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Abstract

Human forensic STRs used for individual identification have been reported to have little
power for inter-population analyses. Several methods have been developed which incorpo-
rate information on the spatial distribution of individuals to arrive at a description of the
arrangement of diversity. We genotyped at 16 forensic STRs a large population sample
obtained from many locations in Italy, Greece and Turkey, i.e. three countries crucial to the
understanding of discontinuities at the European/Asian junction and the genetic legacy of
ancient migrations, but seldom represented together in previous studies. Using spatial PCA
on the full dataset, we detected patterns of population affinities in the area. Additionally, we
devised objective criteria to reduce the overall complexity into reduced datasets. Indepen-
dent spatially explicit methods applied to these latter datasets converged in showing that the
extraction of information on long- to medium-range geographical trends and structuring from
the overall diversity is possible. All analyses returned the picture of a background clinal vari-
ation, with regional discontinuities captured by each of the reduced datasets. Several
aspects of our results are confirmed on external STR datasets and replicate those of
genome-wide SNP typings. High levels of gene flow were inferred within the main continen-
tal areas by coalescent simulations. These results are promising from a microevolutionary
perspective, in view of the fast pace at which forensic data are being accumulated for many
locales. It is foreseeable that this will allow the exploitation of an invaluable genotypic
resource, assembled for other (forensic) purposes, to clarify important aspects in the forma-
tion of local gene pools.
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Introduction

The power of forensic STR loci for individual identification has led to the accumulation of
huge amounts of data, whose interest goes beyond forensic issues and potentially relates to the
gene geography of human populations and microevolutionary processes. Surveys of popula-
tion samples with large arrays of STR loci [1, 2] have shown the ability of these markers to
reveal many aspects of genetic structure in diverse human populations at the continental and
sub-continental scales. Based on these findings, different authors interpreted the arrangement
of the total diversity as mainly clinal or mainly clustered, at least at the spatial scale of the
examined population samples [3, 4]. The same ability for the subset of autosomal STR loci
commonly used for forensic purposes is not well established. Rowold and Herrera [5] used five
forensic STRs and obtained phylogenetic relationships of worldwide populations consistent
with other markers. Silva et al. [6] detected a progressive reduction of diversity with increasing
distance from Eastern Africa, a signature of the serial founder effect which accompanied the
spread of modern humans out of Africa and beyond. However, these latter authors found low
fixation indices, and suggested that, as far as these markers have been specifically selected to
maximize the within-population (or between-subjects) variance, they carry a tiny proportion
of information useful for between-population inferences. Additionally, it was suggested that
the ethnic composition of population panels used in surveys with forensic and non-forensic
loci may have resulted in lower fixation indexes in the former ones [7]. Recently, it was also
shown that the widely used index Fst is mathematically constrained for loci with high hetero-
zygosity, while statistics derived from multivariate methods are indeed able to extract ancestry
information, reviving the value of loci for individual identification also in population identifia-
bility, at least at the continental scale [8].

In recent years, several methods have been developed which, in addition to genotypic
data, incorporate information on the spatial distribution of individuals within a species or a
population to arrive at a description of the arrangement of diversity across that space [9-14].
These methods address different questions as compared to those (e.g. [15, 16]) aimed at
detecting hidden population structuring. In fact, to test hypotheses based on the spatial con-
text, a method should be spatially explicit, i.e. it should directly take spatial information into
account as a component of the adjusted model or of the optimized criterion, thereby focus-
ing on the part of the variability which is spatially structured [17]. The key step in this class
of procedures is to consider entities (individuals or populations), and to weight their proxim-
ity via plots which partition the space, such as tessellations, lattices and connection networks.
This class of methods has been increasingly used to answer questions on gene flow, barriers,
admixture and the detection of sporadic immigrants in human and non-human populations
[10, 18, 19].

We report here on the typing of a large population sample obtained with a fine-grained
sampling scheme involving locations in four main areas along a transect over Southern Europe
and the Near East, i.e. Southern Italy, Continental Greece, the Aegean Islands and Turkey (S1
Fig and S1 Table). Populations from the same areas are seldom represented together in previ-
ous studies. Yet, this geographical transect, which embraces most of the North Eastern Medi-
terranean, is crucial for the understanding of population movements that took place over
many millennia, contributing to the making of the Southern European gene pool. These
include, at least: i) the entry of anatomically modern humans in Europe [20]; ii) the spread of
the Neolithic culture, which brought peoples, crops and livestock to the West, most likely as a
punctuated series of mainly maritime migration episodes [21-24]; iii) the expansion of the
Hellenic world around the 8th century B.C.E. [25]; iv) historical conquests in Anatolia and the
Southern Balkans [26, 27]. The relative impact of each of these on the overall diversity of the
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current genome pool is still contentious, but it is to be expected that events occurring at differ-
ent times and by different processes have left distinct spatial signatures.

We used 16 autosomal STR loci, included in a popular kit designed for individual identifi-
cation. Thus, a feeble signal of structuring could be expected, especially in the transect here
examined, which represents only a subset of the continental diversity. In this work we wanted
to challenge the possibility of separating the main signal of the underlying arrangement of
inter-population diversity from the background noise generated by the extreme inter-individ-
ual diversity of these markers. In this regard, we reasoned that the complex geography of the
area constrained gene flow and population movements, not only across Seas, but also inland,
due to the scattered arrangement of human settlements in the mountainous environment of
Southern Italy and Greece. This prompted us to use many, relatively small samples, preserving
their geographic attributes, and methods based in a geographic framework. A positive out-
come in detecting spatial patterns would be promising, in view of the fast pace at which foren-
sic data are being accumulated for many locales. This will be the basis for a description of the
geographic distribution of diversity at an unprecedentedly fine scale.

Results

The final dataset comprised 1559 subjects, all typed at 16 STR loci. Overall, 288 alleles were
recorded, of which 27 not present in the allelic ladder provided with the kit (overladder) and
named here on the basis of their molecular weight (S2 Table). Overladder alleles were abun-
dant at SE33, where they are known to arise also from variation outside the repeated stretch
[28]; we did not investigate further the molecular structure of these variants and treated them
as separate alleles. The number of alleles per locus varied between 9 (loci D10S1248, D16S539
and THO1) and 65 (SE33).

