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Abstract The continual discovery of new single-nucleotide
polymorphisms (SNPs) has led to an increased resolution of
the Y chromosome phylogeny. Some of these Y-SNPs have
shown to be restricted to small geographical regions and
therefore may prove useful in the forensic field as tools for
the prediction of population of origin of unknown casework
samples. Here, we describe a system for the molecular
dissection of haplogroup E-M78 (E1b1b1a), consisting of
multiplex polymerase chain reaction and minisequencing of
M78 and nine population-informative Y-SNPs (M148,
M224, V12, V13, V19, V22, V27, V32, V65) in a single
reaction. Sensitivity and admixture studies demonstrated
that the SNP protocol allows robust genotyping from as
little as 50 pg of male DNA, even in the presence of 500-
fold amounts of female DNA. In order to evaluate the
suitability of E1b1b1a, subhaplogrouping for population-
of-origin prediction, the distribution of E-M78 and its
derived variants was determined in an Italian population
sample (n=326).
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Introduction

Analysis of Y-chromosomal polymorphisms provides an
extremely useful tool in forensic DNA testing. Y-
chromosomal short tandem repeat (STR) haplotypes can
be typed in samples from sexual assault cases, even in the
presence of a high female DNA background [1].

Y chromosome haplogroups, defined by the combination
of allelic states at binary slowly evolving single-nucleotide
polymorphism (SNP) loci, are distributed nonrandomly
among human populations [2] and may allow prediction of
the geographic or ethnic origin of unknown casework
samples [3]. Because of their simple molecular structure,
large sets of SNPs are amenable to multiplexing and high-
throughput analysis, and genotyping can be done in much
smaller amplicons than those of conventional STRs [4]. SNP
markers thus provide an important instrument for rapid
exclusion in forensic mass screening [5, 6] and genotyping
of highly degraded DNA in disaster victim identification [7].

Among the available SNP genotyping assays, multiplex
polymerase chain reaction (PCR) amplification followed by
single base extension (SBE) using the SnaPshot mini-
sequencing technology is at present the most popular
method in forensic laboratories [8]. Several protocols for
the simultaneous detection of Y-SNPs defining the major
clades of the Y chromosome phylogenetic tree have been
recently described for evolutionary and forensic purposes
[9–11]. Although marked differences in the global distri-
bution of these major haplogroups are seen between distinct
geographic areas, very few of them are entirely confined to
single populations [12, 13]. Therefore, integration of these
Y-SNP sets with newly discovered binary polymorphisms
[14], some of which have shown to be restricted to small
geographical regions and population specific, is highly
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desirable. For instance, Cruciani et al. recently described
eight new Y-SNPs (V12, V13, V19, V22, V27, V32, V36,
V65) that allow the molecular dissection of haplogroup E-
M78 (E1b1b1a), one of the three main subclades of
haplogroup E-M35 (E1b1b1; Fig. S1 of Electronic supple-
mentary material) [15, 16]. Haplogroup E-M78 is distrib-
uted over a wide area stretching from eastern (21.5%) and
northern (18.5%) Africa to the Near East (5.8%) and
Europe (7.2%), where it represents the most common
E1b1b subhaplogroup [17]. However, many of the newly
described subhaplogroups of E-M78 have a much more
limited geographical distribution. E-V65 and the para-
groups E-M78* and E-V12* are seen mainly in northern
Africa; E-V13 is found in Europe, mostly in the Balkan
peninsula, while E-V32 is present at high frequencies only
in eastern Africa. E- V22 is the only haplogroup showing a
wide geographic distribution, including northeastern and
eastern Africa, Europe, and western Asia up to southern
Asia (Fig. S2 of Electronic supplementary material) [18].

The aim of this study was to develop a minisequencing
assay able to subtype in a single reaction all the Y-SNPs that
define geographically informative E-M78 subhaplogroups. In
order to assess its suitability in forensic casework, the
efficiency of the method was tested both in low-copy-
number (LCN) DNA conditions and in male/female mixed
samples reproducing sexual assault cases. With regards to the
inference of geographic origin of unknown stains, the
distribution of E-M78 subhaplogroups was evaluated in a
large sample of northern (Piedmont) and southern (Sicily)
Italian males.

