) was done by haplotype comparison with fully genotyped available samples. For hgs analysis, chromosomes were clustered in 8 groups following genealogical information: E; Yx A,D,E, J, K; PxR1a1; J*xJ2; J2; A; KxP, Na3; R1a1.

Statistical analysis
Geographic structuring of variation was assessed using AMOVA as implemented in the Arlequin software (Schneider et al, 2000). Principal Components (PC) analysis was performed on haplogroup frequencies by using POPSTR software (Henry Harpending, pers comm.). Admixture estimations were calculated by LEA and ADMIX software (Chikhi et al, 2001; Bertorelle and Excoffier, 1998; Dupanloup and Bertorelle, 2001) using hg information (that is binary markers only) and considering the E3b North African modal type as separated by the rest of the E3b group. Selected autosomal data from Rosemberg et al, 2003 was investigated by the use of the STRUCTURE program (Pritchard et al, 2000). Each STRUCTURE run was performed twice with a burn-in and run length of 200,000 each.
Results and Discussions
Mediterranean population structure

We analysed 16 biallelic markers (otherwise known as Unique Event Polymorphisms - UEPs) identifying haplogroups (hgs) (Fig. 2), and 6 Y linked microsatellites (Thomas et al, 1999), defining haplotypes (hts).(Table 1). To include data on Ashkenazi, Sephardic Jews, Kurdish Jews, Muslim Kurds, Palestinians and Bedouins (Nebel et al, 2001), Syrians and Turkish (Semino et al, 2000) and a United Arab Emirates sample (UAE, Malaspina et al, 2001), PC analyses (Fig. 3) were performed with a lower level of resolution, collapsing the 14 observed haplogroups into 8 haplogroups, as described in methods section. We also included data from three North African populations, namely Saharawis, Moroccan Berbers and Moroccan Arabs (Bosch et al, 1999, 2001). PC results were mainly influenced by hgs DE (-0.465; loading factor) and J2 (+0.223) on axis 1, while P*xR1a1, DE and J*xJ2 were the most important on axis 2 (-0.161/-0.163, +0.351). The PC plot suggests the presence of three main groups (Fig. 3): 1) North Africa, 2) Near East/Arabs (including Muslim Lebanese and Ashkenazi Jews) and 3) a general Mediterranean, grouping, including Christian, but not Muslim Lebanese. Kurdish samples were not clearly associated with any of these three. Population differentiation test was performed using an analogue of the Fisher Exact Test as implemented in the Arlequin software (Schneider et al, 2000) on hgs frequencies, using the same 8 hgs tested for PC analysis. The pattern of population similarities paralleled the one displayed by PC analysis, with populations in the same cluster being mostly not significantly different from each other (P>0.05, data not shown). Interestingly, among the Jewish communities, only the Kurdish and the Sephardic Jews were found not to be significantly different from each other (P=0.07). 
Population relationships were also investigated by the use of microsatellite variation, including Syrian and Turkish data (Wilson et al, 2001). Data for the same 6 microsatellites was not available for the UAE group so a Yemenite sample was included as a representative of the Arabian Peninsula (Thomas et al, 2000). Analysis of the distribution of molecular variation on STRs haplotypes (performed using Arlequin software, Schneider et al, (2000)) was also consistent with the three group clustering suggested by PC analysis, with minor variations. The clustering scheme with the lowest intragroup and highest intergroup diversity (st, 1.42% and 11.06% respectively) was one grouping Ashkenazi, Kurdish Jews and Muslim Kurds with the Mediterranean group. Moving the latter two to the Arab cluster lowered the intergroup variation to 7.36% while increasing the intragroup diversity to 3.09%. The exchange of populations between North African and Arab groupings had similar effects (not shown). Following these results, we considered the three population clusters suggested by PC analysis, including Ashkenazi, Kurdish Jews and Muslim Kurds in the Mediterranean cluster and the Djerban Jews in the Arab cluster.