The screening of the entire dataset with RELPAIR [29] confirmed that all genotypes were
different from each other, as expected from the low combined probability of identity (2.35E-
21) of the kit [30].

We wanted to assay the potential presence of null alleles by estimating their frequency at
each locus in all location samples (16 x 41 = 656). In this regard, in the absence of homozygotes
for the null allele, the estimated frequency depends on reduced heterozygosity as compared to
the expected one. We then performed in parallel an estimation of the expected and observed
heterozygosities as summarized by the index Fis. As expected, the two measures turned out to
co-vary (S2 Fig). The estimated frequencies of null alleles reached up to 0.13, often grossly
exceeding the values experimentally determined by comparing assays with different primer
pairs and reported at http://www.cstl.nist.gov/biotech/strbase/NullAlleles.htm (always <1/100
subjects; frequency <0.005). Also averages over populations and over loci (S3 Fig top) often
exceeded this value, without particular outliers and departure from normality.

The distribution of Fis was quite symmetrical around 0, with only a slight excess of positive
values (359/656 = 55%), rarely exceeding 0.3. To check whether the diminished heterozygosity
was an experimental artefact or was a real population feature, we contrasted our Fis values
averaged over loci with those obtained in comparable populations with 645 STRs (Italians and
Palestinians from Table S2 in ref. [31]). Among Italians (same population background but dif-
ferent subjects in the two studies), Fis values of +0.0090 (95% C.I. = -0.0016-0.0164) and
+0.0123 were obtained in the two studies, respectively. Among Palestinians (same subjects in
the two studies), the Fis values were +0.0124 (95% C.I. = -0.0414-0.0494) and +0.0186, respec-
tively. We then concluded that our genotyping did not suffer a significant allele loss (by either
PCR failure or profile reading errors) and interpreted the reduced heterozygosity as an effect
of endogamy in our closely geographically confined location samples. Therefore, we continued
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our analysis by considering all loci truly codominant. In these conditions, the exact test for the
Hardy-Weinberg equilibrium (HWE) did not show departures from the expectation (54 Fig).
The mean of population-specific Fis averaged over loci was 0.0119, ranging -0.058 to +0.045,
with values above the average for 5 out of 6 Turkish locations, in agreement with consanguin-
ity reports (www.consang.net), and 6 out of 7 for Continental Greece (S3 Fig bottom). Allele
frequencies are reported in S3 Table.

Spatial analysis of the full dataset

The overall Fst among the 41 location samples was 0.0022, a value which reveals the inability
of forensic STRs to summarize differentiation into Fst, due to the large number of alleles,
many of which with low frequencies [32], inflated intra-population variances [6, 7], and the
mathematical constraint on the index [8]. Nevertheless, the departure of our value from the
null (P<1E-4), showed that the sampling scheme may have the power to detect some kind of
structuring. With such low level of differentiation, a plot of the between-location pairwise Fst
values (nmMDS) not only did not cluster any of the locations by geography, but positioned
even the outgroups within a unique cloud. However, when subjects from locations in Italy,
Greece, Crete, Aegean Islands and Turkey were grouped into 11 larger samples, a pattern
coherent with geography was obtained. The nmMDS plot (stress = 0.120) summarizing this 13
x 13 (including the outgroups) pairwise Fst matrix (S5 Fig) displayed the two outgroups widely
separated on axes 1 and 3. Turkish samples were oriented towards the South Eastern outgroup
(Palestinians), with positive and negative values on dimensions 1 and 2, respectively. Conti-
nental Greek and Cretan samples were oriented towards the North Western outgroup (Czechs
in Brno), but with strongly positive dimension 3 values. Italian samples occupied a central
position in all dimensions. The same Fst matrix was significantly correlated (r = 0.42;

P =0.017) with the matrix of geographic distances. This result was encouraging in prompting
the use of spatially explicit models to highlight geographical patterns more clearly, and at the
resolution of our sampling scheme (41 locations).

We first applied the Spatial PCA (sPCA) method implemented in adegenet [9] by using the
full dataset of 1559 subjects x 16 loci (288 alleles). We obtained 7 and 33 positive and negative
eigenvalues, respectively. The first two positive (global) eigenvalues (6.93E-3 and 4.33E-3)
were remarkably larger than the third (1.87E-3) and the following ones, suggesting a boundary
between strong and weak structures of the data [17], though a test of the global spatial struc-
ture did not reject the null hypothesis (P = 0.10). At any rate, sPC1 and sPC2 determined an
increase in the Moran I of 10 and 3 folds, respectively, as compared to an ordinary PCA, indi-
cating that the method could capture greater similarities between locations connected than
non-connected along the network. In sPC1 (Fig 1A) the North-Western outgroup and most of
the Italian locations (16/18) were identified by negative scores, whereas Greek and Turkish
locations plus the South-Eastern outgroup were identified by positive scores. Two locations in
continental Italy (Cilento promontory and Locri), one in continental Greece (Agrinion), one
in the Aegean Sea (Khios) and one in continental Turkey (Central Anatolia) contrasted with
this pattern. In sPC2 (Fig 1B) all of the Turkish locations and the South-Eastern outgroup
were identified by extreme negative scores, whereas the North-Western outgroup, all of the
Continental Greek and Western Cretan locations were characterized by positive scores. East-
ern Crete showed moderately negative values. Italian locations were characterized by small
negative (11/18) and positive (7/18) values.

We next asked which alleles were the main contributors to these (global) patterns. We then
examined the distribution of squared loadings on each of sPC’s 1 and 2, using increasing levels
of stringency (Table 1). All loci were represented in the allele lists, with some of them (e.g.
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Fig 1. Maps of: A) scores for the 41 locations in sPC1 obtained on the full dataset with adegenet; B) scores in sPC2 obtained as
in A; C) posterior assignment probabilities of the 41 locations to either of two clusters obtained on the reduced dataset derived
from sPC1 with Geneland; D) posterior assignment probabilities of the 41 locations to either of two clusters obtained on the
reduced dataset derived from sPC2 with Geneland. In A and B white and black squares represent negative and positive scores,
respectively, with square size proportional to the absolute value (inset in panel A). In each of panels C and D shades of grey indicate
probabilities of assignment to one of two mutually exclusive clusters from 0 (dark grey) to 1 (white). Color versions of panels C and D are
reported in S7 Fig.

