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Highlights

The Y-STR profiles of 477 northern African males were obtained using the 27-loci Yfiler®

Plus kit.

e About 46% of the samples belonged to the recent E-M81 Y haplogroup.

e The AMOVA analysis showed significant differences between populations and
countries.

e The number of identical Y-STR profiles was drastically reduced using the Yfiler® Plus

compared to Yfiler.

Abstract

The male-specific northern African genetic pool is characterised by a high frequency of the E-M81
haplogroup, which expanded in very recent times (2-3 kiloyears ago). As a consequence of their
recent coalescence, E-M81 chromosomes often cannot be completely distinguished on the basis of
their Y-STR profiles, unless rapidly-mutating Y-STRs (RM Y-STRs) are analysed. In this study, we
used the Yfiler® Plus kit, which includes 7 RM Y-STRs and 20 standard Y-STR, to analyse 477
unrelated males coming from 11 northern African populations sampled from Morocco, Algeria,
Libya and Egypt. The Y chromosomes were assigned to monophyletic lineages after the analysis of
72 stable biallelic polymorphisms and, as expected, we found a high proportion of E-M81 subjects
(about 46%), with frequencies decreasing from west to east. We found low intra-population
diversity indexes, in particular in the populations that experienced long-term isolation. The
AMOVA analysis showed significant differences between the countries and between most of the
11 populations, with a rough differentiation between northwestern Africa and northeastern Africa,

where the Egyptians Berbers from Siwa represented an outlier population. The comparison



between the Yfiler® and the Yfiler® Plus network of the E-M81 Y chromosomes confirmed the high
power of discrimination of the latter kit, thanks to higher variability of the RM Y-STRs: indeed, the
number of chromosomes sharing the same haplotype was drastically reduced from 201 to 81 and

limited, in the latter case, to subjects from the same population.
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Introduction

The northern African genetic landscape has been shaped by different migration waves over
the past thousands of years. The first human settlements date back to 160 kya (kiloyears ago) and
several cultures developed in Northern Africa over time, such as the Aterian, Iberomaurusian and
the Capsian culture [1-4]. In historical times, the region was populated by different groups, such
as the Ancient Egyptians, the Phoenicians, the Romans and the Vandals, up to the Arab invasion
from the Arabian Peninsula in the 7t century C. E. [5]. These recurring waves of migrations,
settlements and replacements can be ascribed to the strategic geographic position of northern
Africa, which is delimited by two permeable geographic barriers (the Mediterranean sea to the
north and the Sahara desert to the south) and it is a crossroad between three continents: Africa,
Europe and Asia. A consequence of these events is that the Northern African gene pool can be
considered a mixture of different sources, which are hardly distinguishable: for example,
considering the data obtained from autosomes, there is not a clear differentiation between
Berbers and non-Berbers groups and there is not a strict correlation between geographical and
genetic features [6,7]. In this context, the male specific region of the human Y chromosome (MSY)
can be disproportionally informative, because of its higher inter-population variability. This is due
to the fact that the MSY lacks the meiotic crossing-over and is haploid: these features determine
the co-inheritance of markers and an enhanced effect of the genetic drift on the Y chromosome
compared to the autosomes. A result of this is that the main source of variability in the MSY is the
accumulation of new mutations, especially single nucleotide polymorphisms (SNPs) and short
tandem repeats (STRs). The Y-SNPs are characterised by a low mutation rate (~ 0.76 x 10 °
site/year [8-10]), so they can be considered stable variants and can be arranged in monophyletic

entities called “haplogroups”, which in turn can be gathered in a phylogenetic tree [11].



Differently from the Y-SNPs, the Y-STRs are characterised by a higher mutation rate and this
feature can be exploited for forensic purposes when a male lineage differentiation is required, for
example in unbalanced male-female mixtures [12,13]. The most recent multiplex for the capillary
electrophoretic analysis of Y-STRs is the Yfiler® Plus, which is composed of 27 loci, including 7
rapidly-mutating STRs (RM-STRs). The RM-STRs, thanks to their high mutation rate (higher than 1 x
1072) [14], can allow to distinguish about % of father-son pairs and ¥ of brother pairs [15,16]. The
inclusion of the RM-STRs in the Yfiler® Plus multiplex increased the level of within-population
haplotype diversity and decreased (ideally to zero) the haplotype sharing between males from
different populations [17-19]. Over the past years, an increasing number of populations
(especially from Eurasia) has been analysed exploiting the Yfiler® Plus kit, but information about
northern African populations is still lacking.