Materials and methods

Sequence information for marker M78 and 9 Y-SNPs
(M148, M224, V12, V13, V19, V22, V27, V32, and V65)
representing final branches of the E1b1b1a haplogroup
were drawn from the literature [15, 16, 18]; marker V36
was excluded since it was shown to be phylogenetically
equivalent to V13 [16]. Primers for multiplex PCR and
SBE reaction were designed with the Primer Express
software (Applied Biosystems, Foster City, CA, USA).
The main characteristics of PCR primers are described in
Table S1 of Electronic supplementary material. In order to
optimize multiplex PCR conditions, primers with homoge-
neous Tm values (58.7±1.6°C) and expected amplicon size
(between 96 and 141 bp) were chosen. Y-chromosomal
specificity for each primer was first verified using the Basic
Local Alignment Search Tool software (http://blast.ncbi.
nlm.nih.gov). For Y-SNPs lying in regions of high
homology with the X chromosome, PCR primers charac-
terized by a mismatch at the 3′ end when compared with X-
chromosomal sequences were preferentially selected. A

further control was performed by singleplex amplification
of each Y-SNP PCR primer pair using a female DNA
template; absence of female DNA-derived PCR products
was then checked by agarose gel electrophoresis. Primer
concentrations in the multiplex PCR reaction are also
shown in Table S1. Multiplex PCR amplification was
performed in a final volume of 10 μl including 0.25 ng of
template DNA, using the QIAGEN Multiplex PCR kit
(QIAGEN, Hilden, Germany). The PCR protocol consisted
of a 15-min pre-PCR heat step at 95°C, followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 58°C
for 90 s, and extension at 72°C for 1 min, with a final 10-
min extension step at 72°C. Of the PCR product, 1 μl was
purified by incubation with 0.75 μl of Escherichia coli
exonuclease I (ExoI; New England BioLabs, Ipswich, MA,
USA) mix containing 5 U of ExoI in ExoI buffer 1× and
0.75 μl of calf intestinal alkaline phosphatase (CIP; New
England BioLabs) mix containing 2.5 U of CIP in 1× NE
buffer 3. The protocol consisted of 60 min at 37°C followed
by enzyme inactivation at 80°C for 20 min.

The SBE reaction was performed using the SNaPshot
Multiplex kit (Applied Biosystems) in a final volume of
5 μl containing 2.5 μl of purified multiplex PCR product
and 0.2 μM of each SBE primer. The characteristics of SBE
primers are shown in Table S2 of Electronic supplementary
material. By addition at the 5′ end of each primer of a tail
composed either of poly-T/poly-GCAT or a 40-bp-long
neutral sequence [19], spatially separated DNA fragments
ranging from 18 to 65 bases could be obtained. The SBE
reaction consisted of 25 cycles of denaturation at 96°C for
10 s, annealing at 50°C for 5 s, and extension at 60°C for
10 s. SBE products were further purified by addition of
0.5 μl of CIP mix and incubation at 37°C for 60 min,
followed by inactivation at 75°C for 15 min. Of the purified
SBE product, 0.5 μl was run on an ABI Prism 310 Genetic
Analyzer (Applied Biosystems) in a 47-cm capillary filled
with POP-4 polymer using the E5 module. Electrophoresis
parameters were set as follows: sample injection for 5 s at
15 kV and separation for 16 min at 15 kV and 60°C.
Genescan-120 LIZ (Applied Biosystems) was used as
internal size standard and data were analyzed by the
Genescan Analysis software v. 3.7 (Applied Biosystems).

In order to evaluate the sensitivity of the assay, serial
dilutions of male DNA at concentrations of 1 ng/μl and 500,
250, 100, and 50 pg/μl DNAwere tested. Amplification and
minisequencing of mixed samples containing ratios of female
and male DNA ranging between 1:1 and 500:1 were also
performed.

For the population study, the distribution of E-M78
and its subhaplogroups was analyzed in 326 unrelated
Italian males originating from Sicily (n=236) and
Piedmont (n=90). Y-STR loci included in the minimal
haplotype (minHt) were also typed in the population
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sample following the protocol described by Anslinger et
al. [20].

Results and discussion

Representative electropherograms obtained with the 10-plex
Y-SNP assay in the Italian population sample are shown in
Figure S3 of Electronic supplementary material. The
observed SBE products were consistently longer than the
expected size, as indicated in Table S3 of Electronic
supplementary material. Such an anomaly in the mobility
of short DNA fragments in capillary gels can be ascribed, as
previously suggested by other authors, to the presence of a
secondary structure in the extension products [21] and to the
effect of fluorescent dyes conjugated to ddNTPs [22]. For
the same reason, slight differences in size could be observed
within single markers depending on the wild-type or mutated
allelic status of the tested sample. M78 and M224 were the
two markers showing the closest SBE peaks. However, due
to the combination of the expected dyes associated to each
extension product (G or A for M78 and T or C for M224,
according to the ancestral or mutated status at the poly-
morphic site), the occurrence of ambiguous typing results
could be avoided.

