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sent to MtDNA Population Database (EMPOP) for an
independent evaluation. For the inclusion of data for the
Italian database, quality assurance procedures were applied
to the control region profiles. Only eight laboratories with a
final population sample of 395 subjects passed the quality
conformance test. Control region haplogroup (hg) assignments were confirmed by restriction fragment length
polymorphism (RFLP) typing of the most common European hg-diagnostic sites. A total of 306 unique haplotypes
derived from the combined analysis of control and coding
region polymorphisms were found; the most common
haplotype —CRS, 263, 309.1C, 315.1C/¬7025 AluI– was
shared by 20 subjects. The majority of mtDNAs detected in
the Italian population fell into the most common west
Eurasian hgs: R0a (0.76%), HV (4.81%), H (38.99%), HV0
(3.55%), J (7.85%), T (13.42%), U (11.65%), K (10.13%), I
(1.52%), X (2.78%), and W (1.01%).
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Abstract This work is a review of a collaborative exercise
on mtDNA analysis undertaken by the Italian working
group (Ge.F.I.). A total of 593 samples from 11 forensic
genetic laboratories were subjected to hypervariable region
(HVS-I/HVS-II) sequence analysis. The raw lane data were

C. Turchi : L. Buscemi : A. Tagliabracci (*)
Department of Neuroscience, Section of Legal Medicine,
Università Politecnica delle Marche,
60020 Ancona, Italy
e-mail: a.tagliabracci@univpm.it
C. Previderè : P. Grignani
Department of Legal Medicine and Public Health,
University of Pavia,
Pavia, Italy
A. Brandstätter : W. Parson
Institute of Legal Medicine, Innsbruck Medical University,
Innsbruck, Austria
A. Achilli
Department of Genetic and Microbiology, University of Pavia,
Pavia, Italy

Introduction
Worldwide forensic genetic laboratories currently use the
analysis of the two hypervariable regions HVS-I/HVS-II of
the mtDNA control region, especially for human identification cases in which low quantity and poor quality of
nuclear DNA do not give conclusive results (for a review
see, e.g., [1]). A large and high-quality reference database
for different populations is essential to estimate the
frequency of a given mtDNA haplotype to obtain the
probability of a random match.
It has been criticized that published forensic databases
are prone to contain errors [2–6], which are more frequently
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caused by data transcription and tabulation errors (i.e.,
clerical errors) than by errors during the laboratory
processing of the samples [7, 8].
The aim of MtDNA Population Database (EMPOP)
(www.empop.org) is collecting mtDNA sequences from
various populations worldwide and assuring a high quality
of the data by avoiding the manual transcription of raw
sequence data [9, 10].
Our approach to insure the robustness of our mtDNA
data was a combined analysis of control region polymorphisms with coding region haplogroup (hg)-specific
restriction sites [11–13]; in addition, it was suggested that a
posteriori phylogenetic analysis should be a valuable tool in
discovering erroneous mtDNA types [2, 7, 14, 15].
Forensic scientists emphasize the need to follow up
guidelines on mtDNA typing [16–19], to undergo periodical external quality control by means of collaborative
exercises.
The present work is a review of a collaborative exercise
on mtDNA analysis undertaken by the Italian Forensic
Geneticists (Ge.F.I.) group of the International Society for
Forensic Genetics (ISFG). The exercise was developed in
three main steps: (1) sequencing of HVS-I and HVS-II
regions from three blood stains and from at least 50
subjects for each participating laboratory, (2) transmission
of the raw lane data in electronic form to the Institute of
Legal Medicine in Innsbruck, Austria, for an independent
evaluation and for incorporation into EMPOP and (3)
restriction fragment length polymorphism (RFLP) analysis
of SNPs diagnostic for major European hgs.

Materials and methods
DNA samples, extraction and quantification
A total of 11 laboratories (Labs 1–11), all belonging to
centers for forensic genetics in northern and central Italy,
participated in the project. Blood samples and buccal
swabs were collected from 593 locally resident and maternally unrelated subjects, Italian ancestry traced for two
generations.
Participating laboratories used different methods for DNA
extraction and quantification (Supplementary Table S1).
Control region sequencing
The two strands of hypervariable regions HVS-I and HVSII were amplified and sequenced following Holland and
Parson [20, 21]. Sequencing was performed using the
BigDye terminator and primer chemistry (Supplementary
Table S1). Sequences were aligned and compared to the
revised Cambridge reference sequence (rCRS; [22, 23]).