One of the most common northern African haplogroups is E-M81, which expanded in northern
Africa in recent times and shows increasing frequencies from east to west, while the Y-STR
variability decreases in the same direction [20—22]. The recent coalescence age of this haplogroup
made difficult to discriminate between Y chromosomes from the same population and also
between subjects from different groups or countries [22]. Our aim was to evaluate the power of
the RM Y-STRs in discriminate between northern African males carrying the same binary
haplogroup. To this end, we reported the Yfiler® Plus haplotypes for 477 male subjects belonging
to 11 ethnic groups sampled from four northern African countries (Morocco, Algeria, Libya and
Egypt). We also characterised the microvariant alleles by Sanger sequencing and we framed our
samples in their phylogenetic context by analysing 72 stable Y-SNPs. In general, we observed
relatively low levels of intra-population diversity, while the inter-population differentiation varied
on the basis of the groups considered. The inclusion of the RM Y-STRs in the analysis led to a

better differentiation between subjects: considering only the E-M81 Y chromosomes, we found a
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greater number of unique haplotypes compared to the Yfiler® results and we observed haplotype

sharing only within the same population.



Material and methods

DNA samples
We analysed the 27 Y-STRs of the Yfiler® Plus kit and 72 Y-SNPs in 477 northern African
males, belonging to eleven populations from Morocco, Algeria, Libya and Egypt (Fig. 1 and

Supplementary Table 1).

All the populations have been analysed in previous studies [10,23-28] for some of the Y-
SNPs here reported and differences in sample sizes for some ethnic groups is due to subsequent
DNA unavailability. The DNA samples from Moroccan Jews and Libyan Jews (31 and 24 subjects,
respectively) came from the National Laboratory for the Genetics of Israeli Populations. The study
was approved by the “Sapienza Universita di Roma” ethical committee (document number
2755/15) and by the Carabinieri General Headquarters under the Ministry of Defense. Informed

consent was obtained for all the DNA donors.



DNA extraction and quantification
Genomic DNA was extracted from blood, saliva or lymphoblastoid cell lines using standard
procedures and quantified using the Quantifiler Trio Quantification Kit (ThermoFisher Scientific,

Waltham, MA, USA).

SNP genotyping

The Y haplogroup affiliation of the 477 males here reported have been defined analysing 72
informative biallelic markers, selected following a hierarchical approach based on the known MSY
phylogeny [26—-32]. Most of the Y-SNPs have been published in previous studies [23—31,33] and

analysed by means of DHPLC, RFLP or Sanger sequencing, after a PCR amplification step.

Y-STR multiplex genotyping

The analysis of the 27 Y-STRs have been performed from 1 ng of genomic DNA using the
Yfiler® Plus amplification kit, according to the manufacturer’s protocol. The amplified fragments
have been analysed with GeneMapper IDX v.1.4, after an electrophoretic run on a 3500 XL Genetic
Analyzer.

The haplotypes of the 477 male subjects (Supplementary Table 2) have been submitted to
the YHRD (Y-chromosomal Haplotype Reference Database, https://yhrd.org) under the accession

numbers YA0O04351-YA004356 (release R58).

Y-STR microvariant analysis
We observed microvariant alleles at five loci (DYS458, DYS448, DYS385, DYS449 and
DYF387S1), which have been checked by PCR and Sanger sequencing (Supplementary Table 3). We

were not able to analyse one microvariant (DYF38751.1), because of the DNA unavailability of the



two samples of interest. Three out of five Y-STRs (DYS458, DYS449 and DYF387S1) have been
previously analysed in eastern African samples and we used the same PCR primers [18]. The PCR
primers for the other two loci have been designed using Primer3 software
(http://bioinfo.ut.ee/primer3-0.4.0) on the basis of the Y chromosome reference sequence
(Human Feb. 2009 - GRCh37/hg19 — Assembly) reported in the UCSC Genome Browser
(http://genome.ucsc.edu) (Supplementary Table 4). The PCR reaction, purification, Sanger
sequencing and chromatogram alignment have been performed as reported in lacovacci et al.