We also tested an ethnic/geographic clustering system, grouping the four Jewish, the Arab/Near eastern, the Mediterranean and the North African populations. Despite the fact that increasing the number of cluster (4) should increase any measure of variation (Cavalli-Sforza, Menozzi, Piazza, 1994), intergroup variation decreased to 6.08%, while intragroup diversity increased to 2.64%. This suggests that the scheme suggested by the PC analyses better reflects the pattern of variation than does an “ethnic” grouping that would cluster, for example, all Jewish and all Arab populations. 

We also evaluated the degree of differentiation shown by Mediterranean populations by performing PC analysis on previously published mtDNA haplogroup data (Richards et al, 2002; Thomas et al, 2002; Plaza et al, 2003). In general agreement with the Y chromosome results, a Mediterranean, an Arab and a North African cluster were apparent (Fig. 3b). Mediterraneans and North Africans were closer to each other than to Arabic populations (Bedouins and Yemenite), a result interpreted as a signature of female mediated gene flow across the Mediterranean basin (Plaza et al, 2003). Near Eastern Arab populations (Palestinians, Jordanians and Syrians) did not cluster with the Arabians and were instead closer to Mediterranean populations. This result is in contrast with the Y chromosome data, where Arabian and non-Arabian Arabs grouped together (Fig. 3a). Sex mediated differential contacts between the Arabian peninsula and the Near East could be responsible for the different observed pattern. Only Bedouins seem to have had extensive contacts with Arabians, as in both mtDNA and Y chromosome analyses they cluster together. 

Recently Rosenberg et al (2003) published an investigation of World-wide populations genotyped at almost 400 microsatellite loci. They assessed population differentiation using the clustering scheme implemented in the STRUCTURE software (Pritchard et al, 2000). Using the same approach we focused our attention on samples present in their dataset that are comparable to ours, namely Sardinians and Italians, Mozabites from North Africa, Bedouins and Palestinians. Several Run were performed, with likelihood values overlapping for number of cluster K>= 4 (data not shown). In all cases at least three different groups were present: group 1 clustered the majority (over 70%) of Italians and Sardinians, and a small part of Bedouins and Palestinians; group 2 was represented by almost 90% of North Africans and group 3 contained majority of Palestinians and a subset of Bedouins. Additional groups were composed by subsequent subdivision of the Bedouin sample. Clusters 1, 2 and 3 broadly mirrored Mediterranean, North African and Arab Y chromosome and mtDNA groupings. Additional groups, almost exclusively represented by Bedouins, were also observed. These additional clusters most likely reflect specific gene flow or drift occurring in Bedouins. Richards et al, (2003) found genetic evidence of female gene flow from Sub-Sahara Africa into Near East Arab populations resulting from the slave trade. When we included in the STRUCTURE analysis the available Sub-Saharan samples from Rosemberg et al (2003), the three African populations (Bantu-speaking Kenians, Yoruba and Mandenka) strongly clustered together, with a minor portion (not above 10%)of North African and Bedouins. Assuming correct identification of source populations, this suggests minor Sub-Saharan contribution to current Near East Arab populations.

Near East, Jewish communities and Arabians: evidence of Arab male genetic contribution to Levantine populations.

The independent clustering of Near Eastern Arab and non-Arab populations is driven by J*xJ2 frequencies, above 30% in all populations in the Arab group. Nebel et al (2002) suggested this group (H71 in their nomenclature) as a possible marker of the Arab expansion in the Southern Levant and North Africa. The authors found a genealogically related haplotype mainly restricted to Arab populations or arabised ones (GMH in Nebel et al, 2001), virtually absent from Jewish groups and the North Mediterranean coast (this study and Nebel et al, 2001). The same type has also been identified in various North African groups (this study and Bosch et al, 1999; 2001) and it is modal in both Syria and in Yemen (Thomas et al, 2000). J*xJ2 hg frequency is an important influence on the distribution of populations on PC plot axis 2, the axis along which Arab and Arabian populations tend to cluster. These populations also show high frequencies for the GMH and its one microsatellite mutational step neighbours. J*xJ2 and GMH appear then to be non randomly distributed across populations and together may represent a signature for Arabian influence. Interestingly, considering the two Lebanese samples, the Muslims had GMH and its one microsatellite mutation step cluster at frequencies of 4.6% and 14% respectively, while, on the contrary, the Christians displayed only the GMH (2.5%). Hg J*xJ2 frequencies in Muslim and Christian Lebanese were 31% and 9%, respectively.