Sequencing analysis and data quality control
Participating laboratories were requested to assure the
availability of the DNA template and the sequence raw
lane data for a potential double-check.
All laboratories had to fulfill the following requirements:
(1) correct typing of three blood stains, one of which was
used as a positive control, which were supplied by the pilot
laboratory; (2) transmission of the mtDNA profiles to the
pilot laboratory for a concerted tabulation; (3) a successive
revision of the data in the combined data table to check
possible mistakes in the course of transcription; (4) three
samples among outlier haplotypes were selected from each
lab by a Network analysis and were independently analyzed
in another laboratory for a double-check; (5) transmission
of the raw sequence data to the Institute of Legal Medicine
in Innsbruck for an independent evaluation following
EMPOP criteria.
Haplogroup assignment: RFLP analysis
The first hg assignment was done on the basis of HVS-I/
HVS-II variations [24] and was subsequently confirmed by
restriction endonuclease analysis of eight polymerase chain
reaction (PCR)-amplified mtDNA fragments. If the initial
hg assignments based on control region polymorphisms
were not confirmed by RFLP analysis, the samples were
typed on the basis of hierarchical mtDNA RFLP scheme
[13, 25].
RFLP analysis was performed in two laboratories
participating in the collaborative exercise.
The computer program Primer Express (Version 1.5,
AB) was used for primer design (Table 1). PCR conditions
were initial denaturation at 94°C for 5 min, followed by 35
cycles of denaturation at 95°C for 1 min, annealing at 55°C
for 1 min and extension at 72°C for 1 min. The seven
restriction endonucleases, AccI, AluI, DdeI, HaeIII, HinfI,
MseI, and NlaIII were targeted to screen a restricted set of
RFLP sites (Table 1), which were diagnostic for the most
frequent west Eurasian mtDNA hgs.
Restriction fragments were checked by 2% agarose (Ultra
Pure Agarose Electrophoresis Grade, Gibco BRL, Invitrogen, UK) gel electrophoresis, stained with ethidium bromide
and visualized by ultraviolet (UV)-induced fluorescence.
HV0 classification into subhaplogroup HV0a was based
on the gain of the 15904-MseI site, while the remainder
HV0* would group together those HV0 lineages that do not
belong to HV0a [25]. Subhaplogroups of the hg U were
determined on the basis of control region polymorphisms
[31]. The remaining samples assigned to hgs D [27], L3f
[32], N2a [33], and N1b [28] on the basis of HVS-I motifs
classification were investigated using PCR conditions
suggested by Torroni A. (Department of Genetic and
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Table 1 Amplification primers and characteristic restriction sites for RFLP analysis in the main western European mtDNA haplogroups
Amplification primersa 5′ to 3′

Polymorphic restriction sitesb

Hg

6924–6947 FW
7836–7859 RV
14360–14381 FW
14830–14849 RV
9920–9939 FW
10628–10649 RV

GCCCTAGGATTCATCTTTCTTTTC
CGTTGACCTCGTCTGTTATGTAAA
CACAGCACCAATCCTACCTCCA
AGCCGAAGTTTCATCATGCG
CGCCTGATACTGGCATTTTG
AGGCACAATATTGGCTAAGAGG

−7025 AluI

H [26]

15698–15718 FW
16019–16040 RV
11477–11503 FW
11720–11750 RV*
12104–12124 FW
12309–12338 RV*
3935–3954 FW
4632–4653 RV
8854–8873 FW
9228–9253 RV

CGCCCACTAAGCCAATCACTT
GCTTCCCCATGAAAGAACAGAG
GGCTATGGTATAATACGCCTCACACTC
TTGCTAGGCAGAATAGTAATGAGGATGTAGGd
CTCAACCCCGACATCATTACC
ATTACTTTTATTTGGAGTTGCACCAAGATTd
GCTTCAACATCGAATACGCC
TGAGGAAATACTTGATGGCAGC
GCGGGCACAGTGATTATAGG
CATGGGCTGGGTTTTACTATATGATA