[18].

Forensic and statistical analysis

For the estimation of all the forensic and statistical parameters and for the network
construction (see next section), we converted the DYS389Il alleles to the DYS389B nomenclature
for each subject, subtracting the number of repeats at the DYS389I from the number of repeats at
DYS389ll.

For each locus, we calculated the genetic diversity (GD, Supplementary Table 5) as
described by Nei and Tajima [34]. We also estimated the standard population genetic parameters.
The haplotype diversity (HD) was calculated according to the formula HD = n(1-2p?)/(n-1), where n
is the sample size and p; is the frequency of the i haplotype. The haplotype match probability
(HMP) was calculated as HMP = 3p?. The discrimination capacity (DC) corresponds to the ratio
between the number of different haplotypes and the total number of haplotypes.

We used Arlequin software (ver. 3.5.2.2) [35] to perform the analysis of molecular variance
(AMOVA), grouping the subjects in two hierarchical levels (individuals assigned to 11 populations
and populations assigned to 4 countries). For this analysis, the two multi-locus markers DYS385

and DYF387S1 were discarded, the null or supernumerary alleles at the other loci were coded as



missing data and the microvariant alleles were coded as the number of complete repeats on the
basis of the sequencing data. We performed the AMOVA both considering or not the molecular
distance between haplotypes (®O-statistics or F-statistics, respectively). For the ®-statistics, we
measured the molecular distance as the sum of the number of repeat difference between two
haplotypes. The significance levels for both ®st or Fst parameters were calculated comparing the

actual value with the distribution of 1,000 randomized values.

Network construction, time estimates and frequency map

We used the Network 5.0 software to reconstruct a median joining network representing
the phylogenetic relations among the Yfiler® Plus haplotypes [36,37]. The two multi-locus systems
DYS385 and DYF387S1 were arbitrarily subdivided, assigning the smaller allele and the larger allele
to two different allelic series.

The time estimates of two northern African haplogroups (E-M81 and E-V65) were
performed using the ASD (Average Square Distance) method. We used two different groups of Y-
STRs: 1) a set of 22 loci, including all the Yfiler® Plus markers, with the exclusion of three complex
loci (the two multi-copy loci DYS385 and DYF387S1 and the interrupted marker DYS389Il); 2) a set
of 17 loci, after removing the RM Y-STRs from the previous 22 markers. For the time estimates, we
used a mutation rate of 5.55 x 103 per marker per generation and 3.08 x 103 per marker per
generation for the 22 loci set and the 17 loci set, respectively. These figures were obtained
averaging the known germ line mutation rates [14,15] of all the loci included in each set.

Frequency maps were drawn on a grid with 100 rows x 78 columns using the Kriging
method implemented by the Surfer 6.0 software (Golden Software, Inc., Golden, CO, USA),

including the frequency data for other African and Eurasian populations reported in ref. [28].
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Results and Discussion

Y haplogroup distribution in the 11 northern African populations
We analysed 72 Y-SNPs in order to reconstruct a low-resolution Y-tree to frame the Y-STR
variability in a stable phylogenetic context. We identified 31 binary haplogroups or paragroups in

our sample, as shown in Fig. 2.