Nebel et al ( 2002) suggested a “working model” with two main waves of contacts between the Near East and the Arabian peninsula. An earlier Near East expansion toward Arabian Peninsula during Neolithic time would be identified by types shared also with Jewish communities, while Arabian and Near East uniquely shared types could be instead related to a more recent population movement, following the dispersion of nomadic tribes out of the Arabian peninsula. 

Arabian male admixture with Near East populations could explain the independent grouping of those from Mediterranean populations as shown by Y chromosome data. The different pattern shown by mtDNA (Fig. 3b) with non-arabian arabs clustering with Mediterraneans, suggests that Arab introgression had different effects in different groups possibly due to sex-biased gene flow.

This scenario has important implications also on the investigation of the origin Jewish communities. Genetic variation in Jewish populations has been investigated in several recent papers using different genetic systems (e.g. Hammer et al, 2000; Nebel et al,2001; Thomas et al, 2002; Behar et al, 2003) . Basing their analysis on Y chromosome variation, Hammer et al (2000) recently found similarity between Near Eastern and Jewish communities, and suggested a common Near Eastern origin for all these groups. We have focused on Mediterranean and Near Eastern populations and highlight a significant separation between “Arabian” Near Easterners and Jewish populations. Both PC and AMOVA analyses suggested instead a higher affinity of the latter to Mediterranean populations, with the exception of Djerban Jews who are different from the geographically close North African populations and more similar to Arab populations. This is confirmed by the analysis of a larger Djerban Jew sample (Leonardi et al, submitted)
. These results contrasts with those of Hammer et al (2000). However, the main differences between the two investigations are the specific focus on Mediterranean populations and the additional level of resolution within hg J offered by the inclusion of the M172 marker and microsatellite data. Hg J frequencies are in fact similar across Jewish communities and Near Easterners, while J2 and J*xJ2 hgs frequencies highlight important differences. Hg J*xJ2 is always more frequent (sometime even as much as twice) than J2 in the “Arabian” Near Eastern populations, while J2 is more frequent than J*xJ2 in the Jewish populations. The inclusion of genetically different worldwide populations as Sub Saharan African, Europeans and North Africans in the MDS analysis by Hammer et al (2000) probably favoured the clustering of broadly similar populations as Near Easterners and Jews, .due to their high hg J frequencies (between 28% and 84%). All the Europeans included in their analysis had low hg J frequencies except the only two Mediterranean samples: Italy and Greece, which were in fact the closest to Near Eastern/Jews in their MDS analysis. The heterogeneity we observed between the Jewish groups included here and the Near East populations might be related to independent genetic histories and European admixture (Thomas et al, 2002; Nebel et al, 2002; Behar et al, 2003), and to male specific Arabic gene flow into Arab Near East populations.
Mediterranean grouping: the sea as a bridge to gene flow.

The clustering elements for the Mediterranean group were hg J2, whose frequency ranged between 9% and 29% and hg P*xR1a1, between 9% and 33%. J chromosomes (hg 9 in Rosser et al 2001) displayed a clear East to West frequency cline across Europe, more pronounced when focusing on hg J2, indicating the Near East as a possible centre of dispersion (Semino et al, 2000; Rosser et al, 2001). 