+11718 HaeIII; −14766 MseI
+14465 AccI
+10032 AluI, −10397 AluI
+4216 NlaIII; +10394 DdeI
+10394DdeI; +12308 HinfI
+10397 AluI; −10871 MnII
+4216 NlaIII; −10394 DdeI
+4577 NlaIII; +11718 HaeIII;
−14766 MseI
+11718 HaeIII; +14766 MseI

HV [13, 27]
X [13]
I [13]
J [13]
K [13]
M [11, 13]
T [13]
HV0c [25]

−10394 DdeI; +12308 HinfI

U [11, 13]

−4577 NlaIII; +11718 HaeIII; −14766
MseI; +15904 MseI
−8994 HaeIII

V [11, 13]

R0c [28]

W [11, 13]

a

Primers are numbered according to Anderson et al. [22] and Andrews et al. [23].
Haplogroup diagnostic markers are in boldface; other polymorphic restrictions sites are haplogroup related.
c
Haplogroups HV0 and R0 were previously know as pre*V and preHV, respectively [30].
d
The underlined nucleotide indicates the mismatch G instead of A. Mismatched primers were used in order to screen for an A to G transition at:
(1) np 11719 in ND4 gene that generates a HaeIII site when the mutation is present [29]; (2) np 12308 in the tRNALeu gene that generates a HinfI
site when the mutation is present [11].
b

Microbiology, University of Pavia, personal communication) at the following RFLP sites: ¬5176 AluI for hg D;
RFLP sites:–10871 MnlI for hg L3f; RFLP sites:–12696
MboII for hg N2a; RFLP sites:–11362 AluI, for hg N1b1.
In addition, some samples with HVS-I motifs 16224–
16311 and 16126–16294, respectively, proposed for hgs
K and T [13], but not confirmed by DdeI at np 10394,
were investigated for supplementary RFLP sites: HhaI at np
9053, the absence of which was typical of hg K and AvaII
at np 13367, the absence of which characterized hg T [13].
Statistical tests
Reduced-median-network analysis was conducted on each
laboratory sample using the program NETWORK 4.1 [34].
Population tests of hg frequency heterogeneity among each
laboratory sample were performed with ARLEQUIN 3
[35]. Other statistical analyses were performed with Excel.

Results and discussion
The original database of the Ge.F.I. collaborative exercise
included 593 individuals from central and northern Italy
typed for HVS-I and HVS-II by 11 different laboratories.
Three laboratories were excluded from the exercise (two

laboratories failed the proficiency test (Labs 3, 5), and one
lab did not archive the sampled DNAs (Lab 7) thus
reducing the sample size to 437.
As a further quality control, it was agreed that three
samples from each laboratory had to be retyped by a
different laboratory; to select these samples, the eight
remaining population subsamples were individually submitted to network analysis, and the most outlying haplotypes were determined, i.e., those separated from the
closest haplotype by the largest number of base substitutions. Re-sequencing revealed that 6 out of 24 sequences
contained differences from the original submission by one
or more base substitutions; in one case (Lab 4), all three
haplotypes were different.
The results of the first phase of the exercise emphasized
the need to perform a more stringent quality control:
EMPOP processing and RFLP analysis.
The EMPOP analysis protocol consisted of two independent evaluations of the raw data; special attention was
given to point and length heteroplasmy issues, concerning
both interpretation and nomenclature topics. For the
polycytosine-stretch length heteroplasmies in HVS-I and
HVS-II, the “dominant mtDNA type” was recorded in the
database, i.e., the haplotype with the number of cytosine
residues present at higher proportions as estimated from
sequence electropherograms (Fig. 1). All samples were
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dominant G
16183

16193.1

1C insertion

Fig. 1 Example of length heteroplasmy polycytosine stretches in
HVS-I interpretation considering the “dominant type”. The transversion of A to C at position 16183 together with T to C transition at
16189 produce different C-stretch lengths. The majority molecule was
inferred by checking the highest “virtual” G peak of the ATG motif
downstream of the C-stretch. The highest virtual G peaks corresponds
to the dominant type, and the C-stretch ends two nucleotides before
that majority G peak. Using this method, the C-stretch in this sample
was annotated as 16193.1 C, as only one insertion was considered.