The most frequent Y lineages in northern Africa were found to be E-M81, E-M78 (in
particular, its internal clade E-V65), haplogroup J and R-V88 (Supplementary Table 2), as already
observed in other studies [10,20-22,24-26,28]. In the whole set of subjects, these haplogroups
reached a frequency of about 46%, 8%, 15% and 4%, respectively. Considering the distribution of
these clades in the northern African populations here analysed, we observed that R-V88 was
almost exclusively found in the Egyptians from Siwa oasis, which showed other peculiarities
compared to the other Egyptian groups (such as the relative high proportion of B-M150 Y
chromosomes). E-M78 was mainly found in the eastern countries of northern Africa (Egypt and
Libya), while it is less frequent in the north-western regions [24,25]. Within this haplogroup, the
most frequent sub-clades were found to be E-V65 (~ 3%) and E-V22 (~ 3%), while other lineages
are less frequent (E-V13 and E-V12*, both with a frequency slightly higher than 1%) or absent
(such as the eastern African haplogroup E-V32 [10,18,24,25]). The northern African haplogroup J
subjects were found to belong to two main sub-clades, J-M172 (~ 6%) and J-M267 (~ 9%), whose
frequencies decreased from east to west [21]. E-M81 showed the opposite clinal pattern, with its

frequencies that increased moving westward (> 1% in Egypt, 66% in Morocco).

Single-locus diversity indexes
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Genotypes for the 23 single-copy loci and 2 multi-copy loci were obtained for all samples,
with the exclusion of three subjects showing a null allele at three different loci (DYS389ll, DYS448
and DYF387S1). The genetic diversity (GD) values for the 25 loci analysed are reported in
Supplementary Table 5. The highest overall GD values are observed at DYS385 and DYS481 (0.86
and 0.85, respectively). In contrast to previous observations that reported the highest GD values in
both multi-copy loci DYS385 and DYF387S1, in our set of data DYF387S1 showed the fourth highest
value, which was comparable to the GD values of the other RM Y-STRs. The low overall GD
observed at DYF387S1 is mainly due to the low GD value reported for this locus in the single
Algerian population analysed in this study (Mean GD: ~ 0.42). Indeed, the allelic range for
DYF387S1 in the Algerian Mozabite Berbers is quite narrow (from 35 repeats to 39 repeats), in
contrast to the wider allelic range observed for the other countries (33-41 in Morocco, 34-42 in
Libya and 33-45.2 in Egypt). In general, the Algerian population showed the lowest GD values for
all loci but one (DYS635). These results can be explained considering two main factors: 1) in our
sample, the Algerian populations is the only one composed entirely by a single ethnic group (Fig. 1
and Supplementary Table 1); 2) the large majority of the Algerians (55 out of 64 subjects, ~ 86%)
were found to belong to the recent E-M81 haplogroup [22]. On the contrary, the highest GD
values for each locus are observed in Egypt and, to a lesser extent, in Libya, where we also

observed a higher Y-haplogroup diversification (Fig. 2 and Supplementary Table 2).

Molecular analysis of microvariants
We observed microvariant alleles at five different loci: DYS458, DYS448, DYS385, DYS449
and DYF387S1 (Supplementary Table 2). We analysed these microvariants by Sanger resequencing

of the Y chromosomes involved (Supplementary Table 3 and Supplementary Table 4).
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For the DYS458 marker, we observed the DYS458.2 variant in 44 subjects, which has been
already described and linked to the J-M267 Y haplogroup [38,39]. Consistently with the data
reported in the literature, we found a perfect association between the DYS458.2 variant and the
haplogroup J-M267 (Supplementary Table 2). We confirmed the molecular structure of this
microvariant by resequencing 5 out of the 44 DYS458.2 subjects (Supplementary Table 3).

DYS448 showed two different microvariants in our set: we observed a DYS448.2 variant in a
northern Egyptian and a DYS448.4 variant in a Moroccan Jew. The DYS448.2 allele was due to a
dinucleotide deletion in the non-repetitive portion of the Y-STR locus, while the DYS448.4 variant
was caused by a more complex rearrangement, involving two short deletions in different
positions. Moreover, the Moroccan subject with the DYS448.4 allele also showed a single
nucleotide substitution in the non-repetitive core of the locus (Supplementary Table 3). The
differences in the molecular features of these two alleles and in the geographic origin and
haplogroup affiliation of the subjects suggested that the two microvariants originated
independently.

The DYS385 marker has been analysed using two pairs of PCR primers, in order to
distinguish the two different copies of the locus. Thanks to this approach we have been able to
describe the DYS385.2 microvariant, which was due to a dinucleotide deletion in the (GAAA),
repetitive motif, and to assign it to a specific copy of the locus (Supplementary Table 3).