doi:10.1371/journal.pone.0167065.9001

FGA and D12S391) appearing only in the top 10% quantile. On the other hand, some loci (e.g.
D10S1248 and D3S1358) contributed strongly to both sPC’s, sometimes even with the same
allele. Some loci contributed to the same sPC with more than one allele, a not unexpected find-
ing in view of the intrinsic negative correlation between the frequencies of alternative alleles at
the same locus. Finally, only in 9 out of 16 loci the most frequent allele emerged, confirming
that a relevant spatial signal was often due to alleles that contribute only marginally to the over-
all variance [8]. These observations suggested that some loci, and some of their alleles, convey
a clearer signal of spatial structuring, and one or more reduced datasets can be obtained,
which could retain most of the geographic information but with an abated background noise.
In order to identify the optimal sets of loci and alleles we combined three criteria: a) indepen-
dence between the reduced datasets derived from sPC1 and 2, i.e. the same allele should not
appear in both reduced datasets; b) minimization of internal negative correlation, i.e. multiple
alleles from the same locus should be avoided in the same reduced dataset; c) improved ability
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Table 2. Fst analysis in the main geographic regions.

Region
All 41 locations
Italian Peninsula
Continental Greece
Crete
Turkey

doi:10.1371/journal.pone.0167065.t002

sPC1 sPC2
Fst P Fst P
0.0036 <0.01 0.0031 <0.01
0.0056 <1E-4 0.0029 0.08
-0.0064 n.s. -0.0044 n.s.
0.0012 n.s. -0.0010 n.s.
0.0021 n.s. -0.0001 n.s.

to detect structuring by the reduced datasets as compared to the full dataset. From the lists
reported in Table 1, we thus considered optimal the choice of the alleles producing the top
2.5% of squared loadings, and recoded all individual genotypes considering each of the 8 alleles
against all the remaining alleles at the respective locus (hereafter "reduced datasets"). Asa
result, these reduced datasets were quite complementary. First, only two loci (D2S1338 and
D3S1358) contributed to both reduced datasets (each with different alleles); second, in only 3
cases two alleles of the same locus were included; third, the reduced datasets derived from
sPC’s 1 and 2 produced an increase of Fst to 0.0036 (P<0.01) and 0.0031 (P<0.01), respectively
(top row in Table 2), i.e. approximately 50% higher than the full dataset.

The frequency maps of alleles included in the reduced datasets are shown in S6 Fig. A com-
mon feature of these maps is that a general clinal variation appears, though this is evident
mostly outside the polygon defined by the sampling locations, where the kriging prediction of
frequencies suffers of larger errors [33]. The correlograms for the individual alleles displayed
different patterns in the arrangement of similarity with distance. For sPC1 four correlograms
were significant over the entire range of distance classes: D251338(17) and D1S1656(13) dis-
played a clinal pattern over the whole range (Bonferroni corrected P<0.005 and P<0.05,
respectively), whereas D10S1248(13) and D10S1248(14) displayed a minimum of the Moran I
in the 800-1200 km class (Bonferroni corrected P<0.05 and P<0.001, respectively). For sPC2
only D3S1358(18) displayed a clinal pattern over the whole range (Bonferroni corrected
P < 0.05), whereas D16S539(12) also showed a minimum of the Moran I in the 800-1200 km
class (Bonferroni corrected P < 0.005). Allele D18S51(19) showed a strong correlation at the
shortest distances but a flat pattern in the remaining distance classes. In summary, a geo-
graphic structuring for these alleles, extracted with the sPCA from a pool 20 times larger, was
evident. However, we noticed that the 800-1200 km distance class included most of the com-
parisons between locations in Greece vs those to the West and to the East of it. In fact, when
looking at the maps more carefully, it is noticeable that almost all of them display strong foci of
high/low frequencies in the areas more densely covered by our locations, and such a pattern is
particularly recurrent for Continental Greek locations, especially in sPC2.

Spatial analyses of the reduced datasets

We then wanted to control that using only 8 out of 288 alleles from each sPC did not alter sub-
stantially the spatial patterns of similarity among locations. To this aim we added to our analy-
ses two independent methods, separately for the reduced datasets derived from sPC’s 1 and 2.
The membership probability maps (Fig 1C and 1D; S7 Fig) replicated those obtained with
sPCA on the full set of alleles in many respects. The reduced dataset derived from sPC1 (Fig
1C) produced probabilities of assignment to each of two mutually exclusive population clusters
ranging from 0.99:0.01 (e.g. in the Italian Peninsula) to 0.01:0.99 (Mitilini). The same 16 Ital-
ians locations identified by negative scores in Fig 1A were assigned to a single cluster with
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Fig 2. Representation of effective migration surfaces as obtained with EEMS on the reduced datasets derived from sPC 1 (A) and sPC2
(B). The coloured area covers only the user-defined polygon. The grid used by the program is shown in grey. Note that only 34 sampled demes
appear (black dots, with size proportional to the n. of individuals), assigned to a grid vertex and not necessarily coinciding exactly with the original
sampling location. Pooled locations were (numbered as in S1 Table): 6+7, 9+10, 13+14+15+16, 25+26, 30+32. Note the different colour scales
between the two maps. In both maps brown belts correspond to low migration values, i.e. barriers to gene flow.

doi:10.1371/journal.pone.0167065.g002

probabilities of 0.7 or higher (white shade in Fig 1C and S7 Fig). The same Continental Greek,
Cretan (plus Mitilini) and Turkish locations, which were identified by positive scores in Fig
1A, were assigned to the alternative cluster with probabilities of 0.7 or higher (dark grey and
red shades in Fig 1C and S7 Fig, respectively). The reduced dataset derived from sPC2 (Fig
1D) produced probabilities ranging from 0.96:0.04 (e.g. in Continental Greece) to 0.03:0.97
(Black Sea coast). In this case all Continental Greek and Cretan locations, identified by positive
scores in Fig 1B, were assigned to a single cluster with probabilities of 0.7 or higher (white
shade in Fig 1D and S7 Fig), whereas Turkish locations plus the South-Eastern outgroup were
assigned to the alternative cluster with probabilities of 0.7 or higher (dark grey and red shades
in Fig 1D and S7 Fig, respectively). The affiliation of some locations shifted as compared with
Fig 1B. In continental Italy 14 locations were now assigned to the same cluster as the Greek
ones with probabilities > 0.6 and only two to the alternative cluster with probabilities >0.8,
and all Cretan locations were coherently assigned to the same cluster as the Greek ones with
probabilities >0.7.