scrutinized for artificial recombination. Twenty-eight samples were suspicious because of odd combinations of HVSI and HVS-II motifs. In 22 cases, it was possible to go
back to the DNA to re-sequence the sample. In all 22
samples, the initial results were confirmed. In six cases, resequencing was not possible due to lack of DNA; therefore,
we decided to skip these six samples from the dataset.
After the EMPOP evaluation, 35 among the 437 samples
(8.0%) were excluded because of low sequence quality,
lack of complementary strands (11 cases) or artificial
recombinations (6 cases). Thus, 402 individual haplotypes
could be compared with the original data produced by each
individual laboratory. A surprisingly high number of
discrepancies were found; overall 71 disagreeing haplotypes (17.6%) were found, encompassing 101 individual
errors (Supplementary Table S2). In 21 cases, a nonexisting
mutation had been reported, whereas the remaining discrepancies were due to overseen polymorphisms. Most
discrepancies (66.3%) were due to table transcription errors
(clerical errors), erroneous interpretation of C-stretches in
cases of length heteroplasmy concerned 15.8 and 10.9% in
HVS-I and HVS-II, respectively, and 6.9% were omissions
of point heteroplasmic polymorphisms. It was observed that
the highest occurrence of phantom mutations concerns one
laboratory which used Dye primer chemistry on LICOR4200 instrument.
Lastly, our stepwise check procedure included hg
assignments by coding region RFLP analysis. As seven
samples could not be typed by RFLP analysis, probably due
to degraded DNA, the final sample incorporated into the
EMPOP database included 395 individual haplotypes from
eight laboratories.