DYS449 is a RM Y-STR with a structure characterised by different elements (repetitive and
non-repetitive) with a variable length. This complex organisation is the cause of several
molecularly different microvariants reported in the literature for samples belonging to different
haplogroups [18,40]. In the present study, this locus showed a new DYS449.2 variant in a northern
Egyptian belonging to the Y haplogroup E-M123* (Supplementary Table 2 and Supplementary

Table 3).
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In the present study, we reported two different microvariant alleles for the multi-copy
locus DYF387S1. We observed the DYF387S1.2 allele in 18 Egyptians from Siwa. This microvariant
was already described in a previous study [18] and, considering the phylogenetic relationships
among the subjects, it was proposed that it originated in the Y haplogroup B-M182 background.
Using the same experimental approach (Supplementary Table 4), we could distinguish the two
copies of the marker and we could recognise that the microvariant had the same molecular
structure and arose in the same DYF387S1 copy as already described [18] (Supplementary Table
3). Moreover, our DYF387S1.2 samples all belong to the B-M182/M150 haplogroup, confirming
the correlation between this Y-STR microvariant and the B-M182 haplogroup. We also found a
DYF387S1.1 allele in two northern Egyptians of haplogroup J-M267. We could not perform the
molecular characterisation of this microvariant because of DNA unavailability. However, the
samples were identical for all the 25 Y-STR loci but one (DYS518), which differed for only one
repetitive unit. These features suggest that the DYF387S1.1 microvariant probably originated in a

common ancestor of these two subjects.

Intra-population Y-STR haplotype variability
The full list of 477 Yfiler® Plus haplotypes/haplogroups is reported in Supplementary Table
2. We calculated the standard forensic parameters using the variability of the 27 Y-STR loci of this

multiplex (Table 1).

Considering the whole northern African population, we observed a DC value (0.9078) that
is in the lower range of the DC values reported for other populations analysed with the same
multiplex [17,19,41]. However, the northern African DC is comparable to the DC reported for the

whole eastern Africa, which is the only other African group analysed so far with the 27 Y-STR kit
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[18]. It is also worth noting that the DC values obtained were found to be higher than the results
obtained for the same subjects using only the 17 loci of the Yfiler® (overall DC values: 0.9078 vs.
0.7358; number of different haplotypes: 433 vs. 351) (Supplementary Table 6), confirming the
higher power of resolution of the Yfiler® Plus. The greater deviation between the DC figures
obtained with the two Y-STR multiplexes is observed for the Berbers of Bouhria, which showed an
increase in the DC value of about 44%. Nevertheless, this ethnic group showed the lowest DC
value using both Y-STR multiplexes, along with the Asni Berbers (Yfiler® Plus DC = 0.8868; increase
compared to the Yfiler® DC: ~ 15%). In this context, it is worth noting that the other people with a
low DC value were the Berbers from the Siwa oasis in Egypt, which are also characterised by a less
variable Y haplogroup background compared to the neighbouring Egyptian populations (Fig. 2)
[10,26]. The quite low number of different haplotypes in these populations are probably due to
their prolonged isolation, which increased the effects of the genetic drift, causing a lower intra-
population variability.

Among the 433 different haplotypes reported in our sample collection (Table 1), 396 were
unique, while the other 37 were observed in two or more subjects (Supplementary Table 7). These
haplotypes were shared only between subjects from the same ethnic group, with no sharing
between populations nor between countries. On the contrary, the Yfiler® multiplex was not able

to distinguish several samples from different populations or different countries (Fig. 3).

The comparison between the data obtained with the Yfiler® Plus and the Yfiler® confirmed
the higher power of discrimination of the former kit, thanks to the much higher variability

introduced by the RM Y-STRs. However, it must be noted that Yfiler® Plus failed to completely
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distinguish subjects, especially from populations that are characterised by isolation or are

organised in a patrilineal society, as already observed in the patrilineal clans in eastern Africa [18].