Also, the effective migration surfaces analysis confirmed these broad patterns. The reduced
dataset derived from sPC1 (Fig 2A) produced lower effective migration rates across the South-
ern Adriatic and Ionian Seas, with increased rates to the West of this belt, a pattern indicative
of isolation by distance across the Aegean Sea, and again enhanced migration in the South-
Eastern sector of our sampling range. In this map, the putative connection of two Italian loca-
tions (Cilento promontory and Locri) with Continental Greek locations, apparent in Fig 1A
and 1C and S7 Fig, did not show up. In fact the authors of the method remark that, while a
similarity of this kind could be captured by a narrow corridor, inserting such a corridor would
make the overall model fit worse [10]. The reduced dataset derived from sPC2 (Fig 2B) pro-
duced effective migration rates strongly lowered along a belt stretching from the South-Eastern
outgroup to Western Anatolia, shifted to the East as compared to the discontinuity in the
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scores and assignment probabilities of Fig 1B and 1D and S7 Fig. To the West of this belt an
area including all the remaining demes displayed high migration rates (blue in Fig 2B).

Dependency on the sampling scheme

As such, the results outlined above seem to reveal long-range structuring. However, our geo-
graphic range is unusual, being stretched over 30 degrees of longitude but compressed into 10
degrees of latitude, and with obvious constraints as to the spatial organization of sampled
points. We thus sought to reinforce our findings by answering two questions: 1) How do our
methods respond to a rarefaction of the sampled points? and 2) Are similar patterns detectable
with external datasets, from broadly the same area examined here?

Briefly, the following lessons emerged from this work (S1 text). First, the rarefaction of
locations implies that radically different pairs of points get connected in the sPCA network.
In a situation with large frequency variations also at short distances (as determined e.g. by
drift, founder effects and sampling variance), Moran I contributions to sPC’s in comple-
mentary though spatially overlapping subsets may shift from positive to negative, and vice-
versa. Thus, different alleles may show up as the main contributors to the global pattern in
each case. Under these circumstances, though the main patterns were conserved, the more
sparse locations suffered a larger uncertainty in their assignment to clusters, with increasing
discrepancy between sPCA and the Bayesian method (see next paragraph). Second, our
methods implicitly addressed global patterns of similarity. Frequencies obtained from exter-
nal databases for those alleles recognized as the strongest contributors to our sPC’s, and
retained in the reduced datasets, indeed displayed the same clines extended outside the
polygon of our locations. Third, the number of outgroups used here (2/41) did not over-
whelmingly determined the clustering pattern, as far as they lay within the same broad-
range cline(s).

Local differentiation

All the results described so far converged in showing that the extraction of information on
long- to medium-range geographical trends from the overall diversity is possible. Further, a
small subset of <6% of all alleles seems to retain most of the geographic information, and is
able to enhance the low differentiation between locations. Analyses of both the full and the
reduced datasets returned the picture of a background clinal variation onto which prominent
local highs and lows generate a patchy pattern (visualized as frequency foci in contour maps).
The presence of such local effects was seemingly captured also by the sSPCA, which returned an
excess of low magnitude negative eigenvalues (33/40), i.e. in which locations relatively close to
each other (and connected in the network of S8 Fig) produced negative Moran I’s. This raised
questions on whether these minor sPC’s indeed were indicators of a real heterogeneity [34],
even between adjacent locations within the same country. We then quantified more carefully
the differentiation within regional areas, by calculating the fixation index Fst (using the
reduced datasets derived from sPC’s1 and 2, separately) for the locations in the areas listed in
Table 2. Locations in the Italian Peninsula produced a significant Fst value with the sPC1
reduced dataset, 50% higher than that obtained on 41 locations. None of the other areas pro-
vided evidence for a similar differentiation. In pairwise comparisons, three of the Italian loca-
tions stood out i.e. Locri, Cilento promontory and Lungro. When these three locations were
removed, the Fst dropped to 0.0018 (n.s.). On the basis of sPC1 scores and assignment proba-
bilities (Fig 1A and 1C), Locri and Cilento promontory appeared affiliated with locations in
Greece and the Aegean, which also produced positive sPC1 scores, whereas Lungro produced
the most extreme negative score. In summary, with the exception of these three locations,
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within each of the four areas (Table 2) low differentiation was observed. This testifies of strong
connectivity and prolonged gene flow between the populations that we tried to represent with
our sampling, at distances ranging from some tenths (such as within Crete and Calabria) to
one thousand (such as between Turkish locations) kilometres. In order to set upper and lower
bounds to migration rates compatible with our observations, we used continuous-time coales-
cent simulations of genomic diversity [35], tailored on the Italian location sample sizes (Model
1 in S9 Fig), but valid also for the other areas. When the separation of demes (14) was modelled
to have occurred from 224 to 276 generations (6500-8000 years) ago, migration rates (m)
lower than 0.0025 produced high Fst’s, incompatible with our observed value of 0.0018
(P<0.008 or less), whereas m values of 0.005 or greater were acceptable, with 0.01 as the best
fitting (S10 Fig).

In this context, which factor(s) may justify the Italian peculiarity? One possible explana-
tion is the harsh mountainous landscape of inner Southern Italy. However, we notice that
the increased Fst is attributable to three locations only, distinguished from the other ones
by peculiar histories. In fact, Locri and Cilento promontory coincide with two of the most
important cities founded by Greek colonists in the 7-6th centuries B.C.E. (Locri Epizefiri
and Velia, respectively) during the establishment of "Magna Grecia". As opposed to other
colonies of Magna Grecia, continuity of human settlement until today in the same locations
or in the immediate surroundings is documented. On the other hand, Lungro was the place
for the main settlement of migrants from Albania in the 15th century C.E. We then per-
formed coalescent simulations using Model 2 (S9 Fig), in which 3 new incoming demes join
the previous 14 at 96 and 18 generations in the past. Also in this case, complete isolation
could be excluded. Interestingly, however, the m value producing the best fit with the
observed Fst value of 0.0056 was one order of magnitude lower than that estimated for the
14 demes (0.001 vs 0.01), and a uniform value of 0.01 for all the 17 demes turned out to be
barely compatible (P = 0.07) with it (S10 Fig). This result suggested that some degree of
reduced gene flow may be responsible for the excess differentiation of the three outlier loca-
tions, in line with demographic analyses in one of them [36].