As also reported in Table S3, a reproducibility study
conducted while typing the Italian population sample
showed that for some Y-SNP markers the mean peak
height of SBE products varied significantly between
individuals carrying the wild-type and mutated allele. To
overcome this problem, the concentration of multiplex
PCR primers was arranged with the aim of maximizing the
amplification of Y-SNPs showing potentially unfavorable
polymorphic variants. Primer and PCR conditions were
optimized in order to obtain balanced peak heights
between different markers with an input of template
DNA of about 0.25 ng. Variation of the initial DNA
amount in the PCR reaction did not affect the balancing
between amplification products, with the exception of
V13, M78, and V65. As the quantity of template DNA
increased, the first two Y-SNPs showed a relative
increment of peak height/area compared to other markers,
whereas the dimension of V65-specific peaks was pro-
gressively reduced, although constantly higher than 100
rfu when 1 ng of template DNA was used.

The sensitivity study indicated that complete SBE
profiles with peaks >100 rfu could be obtained even in
the presence of reduced amounts of template DNA (as
little as 50 pg), comparable to DNA quantities extracted
from forensic casework samples in LCN conditions [23].
Analysis of DNA admixtures demonstrated that full male
Y-SNP profiles could be typed in mixed samples even in
the presence of excess female DNA at a ratio of 500:1.

The results of sensitivity and admixture studies are shown
in Fig. S4 of Electronic supplementary material.

Haplogroup assignation by the minisequencing meth-
od in the Sicilian population subset was in concordance
with Y-SNP typing results previously obtained in the
same sample by denaturing high-performance liquid
chromatography [24]. The frequencies of E-M78
(E1b1b1a) and its subhaplogroups in the Italian population
sample are displayed in Table S4 of Electronic supple-
mentary material. The overall occurrence of E1b1b1a in
Piedmont (7.78%) and Sicily (11.44%) is in accordance
with previous population studies [16, 25]. With regards to
subhaplogroups, only E-V12*, E-V13*, E-V22*, and E-
V65 were observed, the latter subhaplogroup exclusively
in Sicily. Distribution of E-M78 subhaplogroups in the
Sicilian sample closely resembles that previously reported
by Cruciani et al. [16], whereas the presence of E-V12* in
northern Italy (2.22%) is here described for the first time. The
obtained results confirm the fact that even geographically
restricted M78-derived variants, like E-V12* (observed at a
frequency of 44.30% in southern Egypt), E-V22 (21.95%
and 25% in Egypt and Ethiopia), and E-V65 (29.09%
and 20% in Moroccan and Libyan Arabs, respectively),
can be found at low though not negligible levels in
distant populations [16]. Prediction of population of origin
by Y-chromosomal haplogroup analysis in forensic case-
work should therefore be limited to intelligence purposes
and initial suspect screening.

Since Y-STR haplotype diversity within subjects
carrying a certain haplogroup is limited to mutations
accumulated over generations in the founder haplotype
[26], specific allele combinations may also be used to
infer haplogroup status [27] and for prediction of
geographic or ethnic origin of unknown stains [28].
Limitations to the use of Y-STR loci for haplogroup
inference depend on the high mutation rate, which might
homogenize haplotypes of different descent [29]. Com-
bined analysis of Y-SNPs and Y-STRs in Italians carrying
haplogroup E1b1b1a showed that, if considering minHt
loci with the exclusion of biallelic DYS385, two cases of
haplotype sharing between E-V12* and E-V13* individ-
uals and one between E-V12* and E-V65 subjects were
observed (Table S5 of Electronic supplementary material).
These findings indicate that caution is needed when using
STRs as surrogates of geographically informative SNPs
unless only major clades of the Y phylogeny, generated by
highly divergent founding haplotypes, are considered [30].

In conclusion, due to its high sensitivity, male specificity,
and reduced amplicon size (<150 bp), the described SNP
assay is suitable for forensic stain and degraded or ancient
DNA analysis [31]. It can therefore be combined with
available major Y-chromosomal haplogroup minisequencing
systems, which already include E-M78 but not its derived
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subhaplogroups [10, 12], in order to provide increased power
of population discrimination with minimal DNA sample
consumption.
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