The hg J distribution has been interpreted as supporting a model of demic diffusion of early farmers westward into Europe (Semino et al, 1996; 2000; Rosser et al, 2001) and eastward from south-western Iran into India (Quintana-Murci, et al, 2001). Hg J microsatellite diversity between the East and West Mediterranean groups was not significantly different (data not shown). This is not unexpected following the various historical events that characterised most of Mediterranean history and that resulted in several superimposed population movements. Semino et al, (2004) suggested that multiple dispersal events from the Near East during Neolithic and Post Neolithic have shaped the distribution of hg J. Malaspina et al (2001) for example pointed to a subset of hg J2 (Network 1.2) as a possible marker of the westward Greek dispersion. The three most common Network 1.2 types are part of the Mediterranean J2 modal type and its one step mutational neighbours whose frequency is above 16% in East and South West Sicily, areas where Greeks colonization activity was particularly intense. The hg P*xR1a1 frequencies were significantly higher in the Mediterranean group than Near East and North African groups (Mann-Whitney test, p<0.05). Within the Mediterranean group hg P*xR1a1 frequencies are similar, but investigation of haplotypes reveal differential distributions for AMH+1 chromosomes (Wilson et al 2001, Capelli et al 2003). All west Mediterranean populations have frequencies above 12% (except East Sicily at 6%), but in the eastern Mediterranean it is never above 5%. AMH+1 hts and M26 derived hts (hg I1b2) have been indicated as possible markers of the paleolithic inhabitants of Europe (Wilson et al, 2001; Capelli et al, 2003). I1b2 types are the most common chromosomes in Sardinia but are almost absent from the rest of Europe, except for few hts in Sicily, South Italy, Iberia and British isles (this study, Semino et al, 2000 and Capelli et al, 2003). 

Using previously published data (Semino et al, 2000) Chicki et al (2003) found systematically higher Near Eastern contribution in Mediterranean than continental European populations by admixture analysis. Using the same approach, we found median values ranging between 0.22 and 0.74. Our results confirmed the significant contribution of Near Eastern types to the Mediterranean area, but suggested that Neolithic wave did not have an homogenous effect in the region. If we cluster western Mediterranean populations according to the degree of Neolithic impact, as attested in the archeological record (Sardinia, North-West Sicily, Malta vs. South Italy, South-West and East Sicily; Cunliffe, 2001), the two groups have significantly different Neolithic contribution (the former group less than the latter, median values, Mann-Whitney test, p<0.05
).

The North African uniqueness: the sea as a barrier to gene flow.

North African populations have E3b frequencies above 50% (Table 1 and Bosch et al, 2001), while this hg is not above 29% in other Mediterranean and European samples (Table 1, Semino et al, 2000; Rosser et al, 2000). E3b is a subset of Ex3a. In our complete dataset of Mediterranean Y chromosomes only 1 of the 117 E3xa chromosomes was not included in E3b hg, so we consider an acceptable approximation to assume that the majority of European E3xa chromosomes are E3b. 

Inspection of the distribution of E3b haplotypes reveals a clear difference between North African and European populations. Between 27 and 31% of the North African chromosomes are represented by a single haplotype (12-13-11-13-24- 9, loci order as in Methods). This haplotype is modal in all the North African populations considered here. Its frequency drops dramatically to an average of 3% by crossing the Mediterranean basin into South Europe. The E3b modal type in the European population is represented by the 12-13-11-13-24-10 ht, whose frequency is between12% and 3% but virtually absent from North Africa (0-3%) (this study and Bosch et al, 1999, 2001). The E3b North African types are mostly derived at the M81 marker (not included in our UEP panel). Investigation of Bosch et al dataset (2000, 2001) suggests an almost complete association of the E3b DYS391 allele 9 with the derived state at M81. Seventy eight out 80 chromosomes with this allele were derived at the M81 marker. Within E3b group, allele 9 has a frequency in West Mediterranean populations of 17%, while the 10 allele is at 73%. The differential distribution of the two modal types and of DYS391 allele 9 seems to suggest different dispersion patterns, with the large majority of the E3b chromosome in Europe having an alternative origin than North Africa. Semino et al (2002) have indicated that the majority of the European E3b chromosomes are M78 derived. The Near East E3b modal type is identical to the modal one in West Mediterranenan. E3xa microsatellite diversity is higher in the East (Palestinians, Bedouins, Ashkenazi, Sephardic, Syrians, Lebanese, Cypriots) than central west Mediterranean (0.41 vs. 0.31, Variance of the Repeat Scores, VRS). a result compatible with Near East as a centre of dispersion for the European E3xa types, as recently suggested by Semino et al, 2004.