Discussion

We used recently developed spatially explicit models [10, 13, 17] to analyse forensic STR
data focusing on the composition of gene pools rather than on the geographical assignment
of individual genotypes. We addressed populations currently living in a geographic range of
great relevance for the gene geography of Europe as a whole. Each of the four main areas
here considered (Southern Italy, Continental Greece, the Aegean Islands, Turkey and sub-
regions within them) can be regarded as a stepping stone for any westward migratory move-
ment from the Levant and the associated dispersal of culture(s) [22]. Genetically, this is sup-
ported by phylogeographic surveys of this same geographic region with uniparental genetic
systems [37-45], which led to the identification of the traces of an East-to-West gene flow,
accompanied by molecular radiation of each of several lineages. Also, genetic affinities in the
occurrence of male-borne lineages were observed between Aegean Islands and specific main-
land populations, traceable to colonizations widely distant in time [43, 46]. Studies directly
addressed at the colonization routes, led Paschou et al. [47] and Fernandez et al. [48] to
favour Crete and Cyprus (reached by seafaring) as early steps for Neolithic farmers, as com-
pared to inland routes leading directly to the Southern Balkans. In this broad context, a spe-
cial case can be made of Southern Italy, which was impacted by two main immigration
events from the East, i.e. the arrival of the first agriculturalists in the early Neolithic [49] and
the settlement of Greek colonists as a series of newly founded town-states starting from the
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8th century B.C.E. The colonists in the two cases may have had different genetic ancestries
and may have followed different routes. Also, they were allowed to grow for largely different
amounts of time and under radically different competition/interaction regimes with already
settled human groups, leading to a large uncertainty on their relative genetic legacy to the
extant gene pool.

As to genotyping, our results revealed a background level of inbreeding in the majority of
locations (roughly two thirds), which is not attributable to the use of 16 loci only, but is consis-
tently replicated with larger numbers of loci in many world populations (see Fig S2 in [31]).
Our estimated values of the inbreeding coefficient agree with the limited population size of the
sampled locations and the traditional marital habits [36]. Also, they exceed the values (aver-
aged over subjects) of the direct estimations of homozygosity obtained in two population sam-
ples overlapping with those examined here, i.e. Palestinians [31] and Italians [50]. This
indicates that, when considering local samples, a slight excess of homozygosity is a common
occurrence, even in individuals more remotely related than currently detectable with closely
spaced genetic markers.

Methodological considerations and caveats

Pioneering studies with the Y chromosome [51] showed that collating forensic data can result
in a high power of detecting spatial patterns even at the sub-national level. The spatial analyses
here performed showed that the extraction of information on geographical trends from the
overall diversity is to some extent possible also for autosomal forensic STRs, provided that
explicit models are employed. Our serial usage of different methods was inspired by the obvi-
ous need of reducing the overall complexity of the dataset, yet retaining the signal of "global"
(sensu [17]) spatial trends and of genetic structuring. Thus, we are not in the position to rank
the performance of each of them. Only when used jointly, they provide a concordant view of
the population structure.

The results reported here call for a replication of the analytical procedures on additional
forensic STR datasets, in order to test their performance against known features of the gene
geography of Europe and other areas [52]. We showed (see S1 text) that the spacing between
sampling locations and their positioning in the surveyed area may affect the list of loci and
alleles with strongest spatial signals. However, we also showed that the clines for alleles display-
ing the strongest contributions in this work extended also beyond the area covered by our
locations, and in the same direction. It is thus to be expected that enlarging or shifting the sur-
veyed geographic range will lead to lists of loci and alleles only partially overlapping with those
reported here, and will require a new tuning of the parameters used in the analyses (density of
the connection network, threshold for loadings, etc.). Furthermore, these considerations call
for a testing of the same methods on simpler landscapes. These could allow a better trade-off
between a pre-designed sampling scheme (see Chapter 3 in [33]) and the representation of
interesting or peculiar locales.

Finally, the geographic range here surveyed was suitable to reveal trends only in the East-
West axis, with little or no power to detect similarities/discontinuities on the South-North
axis. Moreover, our dataset is enriched in Greek subjects as compared to other studies in the
area. As discussed elsewhere [53], these two factors determine that eigenvalues 1 and 2 of our
sPCA cannot be expected to necessarily have a direct correspondence with eigenvalues 1 and 2
in ordinary PCA’s of studies encompassing a broader range of European populations. In these
conditions, the orthogonality [54] between the first two sPC’s of the present study, which we
tried to maintain also in the reduced datasets derived from them, may have e.g. enhanced the
representation of structuring returned by sPC1 over sPC2.
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Clinal and clustering patterns in the context of the gene-geography of the
North-Eastern Mediterranean

With the above caveats in mind, the most prominent feature emerged in this study is the fre-
quent clustering together of locations in the three main landmasses which protrude into the
Central-Northern Mediterranean, i.e. the Italian peninsula, Greece and Turkey. Together with
coalescent simulations, this indicated that high connectivity maintained a stronger homogene-
ity within the geographic peninsulas and islands (through land contacts) than between them,
despite documented contacts by maritime routes over millennia.

Our sPC2, and the reduced dataset derived from it, set the Turkish locations apart from the
ones to the West, with clearcut sSPCA scores, assignment probabilities and a migration barrier.
This feature and the spatial orientation of this sPC establish a straightforward similarity with
other analyses of genome-wide SNP data in which Italian and Turkish subjects fell into sepa-
rate clinal series covering the Middle East/Caucasus and Sardinia/Continental Europe, respec-
tively [55, 56]. The centroids of Italian, Greek and a small number of Turkish subjects, turned
out to be equidistant in three studies based on the POPRES resource [57-59]. In none of these
studies Italian and Greek subjects were so well geographically referenced as we have done
here, and it is thus not surprising that in the same studies the clouds of individual points
largely overlapped. Our re-analysis (see S1 text) of subjects collected within the same geo-
graphical range considered here and typed at thousands of SNPs [47, 53] confirmed a clearcut
discontinuity corresponding to the Aegean Sea. The same results argue for a hidden heteroge-
neity within Turkey which deserve future investigation and might be responsible for peculiar
allele frequencies and assignment of our Central Anatolia location with sPC1.