Inter-population Y-STR haplotype variability
In order to understand the degree of genetic differentiation between the northern African
populations here analysed, we performed an AMOVA analysis both considering or not the

molecular differences among haplotypes (®-statistics and F-statistics, respectively) (Table 2).
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Considering the whole northern Africa, we could observe a significant differentiation
between populations and between countries, considering both the ®-statistics and F-statistics (p <
0.05). The differences were found to be significant also in the pair-wise analysis between the four
countries (Supplementary Table 8 and Supplementary Table 10), and in most of the pair-wise
comparisons of the 11 populations (Supplementary Table 9 and Supplementary Table 11). It is
worth noting that, with the exception of the Jews groups, the few pairs of populations that
resulted not to be differentiated were from the same country. We used the ®Osr distance values to

draw a multidimensional scaling (MDS) plot (Fig. 4).

The first dimension separated northwestern Africa (Morocco and Algeria; to the right) and
northeastern Africa (Libya and Egypt; to the left). The exception to this general pattern was
represented by the Moroccan Jews, which lied in the left part of the graph, as expected
considering the ®sr values (Supplementary Table 11). This group showed a first dimension position
similar to the Libyan Jews and the observed proximity of the two Jews populations to the
northeastern African groups can be interpreted as a consequence of a near eastern ancestry [42].
Indeed, recent studies observed a higher near eastern component in the Egyptians compared to
the other northern African groups [43,44], which was probably due to the prolonged contacts and
the geographical proximity between Egypt and the Near East. With the exclusion of the separation
along an east-to-west axis, the plot did not highlight any ethno-geographic sub-structure within
the two northern African macro-regions. The northwestern samples were scattered in the right
part of the graph and the northeastern groups did not form any clusters as well. The Egyptians

Berbers from Siwa can be considered an outlier, being differentiated from the other populations

17



by both dimensions of the MDS plot, and this was in line with the peculiar Y-SNP haplogroup
composition showed by these people (Fig. 2). It is worth noting that the Egyptian Berbers from
Siwa also showed a mtDNA haplogroup composition different from neighbour populations [45].
The genetic peculiarities of the Siwa Berbers can be ascribed to the several human groups that
have been settled in this oasis, which is a cross-road between Near East, eastern Africa, central
Sahel and northern Africa. The populations analysed in this study did not include any Moroccan or
Algerian Arab groups. However, we analysed both Egyptian and Libyan Arabs (Supplementary
Table 1) and they did not show clear differences with the Berber groups. This finding was
consistent with similar results obtained from genome-wide data [7] and from autosomal and Yfiler
STR data [46,47], which showed a substantial lack of differentiation between Berbers and non-

Berbers.

The effect of E-M81 distribution on the Y-STR diversity in northern Africa

Our results pointed to a low degree of intra-population differentiation and to a variable
degree of inter-population diversity, with the observed differences following an east-to-west axis.
For example, the Y-STR diversity decreased from east to west, as shown by the DC values, which
showed the lowest figures in Morocco and the highest ones in Libya (Table 1). Also the MDS plot
highlighted that the northern African groups are differentiated along an east-to-west direction
(Fig. 4). These results are mirrored by the geographic distribution of the E-M81 haplogroup, whose
frequencies decline from northwestern to northeastern Africa (Fig. 5) and whose Y-STR variability

decreases in the opposite direction [20-22].

18



This distribution has been usually explained as a consequence of a westward expansion
from the Near East and this event probably occurred in recent times, possibly about 2 kya [22]. We
calculated the forensic indexes including only the E-M81 subjects and we could observe an even
more enhanced clinal pattern (Moroccan DC = 0.87; Libyan DC = 0.96; the values for the Egyptian
populations cannot be considered informative because our collection included only four E-M81
chromosomes from this country) (Supplementary Table 12).

We reconstructed the median joining network for the 220 Y chromosomes belonging to the

E-M81 haplogroup, using both the Yfiler® and the Yfiler® Plus loci (Fig. 6).