North African gene flow into South Europe has been suggested by mtDNA analysis (Plaza et al, 2003). In order to estimate the North African male genetic introgression on the northern shores of the Mediterranean basin, we use  likelihood and least-square approaches, as implemented in the LEA and ADMIX softwares (Chikhi et al, 2001; Bertorelle and Excoffier, 1998; Dupanloup and Bertorelle, 2001). We selected Moroccan Berbers/Basques (Bosch et al 1999, 2001) and Tunisian/Southern Italians respectively as possible representatives of the source populations for the Iberian and Sicilian samples. The median likelihood estimations ranged between 0.15 and 0.271, while the ADMIX values were between 0.004-0.21. The two alternative approaches supported a scenario with limited genetic contribution of North African population, in agreement with their independent clustering in the STRUCTURE analysis.

The centre of origin of the “North African” M81 derived lineage is unclear. This marker has been assayed in few populations and so far and, with the exception of North Africa, it has been found only in Mali (Underhill et al 2000, Semino et al, 2002; Cruciani et al 2002; Arredi et al, 2004). The M81 derived haplogroup microsatellite diversity in the North African populations (Bosch et al, 2000; 2001) is very low (0.14 VRS)( see also Arredi et al, 2004), suggesting a recent origin or an extreme founder effect/bottleneck associated with the M81 mutation dispersion. Arredi et al suggested that E3b1 hg pattern of distribution and associated clinal diversity are compatible with a Neolithic origin in the Middle East. Additional sampling in the North Africa, the Near East and the Arabian peninsula would help in clarifying this issue.
Conclusions

The significant genetic structuring of populations facing the Mediterranean basin into three groupings, Near Eastern Arabs, Mediterranean and North Africans, is related to the demographic processes that have occurred since the first peopling of the area. The distribution of Neolithic technologies was probably paralleled by demographic expansion in the Mediterranean basin, and subsequent westward migration by Phoenicians and Greeks contributed to distribution of Y chromosome types of most likely Near East origin. The Arab conquest in particular appears to have had a dramatic influence on the East and South Mediterranean coasts, with differential sex -related gene flow playing a major role in the distribution of genetic variation.

The identified genetic structure raises important issues not only for historical but also for medical genetics. Differential distribution of Malaria resistance variants among Mediterranean populations is well known and though in part to be the results of local selection pressure (Tishkoff et al, 2001;Verrelli et al,2002). The presence of structure as identified by multiple genetic systems suggests that other polymorphisms might be not randomly distributed as the results of the indicated demographic phenomena. In particular variants involved in the response to drug metabolism are an important candidates for such investigation, and indeed some of them, for example the CYP2D6 and the PKU genes, show significant differences across European and Mediterranean populations (Bradford, 2002; Cali’ et al, 1997). More detailed sampling and investigation focused on the area will be critical for extensive evaluation of the degree of populations structuring present and the demographic processes that have shaped them.
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Legends to Figures and Tables
Figure 1

Geographic origin of the investigated samples .

Figure2

Genealogical relationships of the selected UEPs. Nomenclature as suggested by YCC (2002).

Figure 3

a)Y chromosome hgs Principal Components plot.

 b)MtDNA hgs Principal Components plot.

Table 1

Population Y hg frequencies (in brackets absolute number of chromosomes). No hg D and N3 chromosomes were found.
Table 2

Information on UEPs genotyping protocols.
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