A complementary and not necessarily alternative interpretation of the global spatial pat-
terns highlighted here is a distinctiveness of Continental Greek locations, and especially the
Eastern ones, which extended to Crete. Two studies [26, 27] stressed the relevance of expan-
sions and admixture events in the 4-10th century C.E., which shaped the ancestry of Southern
Balkans up to the Aegean coasts of Greece.

An Adriatic/Tonian discontinuity (Figs 1A, 1C and 2A) was captured by sPC1 and the
reduced dataset derived from it. By analysing the pattern of sharing of genomic blocks identi-
cal by descent in the POPRES resource [27], an unusually little common ancestry was found
between the Italian peninsula and other locations, seemingly deriving from longer ago than
2,500 years. Our re-analysis (see S1 text) of SNP data [47, 53], revealed an ill-defined line of
distinctiveness between Sicily/Crete and Southern Continental Europe. In the presence of a
single Southern Continental Italian subject in these data, it is not possible to establish how far
this line extends northward. In this context, it is possible that our locations in Continental
Italy spanned a barrier across the peninsula observed in other studies [60, 61], and more north-
erly locations (including the outgroup) acted as "attractors" in clustering, in view of their close-
ness to the other Italian ones (S8 Fig).

Yet another aspect is the retention of information on short-scale variation in the reduced
datasets. Contrasting patterns in the distribution of Y-chromosomal and mtDNA markers
emerged within Southern Italy [39, 62, 63]. Our coalescent simulations indicated that Fst val-
ues of the magnitude observed here could be better explained by high levels of gene flow pro-
longed over thousands of years. The estimated migration rates exceeded those obtained with a
similar method for males and females in Asian patrilocal societies [64], and approach those
experimentally measured in contemporary European populations [65, 66].

Some instances of the observed short-scale discontinuities of SPCA scores and assignment
probabilities are also compatible with the historical accounts on the settlement of some of the
locations in Southern Italy, which is in turn reflected also in the occurrence of Greek surnames
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(Fig 5.7.4 in [52]). sPC scores and assignment probabilities for two Italian locations bear simi-
larity to those of Eastern Greece and around the Aegean Sea, but the causal relation between
the settlement of Magna Grecia and this observation remains to be determined. For example,
traces of the Hellenic colonization were detected in some Sicilian locations only [67], and not
in Southern Continental Italy [68]. Nevertheless, the method outlined here may be helpful to
orient heuristic searches of specific markers in these locations, that could confirm/dismiss
hypotheses on genetic contributions from the Early Neolithic Levant, the Hellenic world or the
Balkans.

Implications

This work reaffirms that forensic STRs do contain some degree of ancestry-related informa-
tion [5, 6, 69]. We endorse the concerns thoroughly discussed [8], which emerge from this per-
haps unwanted property of such markers. Mathematically, the degree of population
identifiability may have a non-null impact on calculations of the posterior probability of indi-
vidual assignment. In practice, however, at the scale here considered the magnitude of such
impact does not undermine the validity of forensic STRs in preserving ancestry anonymity.

Conclusion

Spatially explicit models empower the analysis of geographic structuring of extant human
diversity at forensic STR loci up to a sub-continental and, possibly, to an even finer scale. It is
foreseeable that this will allow the exploitation of an invaluable genotypic resource, assembled
for other (forensic) purposes, to clarify important aspects in the formation of local gene pools.
Intersecting the results obtained with different sets of loci for individual identification will
come at the cost of reducing the number of shared loci but with the advantage of enormously
increasing the sample size.

Materials and Methods
The samples

All samples were from collections of the authors, assembled in the 1980’s, 1990’s and 2000’s to
perform population studies in the region [39-41, 70-72]. The original blood sampling was per-
formed by colleagues and operators at a number of collaborating Institutions and included the
recording of the subject’s place of residence. The subject was also asked to report the origin of
his/her parents. Recent immigrants were excluded. A total of 40 villages/towns (hereafter
"locations") were sampled (S1 Table and S1 Fig). In most cases a sample representing a location
consisted of subjects with that residence, but in a minority of cases information on residence
was collected at a finer scale, and residents in the neighbourhood were assigned to the nearest
location.

As far as the proposed research did not involve any issue relevant for the donor’s health,
only a subset of the WMA Declaration of Helsinki and COE Oviedo Convention prescriptions
were applicable and obeyed. For these reasons written consent was requested in most cases
but, in some series collected before 1995, oral consent was considered sufficient and simply
recorded in the corresponding log sheets (filed at the collecting Institutions). In all cases the
consent included also storage and future use of the sample. Anonymized blood or DNA sam-
ples were then received at the corresponding author’s laboratory. Extraction was performed
immediately and DNA quantitated prior to storage at -20°C. Concentration was not further
re-checked before use in the present study. The study was prospectively examined and
approved on November 21, 2014 by the intramural ethical committee (Comitato Etico
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Indipendente—document number 0025422/2014), who expressly considered the list of collab-
orators, anonymity of samples and the compliance with consent regulations of previous publi-
cations which included the same samples.

The 40 locations comprised a group of residents in Moravia (Czech Republic) [71] as a ref-
erence for the Central European population (North-Western outgroup). In order to have an
appropriate counterpart, we also included in the study (41st location) the Palestinians of the
CEPH HGDP panel [73], as a South-Eastern outgroup.

STR profiles and quality controls

We obtained the genetic profiles at 16 autosomal STRs on 1984 individual assays using the
AmpFISTR™ NGM SElect™ PCR Amplification Kit (Life Technologies inc.) under the condi-
tions recommended by the manufacturer, in 96-wells microtiter plates. All PCR products were
separated with the same ABI PRISM™ 3100-Avant™Genetic Analyzer, polymer and capillary
types, and run conditions constant across the plate set. All plates included a negative (water)
control, 8 replicates of the reference allelic ladder provided with the kit, as well the positive
control provided by the manufacturer (Control DNA 007) and our internal control. Electro-
pherograms were generated with the GeneMapper ™ ID-X software, with allele nomenclature
given in number of repeats at each locus. The following parameters were used: baseline = 51;
analytical threshold = 50 RFU; stochastic threshold = 150 RFU. Profiles were inspected by two
independent operators, considering Peak Height Ratios (PHR) <15% (together with appropri-
ate molecular weight) for stutter peaks, and >50% for calling a heterozygous allele. This latter
value is conservative and reduces the risk of dropping out true alleles. Independent spread-
sheets were produced and compared. All discrepant results underwent a first round of review-
ing. Profiles with missing amplification (signal below the analytical threshold) at one or more
loci were discarded.