The complete versions of the E-M81 network, represented in the insets of Fig. 6, were
characterised by a clear star-like structure, as already observed for this haplogroup [22]. This
topology is indicative of a rapid and recent expansion, that usually leads to a frequency increase of
a lineage with a low degree of the internal genetic diversity. In order to check this scenario, we
estimated the TMRCA of our E-M81 subjects. In the analysis, we used two different subsets of Y-
STRs (22 loci and 17 loci, as described in Material and Methods) and the germ-line mutation rate,
because it has been observed that this rate led to better time estimates for recent events [48,49].
Considering the problems linked to the time estimates obtained from the Y-STR data [49,50], we
also estimated the TMRCA for the E-V65 haplogroup, which was precisely dated to 1.47 kya using a

calibrated Y-SNP mutation rate [10] (Table 3).

Comparing the Y-SNP and the Y-STR coalescence ages for the E-V65 haplogroup, we noted
that the use of the 17 Y-STR set, which exclude the RM Y-STRs, produced a closer estimate,

although even the 22 Y-STR set led to a comparable figure. Our E-M81 time estimate based on 17
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Y-STRs was of about 2 kya, a figure very similar to the TMRCA obtained for the E-M183 sub-clade
(Table 3), consistently with the observation that E-M183 captures nearly all E-M81 Y-
chromosomes [22]. The slight difference between the two time estimates and the reported older
age of the E-M183 sub-haplogroup can be due to: i) a difference in the dating methods (Rho vs.
ASD); ii) a difference in the class of used loci (Y-SNPs vs. Y-STRs); iii) a difference in the number of
used loci (13 Y-STRs vs. 17 Y-STRs) [52]. However, the observed data are in line with a very recent
expansion of the E-M81 (and E-V65) haplogroup in northern Africa.

The homogenizing effect of the E-M81 spread was testified also by the lack of geographic
clusters in the networks, with subjects from different populations or different countries splitting
from the same node. There was only one exception, represented by the Algerian Berbers, which
formed a recognizable group including the large majority of the Y chromosomes from this
population. This cluster was more pronounced in the Yfiler® network (Fig. 6, panel a) rather than
in the Yfiler® Plus network (Fig. 6, panel b). In this context, it must be noted that the Algerian
Mozabite Berbers experienced a long isolation [43,53], so their clustered distribution in both
networks may reflect the effects of the genetic drift, which led to the reduction of their Y-STR
diversity (average gene diversity over loci: 0.4194; Table 1).

The highest discrimination capacity of the Yfiler® Plus kit compared to the Yfiler® multiplex
was highlighted in the reduced versions of the networks, where only the shared haplotypes are
represented. Comparing the two plots, we could note that the E-M81 Yfiler® network contained
more haplotypes shared by different samples, which often came from different populations and,
in some cases, from different countries (Fig. 6, panel a). For example, there was a haplotype
observed in three Moroccan groups (in different shades of purple), in the Algerian Mozabite
Berbers (in orange) and in the Libyan Arabs (in dark green). On the contrary, this was not the case

for the E-M81 Yfiler® Plus network, that was characterised by a better differentiation of the Y
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chromosomes, with only few haplotypes shared between samples from the same population (Fig.

6, panel b).
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Conclusions

Northern Africa showed complex genetic features, which cannot be approximated by the
results obtained from only one or few ethnic groups, highlighting the importance of the analysis of
several populations from different countries to make forensic inferences. Moreover, we found
that the RM Y-STRs can be disproportionally informative to discriminate subjects coming from
groups characterised by low intra-population variability because of a recent and rapid expansion.
In particular, we observed that a large proportion of samples belonging to a recently expanded
haplogroup such as E-M81 could not be adequately distinguished using the Yfiler® set of markers,
which do not include any rapidly mutating loci. The inclusion of 7 RM Y-STRs in the Yfiler® Plus kit
allowed the differentiation of most of these subjects, however the discrimination capacity is still
not powerful enough to properly distinguish all the individuals. The inclusion of additional RM Y-
STRs can be helpful to obtain a complete differentiation of the subjects, in particular for samples

coming from populations characterised by isolation or organised in a patrilocal/patrilineal society.
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Figure 1: Geographic localization of the eleven northern African populations analysed.
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Figure 2: Low-resolution Y phylogenetic tree and geographic distribution of the Y-SNPs analysed in this
study. Haplogroups/paragroups which are absent in our sample are represented by dashed lines.

