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Abstract Mitochondrial DNA sequences of the hyper-
variable regions HVI and HVII were analysed in 83 Cau-
casians living in central Italy to expand the database for
forensic identification purposes, and 75 different haplo-
types resulting from 62 polymorphic positionsin HVI and
44 in HVII were observed. The most frequent haplotype
(263G, 309.1C, 315.1C) was shared by 7 individuals,
2 haplotypes were shared by 2 individuas, and 72 were
unique. The genetic diversity was found to be 0.99 and the
random match probability 1.9%. A condition of sequence
heteroplasmy was found in only one case at nt 16311,
whereas a length heteroplasmy was found in the ho-
mopolymeric stretch of cytosines 303—315. Our resultsin-
dicate that in direct sequencing beyond the poly-cytosine
stretch, the overlap is due to length heteroplasmy, whereas
the blurred signal occurs when the stretch is composed of
more than 10 cytosines.
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Population frequencies - Heteroplasmy - Forensic
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Introduction

Mitochondrial DNA (mtDNA) is a circular molecule of
16569 bp, present in up to thousands of copies per cell.
The high polymorphism of the D-loop (control region) in
the three hypervariable segments HV1, HV2 and HV3
and the number of copies for each cell make mtDNA a
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first-choice marker in identification analysis performed in
cases where DNA is only present in small amounts or
where it is badly degraded (Pa&bo et al. 1988; Ginther et
al. 1992; Holland et al. 1993; Gill et al. 1994; Kringset al.
1997; Weichhold et al. 1998). Maternal inheritance and
absence of recombination are other specific features of
this molecule, useful when identifying human remains by
comparison with matrilineal descendants or in establish-
ing the maternal relationship of living individuals. Since
the early 1990s the two non-coding HV1 and HV 2 frag-
ments of the control region have been analysed in an in-
creasing number of types of biological evidence from hu-
man remains, and mtDNA sequencing strategies have
been validated for forensic applications (Ginther et al.
1992; Hopgood et a. 1992; Sullivan et al.1992; Fisher et
al. 1993; Holland et al. 1993; Gill et al. 1994; Wilson et
al. 1995; Hopwood et al. 1996). Databases of mtDNA se-
gquences were also established from various populations to
assess frequencies of haplotypes and to estimate random
match probabilities. However, the absence of recombina-
tion in mtDNA that could affect the probability of identity
by chance (Allen et al. 1998), the occurrence of popula-
tion-specific lineage groups (Torroni et al. 1998), and the
observation that the number of haplotypes increases with
sample size (Budowle et al. 1999) suggest the need to ex-
pand databases as much as possible. Unlike the theoretical
model proposed by Francalacci et a. (1996), in which
hapl otypes approached the level of saturation, the increase
in number of aleles did show a nearly linear trend in a
large sample sequenced by Pfeiffer et al. (1999). Themain
aim of the present work was to contribute to the expansion
of HVI and HVII sequence mtDNA databases by investi-
gating a sample of Caucasians from central Italy.

Materials and methods
Extraction
DNA from fresh whole blood of 83 unrelated subjects of Cau-

casian origin born in central Italy was extracted according to stan-
dard procedures by phenol-chloroform (Budowle and Baechtel
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Table1l Sequences of primers used in this study

Regions  Amplifica- Nucleotide sequence
tion primer

HV1 L15971 5-TTAACTCCACCATTAGCACC-3
H16414 5'-CACGGAGGATGGTGGTCAAG-3
L 16140 5-TACTTGACCACCTGTAGTAC-3
H16258 5-TGGCTTTGGAGTTGCAGTTG-3

HV2 L00015 5'-CACCCTATTAACCACTCACG-3
HO00389 5-CTGGTTAGGCTGGTGTTAGG-3
L00145 5-CTCATCCTATTATTTATCGC-3
H00274 5-TGTGTGGAAAGTGGCTGTGC-3
Sequencing  Nucleotide sequence
primer

HV1 F15971-Seq 5-TTAACTCCACCATTAGCACC-3
R16414-Seq 5-CACGGAGGATGGTGGTCAAG-3

HV2 F29-Seq 5'-CTCACGGGAGCTCTCCATGC-3
R381-Seq 5-GCTGGTGTTAGGGTTCTTTG-3

1990), followed by slot blot quantitation using a specific higher
primate probe (Waye et al. 1989).

Amplification

The two hypervariable regions of mtDNA were amplified by the
polymerase chain reaction (PCR) using the primers listed in Table 1.
PCR was carried out in a 50 pl reaction mixture with 1 x re-
action buffer (10 mM TrissHCl pH 8.3, 50 mM KCI, 0.1%
Triton X-100), 1.5 mM MgCl,, 200 mM each dNTP, 0.4 mM each
primer, 2.5 U Tag polymerase and 0.1-1 ng DNA template was
added to the reaction mixture. Amplification was carried out in a
GenAmp System 2400 thermal cycler (Perkin EImer, Norwalk,
Conn.) using a hot start at 94°C for 30 s, followed by 38 cycles at
94°Cfor 20 s, 56°C for 10 s, and 72°C for 30 s. After purification
with a Microcon 100 spin-dialysis columns (Amicon Inc. Beverly,
Mass.), PCR products were quantified in a 2% agarose gel.