More than 300 subjects, spread over separate plates, were typed two or more times with
100% repeatability. These included 7 carriers of overladder alleles (S3 Table), in whom the var-
iant peak was confirmed. In three subjects, a peak in between the D2S1045 and D19S433 bins
was assigned to D19S433 based on peak height similarity within each locus, resulting in doubly
heterozygous genotypes. As far as we analysed the CEPH Palestinians, we could directly com-
pare our results with those already obtained in the same individuals [2]. Identical genotypes
were obtained for the 4 loci shared between the two studies (D10S1248, D16S539, D19S433
and D22S1045), after translating allele sizes from bp to repeat numbers.

We also used the program RELPAIR [29] to detect hidden relatedness, with allele frequen-
cies obtained in the whole series. Thresholds for the likelihood ratio took into account the
number of pairwise comparisons within each location sample. This step led to the exclusion of
19 subjects, i.e. one member of each relative pair (Parent-Offspring = 12; Full Sibs = 7).
Among full sibs, the relatedness of two Palestinians (HGDP00694 and HGDP00695) was
detected, as previously reported [74].

Data analysis

Standard diversity indices. The potential presence of null alleles was checked with the
program FreeNA [75]. Allele frequencies and fixation indexes were obtained with Arlequin v.
3.5.2.2 [76], both considering (for Fis) and not considering (for Fst) the individual level. The
exact test for the HWE was performed with the same program and 1 million steps in the Mar-
kov chain. The matrix of pairwise Fst values for 11 location pools was represented by non-met-
ric Multi Dimensional Scaling (nmMDS) with PAST v. 3.06 [77] and plotted with R. Pooling
was as follows (numbers as in S1 Table and S1 Fig): Central Italy (2-5); Apulia (6, 7, 9-11);
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Calabria and Sicily (8, 12-19); Western Greece (20-22); Eastern Greece (23-26); Western
Crete (31, 32); Eastern Crete (30, 33, 34); North Eastern Mediterranean (35, 39-40); Aegean
Islands (27-29); Black Sea (37); Central Anatolia (36-38).

The Mantel test as implemented in PASSaGE 2 [78] was used to test the correlation between
the Fst and geographic distance (great circle) matrices.

Spatially explicit models. Spatial principal component analysis was performed with the R
package adegenet [9]. This method uses the frequencies of alleles at all loci and performs a
principal component analysis which takes into account simultaneously the frequency variance
across locations and the similarity between locations connected in a spatial network as con-
trasted to those not connected (summarized by the Moran I index). It thus returns positive
(and negative) scores according to whether closely spaced locations display higher (lower) sim-
ilarities, thus distinguishing between global vs local frequency variation patterns. Geographic
coordinates were those reported in S1 Table and a nearest neighbour (n = 12) connection net-
work was used (S8 Fig). The distributions of squared loadings for the 288 total alleles on sPC’s
1 and 2 were used to identify the strongest contributors to each sPC, represented in the top
1.25%, 2.50%, 5.0%, 7.5% and 10% quantiles, corresponding to 4, 8, 15, 22 and 29 alleles,
respectively. Surface maps of the frequencies of the selected alleles (8 in each case, see Results)
were constructed with the Kriging algorithm as implemented in the R package “fields”, using a
200 x 200 rectangular grid spanning from the minimum to the maximum longitude and lati-
tude values. The advantage of this method is that, at each sampling location, it returns the
observed value (in this case the allele frequency) and thus the density of equal-frequency sur-
faces reflects the steepness of the expected cline(s) along lines connecting sampled locations.
Coast contours and markers for sampling locations were overlaid with R functions. Correlo-
grams of allele frequencies were obtained with PASSaGE 2 [78], using 6 distance classes
(Upper bounds: 200, 400, 800, 1200, 1600 and 3200 km), chosen to obtain an appropriate num-
ber of observations within each class, and to render the shorter distances within than between
each of the three main sampling countries (Italy, Greece and Turkey). Significance was tested
with 10,000 permutations.

In order to retain most of the spatially informative aspects of the data while abating the
background noise as compared to sPCA, we generated genotype datasets (reduced datasets)
derived from sPC’s 1 and 2. In each of them we recoded the individual genotypes considering
the 8 alleles with the highest squared loadings on sPC’s 1 and 2, respectively, against all the
remaining alleles at the same locus [79]. Two independent spatially-explicit methods were
applied to both datasets to describe affinities between location samples and patterns on aniso-
tropic migration (barriers to/enhancements of migration).

The ability of the reduced datasets in detecting affinities between locations was assayed with
the clustering algorithm implemented in the program Geneland [13]. This method employs a
Bayesian approach that takes into account the spatial coordinates (in this case identical for all
individuals of the same sampling location) of each genotyped individual to assign him/her to a
population cluster among a number of clusters that can be bounded by the user. Both reduced
datasets were then analysed under the uncorrelated model with 200,000 iterations with a thin-
ning of 100 and an initial 20% burn-in, asking for the probability of assignment to either of
two clusters (to directly compare with the qualitative result of sSPCA). Such probabilities,
obtained for each square of a 200 x 200 grid, were plotted from the output files with R func-
tions as above.

In order to visualize estimated migration rates we used the program EEMS [10]. This pro-
gram uses a regular triangular grid covering a polygon which embraces the entire geographic
range of sampling. Each individual (in our case all individuals of the same sampling location)
is assigned to the nearest vertex of the grid and the migration parameter m is estimated by
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Bayesian inference for every edge of the grid. The processed output consists in maps in which
colours of the estimated effective migration surface correspond to local deviations from isola-
tion by distance: in particular effective migration is low in geographic regions where genetic
similarity decays quickly. We considered a polygon extending from the North-Western to the
South-Eastern outgroup and spanning over most of the Italian peninsula, the western Balkan
peninsula and almost the entirety of Turkey (11 to 44 degrees of longitude and 50 to 30 of lati-
tude). We performed a number of test runs to optimize the performance of the MCMC chain
and to obtain a grid which could spatially resolve most of our locations. Eventually, we used a
grid of 466 triangles (demes) which resulted in the reduction of the 41 location samples to 34
sampled demes, some locations being assigned to the same vertex and pooled. In order to use
relaxed priors, the variances of the proposal distributions were increased 8x as compared to
the defaults. Two independent runs of 2,000,000 steps, 50% burn-in and a thinning of 5000
were used for each reduced dataset. Postprocessing was as recommended by the authors.