35



Unique Non-unique
. haplotypes haplotypes i
450 M Yfiler®

400 + M Yfiler® Plus
350 +
300 +
250 =+

200-

Number of subjects

150 o

100 +

12

6
M =

Between Between
populations countries

50 =+

Overall Qverall
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Figure 5. Frequency map of the E-M81 haplogroup. The geographic localization of the 11 populations is
represented by the yellow dots.
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sample Number of Mean number of | Average gene
Country Ethnic group . HD HMP DC pairwise diversity over
size (n) haplotypes . .
differences loci
Morocco 206 182 0.9985 | 0.0064 | 0.8835 14.1560 0.5662
Moroccan Jews 31 31 1.0000 | 0.0323 | 1.0000 18.1419 0.7257
Asni Berbers 53 47 0.9956 | 0.0231 | 0.8868 12.2925 0.4917
Berbers from Bouhria 66 49 0.9883 | 0.0266 | 0.7424 11.3161 0.4526
Souss Berbers 28 28 1.0000 | 0.0357 | 1.0000 11.3254 0.4530
QOuarzazate Berbers 28 27 0.9974 | 0.0383 | 0.9643 14.7593 0.5904
Algeria 64 57 0.9960 | 0.0195 | 0.8906 10.4846 0.4194
Mozabite Berbers 64 57 0.9960 | 0.0195 | 0.8906 10.4846 0.4194
Libya 87 85 0.9995 | 0.0120 | 0.9770 16.3101 0.6524
Libyan Arabs 63 62 0.9995 | 0.0164 | 0.9841 14.9805 0.5992
Libyan Jews 24 23 0.9964 | 0.0451 | 0.9583 17.0145 0.6806
Egypt 120 109 0.9985 | 0.0099 | 0.9083 17.7060 0.7082
Northern Egyptians 35 32 0.9950 | 0.0335 | 0.9143 18.0252 0.7210
Egyptian Berbers from Siwa 54 48 0.9958 | 0.0226 | 0.8889 16.4668 0.6587
Egyptians from Bahariya 31 29 0.9957 | 0.0364 | 0.9355 17.1441 0.6858
Overall 477 433 0.9995 | 0.0026 | 0.9078 16.1034 0.6441
Table 1: Forensic parameters for 11 northern African populations analysed with the Yfiler® Plus
multiplex.
Number of Number of L. L.
. ®-statistics F-statistics
populations groups
(0N} Dcr Dsc Fst Fer Fsc
(p) (p) (p) (p) (p) (p)
. 0.1968 0.1032
All northern Africa 11 1 (0.0000) (0.0000)
Country level
analysis
0.2116 0.1003
Morocco > ! (0.0000) (0.0000)
Algeria 1 1 - -
. 0.1101 0.1138
Libya ; ! (0.0010) (0.0000)
Egypt 3 1 0.0610 0.0130
(0.0000) (0.2111)
Overall 1 4 0.2689 0.1360 0.1539 0.1482 0.0648 0.0892
(0.0000) | (0.0489) | (0.0000) (0.0000) (0.0271) | (0.0000)

Table 2: Analysis of molecular variance for the Y-STR haplotypes in northern Africa.
2 Populations grouped into countries.

39




Time estimates Time estimates Time estimates Time estimates
Haplogroup (22 Y-STRs) (17 Y-STRs) (Y-SNPs)ab (13 Y-STRs)?
(present study) (present study) (ref 22) (ref 22)
E-M81 1.66 (+ 0.32) 1.93 (+0.29) 2.27 (+0.33) 2.01 (+0.43)
E-V65 1.61 (£ 0.31) 1.47 (£0.22) not present not present

Table 3: TMRCA estimates, expressed in kya, of the E-M81 and the E-V65 subjects using two different sets
of Y-STRs and comparison with the time estimates from ref. [22].

a. Time estimates of the E-M183 sub-haplogroup, obtained with the Rho method.
b. Time estimates calculated with the mutation rate of 0.617 x 10 substitutions/site/year [51].
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