The resulting haplotypes, their frequency distributions,
and their hg classifications are available at www.gefiforensicDNA.it (Supplementary Table S3).
The 395 sequences consisted of 332 different haplotypes, 306 of which were unique. The most frequent
haplotypes were “CRS, 263, 309.1C, 315.1C/–7025 AluI”,
observed in 20 individuals, and “CRS, 263, 315.1C/–7025
AluI”, observed in 14 individuals; in other European
populations, these two haplotypes are also the most
frequent, although their frequency is inverted [21, 36–38].
Among the other nonunique haplotypes, one was present in
four subjects, 5 were shared by three subjects each, and 18
were shared by two subjects each.
We wanted to compare hg assignments based on
sequence variation in the two hypervariable regions of the
mtDNA control region [24] with those based on RFLP
analysis of SNPs in the mtDNA coding region (Supplementary Table S4). In total, for 343 haplotypes (86.8%), the
hg assignments matched between the two methods; in
addition, RFLP analysis allowed a subclassification of a
further 22 haplotypes from 178 of cluster H (19 HV, 2 R0a
and 1 HV0*) and a subdivision of hg V into V (8) and
HV0* (5). For 12 haplotypes (3.0%), RFLP analysis
yielded a different hg affiliation than control region typing:
six control region hg H identifications were reclassified as
hg U, two hg I and two hg U assignments were all
identified as hg H samples, one presumptive W sample was
assigned to L3f, and one putative X sample was identified
as L1b by RFLP analysis. In conclusion, the RFLP typing
changed the hg assignment of 52 subjects (13.1%). Maybe
some of these errors in initial and final assignment was due
to a poor experience of forensic laboratories in classification by HVS-I/HVS-II status. Moreover, the hg cannot
unambiguously be identified based on the two hypervariable segments (HVS-I/HVS-II) of the control region.
These sequences are characterized by higher base substitution rates than the coding region and evolve more rapidly
[39], causing the appearance of homoplasy due to recurrent
and parallel mutations or reversions.
A drawback of the procedure of “cleaning” a database is
that it may introduce a bias, for example, if samples that are
more difficult to be sequenced and interpreted are preferentially excluded. One such case may be the 16189C
transition, which produces length heteroplasmy and results
in a blurred sequence after the C-stretch; reading such sequences may be difficult, and one could be inclined to
discard them. The occurrence of length heteroplasmy after
the T16189C transition is observed in west Eurasian samples
in approximately 15% [21, 40]; a significant departure from
this value would suggest a bias in reporting population
sample composition. As our database collected samples
from various Italian regions, it was checked for possible
bias by examining the 16189C frequency in each individual
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laboratory database without any other substitution in the
polycytosine C-stretch (16184–16193), a situation that
would lead to a blurred signal. The total frequency of these
haplotypes was 41 out of 395 (10.4%) ranging from 0–14.6%
among laboratories, and the contingency table χ2-test was
not significant for heterogeneity (χ2 8.83, 7 df, P=0.27).
The absence of sampling bias in one subpopulation sample
was assured by the involved laboratory, indicating that the
observed situation reflected the real structure.
A more general test of population differentiation was
conducted on the hg frequencies determined separately in
the eight subsamples (subsample size 29–73). The four
most frequent hg (H, T, K, and J) included 70.4% of the
entire sample and were present in all subsamples; no
evidence of heterogeneity was found using ARLEQUIN
exact test of population differentiation, both considering the
global sample and all 28 pair-wise comparisons (global test:
P=0.160±0.069). Thus, the regions of central and northern
Italy may be considered homogeneous for the frequency
distribution of mtDNA hg.
The majority of mtDNA sequences detected in the Italian
population falls into the most common west Eurasian hgs
[11–13, 25, 27, 28], listed according to phylogenetic
relationships: R0a, HV, H, HV0*, V, J, T, U, K, I, X, W.
The subhaplogroup R0a [30, 41] was found in this
sample at a very low frequency of 0.76%.
Hg HV sequences were found at relatively high
frequencies of 4.81%, with 0.25% for both subhaplogroups
HV1 and HV2 [42].
Hg H encompassed 38.99% of Italians, and thus
constituted, like in other European population samples
[41], the most frequent hg. For this reason, a definition of
hg H subclades could be extremely useful for forensic
investigations [41, 43].
The members of HV0 harbor the HVS-I motif 16298 in
association with RFLP motifs +4577 NlaIII and +11718
HaeIII, while the gain of 15904 MseI defines the clade
HV0a [25] that in turn contains V. The members of HV0a*
would then group together those HV0a lineages that do not
belong to V, which were not found in this Italian population
sample, while the paragroup HV0* was found at a frequency of 1.52%, comparable with those observed in Italy
by Torroni et al. [25]. Eight haplotypes were identified as
belonging to hg V [11, 13, 27].
Hg J [12, 13], encompasses 7.85% of the Italian west
Eurasians.
Hg T was the second most frequent hg in the Italian
population sample, with a frequency of 13.42% [13].
Of this Italian sample, 11.65% belong to hg U; a deeper
analysis of CR polymorphisms allowed a separation into
subhaplogroups U1a, U1b, U2e, U3, U3a, U4, U5a, U5a1,
U5b, U6a, U7, and U8b [31].
Hg K was found at a frequency of 10.13%.

Hg I, X, and W were found in this study at frequencies
of 1.52, 2.78, and 1.01%, respectively. Hg N2a (0.25%) and
N1b (1.27%) were observed at low frequencies, according
to other west European studies [13, 28]; the occurrence of
152, 16145, 16176G, 16223, 16390 polymorphisms in
these samples, in combination with a site loss at 11362
AluI led to a classification into subhaplogroup N1b1 [44].
In addition, a single African-specific sequence type,
belonging to hg L3f [31], was found in the Italian samples.
Two Asian hg [45, 46] were also discovered: hg M
(0.25%) and D (0.75%).
Two haplotypes did not fit into the described hg and
were classified as others (n.d.).
In conclusion, the Ge.F.I collaborative exercise permitted
a high-quality mtDNA Italian population database useful
for forensic purposes to be set up. Forensic mtDNA
databases are usually lacking in coding region polymorphism resolution, and to our knowledge, this is the first
forensic mtDNA database that reports the polymorphisms
of the two hypervariable regions of the control region
together with hg-defining coding region polymorphisms.
The project consumed much attention and time, needed
for stringent quality control. Despite all that participating
laboratories had to consolidate experience in forensic
investigations, a remarkable number of errors were found
in several steps of the collaborative exercise; this indicates
that mtDNA cannot be introduced as routine casework
marker without adequate experience in sequence interpretation (i.e., heteroplasmic conditions) and transcription (i.e.,
clerical errors) and without exact knowledge of reference
nomenclature and mtDNA phylogenetic structure.
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