Note that the first spatially explicit method allows for several types of connection networks.
We paid attention in using a nearest neighbour network (n = 12, S8 Fig) to differentiate with
the next two methods, which use a Delaunay triangulation (Geneland) and a triangular lattice
(EEMS), respectively. In particular, the nearest neighbour and Delaunay schemes produce
remarkably different connections, especially between locations at the outer boundaries of the
area.

Coalescent simulations. In order to test the observed fixation indices against neutral evo-
lutionary scenarios, coalescent simulations were obtained with Fastsimcoal2 [35]. We used
two demographic models modified from that of Capocasa et al. [80] and graphically outlined
in S9 Fig. In Model 1, a number of populations (initially set at 14 to simulate Italian locations)
split from a large pool (100,000 current gene copies) which has been growing at a rate of 0.020/
generation, i.e. a value valid also for pre-agricultural societies [81-83]. Generation time was
assumed to be 29 years [84]. Splitting times (in generations before present) were sampled from
a UNIFORM(224:276) distribution, to account for the long time of the spread of the Neolithic
cultural package in the Italian peninsula [49], and deme sizes (in gene copies) were sampled
from a UNIFORM(800:2400) distribution, to account for the autosomal effective size and
larger census size as compared to Capocasa et al. [80]. These demes were set to grow at a rate
of 0.017/generation, continuing to exchange gene copies with the main pool at rates of 1.0E-3
and 1.0E-4 for sending and receiving, respectively. The resulting distribution of the fixation
index Fst was obtained for migration rates (m) between the 14 demes of 0, 0.0005, 0.001,
0.0025, 0.005, 0.01 and 0.02 (corresponding approximately to 0-30 migrant copies (M)/gener-
ation). A set of microsatellite loci with constrained number of alleles were modelled, to repli-
cate the recoded loci described above. For each condition 2,000 simulations, with samples of
size equal to the real samples, were run and analyzed with Arlequin v. 3.5.2.2. In Model 2,
three additional demes were added to the scenario with m = 0.01, joining the set of 14 at 96 (2)
and 18 (1) generations ago, respectively. These latter demes were simulated to exchange gene
copies with the previous 14 at rates of 0, 0.001, 0.0025, 0.005 and 0.01.

Supporting Information

S1 Fig. Map of Southern Europe/North Eastern Mediterranean Sea, with the positioning of
sampling locations numbered as in S1 Table.
(PDF)

S$2 Fig. Scatterplot of Fis vs the estimated frequency of null alleles at 16 loci x 41 location
samples.
(PDF)
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S3 Fig. Barplots of the estimated frequencies of null alleles (top) and of the Fis values (bot-
tom) averaged over loci for the 41 locations.
(PDF)

$4 Fig. Quantile-quantile plot of the probability values in 656 tests for HWE (16 loci x 41
location samples). The solid line indicates identity between calculated and expected values.
The dotted line represents the significance level (nominal o = 0.05) after Bonferroni correc-
tion.

(PDEF)

S5 Fig. Scatterplot of the scores on the first three axes obtained by nmMDS based on the
matrix of pairwise Fst values after grouping the 41 location samples into 13 geographical
pools. Color shades from bright red to black refer to position on dimension 2.

(PDF)

S6 Fig. Frequency contour maps of 8 alleles producing the highest squared loadings on
sPC 1 (page 1, red) and sPC 2 (page 3, green). The same alleles are listed in Table 1 in the
2.5% columns. Note the different colour scale used in each map. Values outside the polygon
connecting the most external points are extrapolated. For each of the two map sets, the correlo-
grams are shown in the same order (pages 2, 4). Black dots indicate significant class-specific
values, i.e. individual values for which the null hypothesis (Moran I = 0) is rejected. The global
significance of the correlograms consist in checking that at least one of the coefficients retains
significance after considering multiple tests for distance classes with the Bonferroni correction.
Ticks on the x axis are spaced to indicate the upper bounds of distance classes.

(PDF)

S7 Fig. Color maps (corresponding to Fig 1C and 1D) of assignment probabilities of the 41
locations to either of 2 population clusters obtained with Geneland on the reduced allele
sets derived from sPC1 (A) and sPC2 (B).

(PDF)

S8 Fig. Map of Southern Europe/North Eastern Mediterranean Sea, with the nearest neigh-
bour (n = 12) connection network used in adegenet.
(PDF)

S9 Fig. Scheme of the demographic models used for coalescent simulations. n = number of
demes (only a subset shown for the sake of clarity); Ne = effective size (in gene copies);

r = growth rate per generation. Black arrows represent instances of gene flow with the indi-
cated fixed rate across simulations. Dashed arrows indicate instances of gene flow whose rate
was varied across simulations.

(PDF)

$10 Fig. Distributions of simulated Fst values under the demographic scenarios of S9 Fig.
A) Model 1: migration rates (m) among the 14 demes are shown; the curves for m = 0.02, 0.01
and 0.005 are shown in the inset for clarity. B) Model 2: the numbers indicate migration rates
(m) between 3 recent demes and the 14 demes of Model 2. Note the different scale of the x axis
as compared to panel A. In both panels the vertical lines indicate the Fst value obtained from
real data.

(PDF)

S1 Table. List of sampling locations, geographic coordinates and sample sizes. For Italy and
Greece the administrative region or the Island name is also reported.
(XLSX)
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$2 Table. List of alleles not matching the AmpFLSTR™ NGM SElect™ allelic ladder (over-
ladder). Loci are in the order of increasing MW for the Blue, Green, Black and Red series.
(XLSX)

§3 Table. Spreadsheet with relative allele frequencies at 16 STR loci in the 41 location sam-
ples.
(XLSX)

S1 Text. We describe here three additional analyses, aimed at evaluating the robustness of
our findings. The first one examines the effect of a 50% reduction of the sampled locations.
The second and third one are based on external datasets and take into consideration forensic
STRs for other samples within the same geographical frame, as well as publicly available
genome-wide SNP data.

(PDF)
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