Sequencing and electrophoresis

Cycle sequencing was performed on both strands in a GenAmp
System 2400 thermal cycler using the ABI Prism BigDye Termi-
nator Cycle Sequencing Ready Reaction kit (Applied Biosystems,
Foster City, Calif.). An aiquot of 30 ng DNA and 2.5 pM se-
quencing primer (Table 1) were added to 4 pl reaction mix taken
to 20 pl with deionized water. Sequencing was carried out at 96°C
for 15 s, 50°C for 5 s, and 60°C for 60 s, for 25 cycles. The re-
moval of excess dye-deoxy terminators, primers and buffer was
accomplished with Centri-Sep spin columns (Princeton Separa-
tions, Adelphia, N.J.). The vacuum-dried sequencing product was
then resuspended in 12 ul of Template Suppression Reagent (Ap-
plied Biosystems), heat-denatured and chilled, and analysed by
capillary electrophoresis (CE) on an ABI Prism 310 (Applied Bio-
systems). The capillary was filled with run buffer Performance
Optimized Polymer POP 6 (PE/ABD). Samples were electrokinet-
ically injected in 30 s at 2.0 kv and separated for 36 min at 416 V
cmtand 50°C. The resulting data were analysed with PE/ABD
software Sequencing Analysis 3.0, and sequences were aigned
and compared with the Cambridge sequence (Anderson et al.
1981) from nt 15991 to 16394 for HVI and from nt 49 to 361 for
HVII by the Sequence Navigator Software 1.0.1 (Perkin EImer).
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Results and discussion

Primers for the HV1 and HV2 regions used in this study
yielded fragments of 404 bp and 313 bp, respectively. Se-
guences from both fragments were automatically analysed,
and a base call was assigned when peaks were clearly de-
fined and could not be confused with minor peaks from
background noise.

Seventy-five haplotypes resulting from 62 polymor-
phic positionsin HV1 and 44 in HV 2 sequences were ob-
served in the 83 Italians in this study. The most frequent
haplotype was shared by 7 individuals, 2 other less fre-
guent haplotypes were shared by only 2 individuals each,
and 72 were unique (Table S1). Comparison with the
Cambridge reference sequence (Anderson et al. 1981)
showed one A to G transition at nucleotide 263 in all sub-
jects, and a stretch of more than 5 cytosines at 311-
315 nucleotides in 79 individuals. Transitions were pre-
dominant in determining sequence deviation with respect
to transversions and insertions. More pyrimidine than
purine transitions were observed in HV1, a phenomenon
explained by the chemical nature of the nucleotide and its
position within the region (Wakeley 1993). The HV2 se-
guence only was involved in C insertions.

The haplotype 263G, 309.1C and 315.1C was the most
frequent in this study and, when compared with other
populations, it also turned out to be the most frequent in
Caucasoids living in north-west Germany (Pfeiffer et al.
1999) and the second most frequent haplotypein US Cau-
casians (Budowle et al. 1999). Haplotype 263G, with one
or more insertions at nt 309.1C and/or 315.1C, has aso
been found in other European populations (Piercy et al.
1993; Francalacci et al. 1996; Lutz at al. 1998; Parson et
al. 1998; Rousselet and Mangin 1998) and may be con-
sidered a common trait in Caucasians.

The mean pair-wise difference found in this study (8.4)
isvery similar to that observed for other Caucasian popu-
lations, i.e. 8.46 for Tuscany (Francalacci et al. 1996),
8.48 for Britain (Piercy et a. 1993), 8.38 for France
(Rousselet and Mangin 1998), 7.2 for France, 7.9 for
America and 8.4 for Austria (Budowle et al. 1999). The
genetic diversity calculated according to Tajima (1989)
was 0.99, and the random match probability calculated ac-
cording to Stoneking et al. (1991) was 1.9%. In view of
the different sample sizes and the relative number of alle-
les, these values rank with Caucasian populations as re-
ported by Budowle et al. (1999).

From the analytical point of view, the forward primer
produces better sequencing reactions, as previously re-
ported (Parson et al. 1998), depending on the purine/py-
rimidine content in the two strands.

The major problem encountered in analysis was inter-
pretation of sequence reactions in samples with overlap-
ping peaks of approximately the same height or with un-
balanced peaks still clearly above background noise, sim-
ulating a condition of heteroplasmy. This phenomenon, in
which two or more mtDNA populations are present in a
single individual, has shown a significant incidence in
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Fig.1 Overlap of two peaks at nucleotide 16311, indicating a con-
dition of heteroplasmy. Electropherogram displays one N, due to a
mixture of T and C nucleotides at approximately the same ratio

severa studies (Bendall et al. 1997; Parsons et al. 1997;
Parson et al. 1998; Baasner et al. 1998; Huhne et al. 1998;
Seo et al. 1998). Following the criteria suggested to dif-
ferentiate artefacts from true substitutions in direct se-
guencing, i.e. replication of sequences (Parsons et a. 1997),
sequence analysis of the opposite strand (Parson et al.
1998) and proportions of the two peaks (Huhne et al.
1998), all ambiguous sequences were correctly defined
and only one piece of dental pulp evidence from casework
showed a sequence exhibiting a heteroplasmic variant at
nt 16311 (Fig.1).

Heteroplasmic mutation points have been described,
especialy in the homopolymeric tracts of cytosines be-
tween nt 16184-16193 and 303-315, whereaT to C tran-
sition, at nt 16189 in HV1 and nt 310 in HV 2, determines
sequence heteroplasmy with a relatively common fre-
guency (Bendall and Sykes 1995; Marchington et al.
1997). Probably due to areplication slippage mechanism,
this mutation is amost always associated with one or
more cytosine insertions in the polycytosine stretches
which produce length heteroplasmy, and in direct se-
guencing beyond these tracts a characteristic unclear se-
guence is usually found (Bendall and Sykes 1995). The
unclear sequence beyond the C-stretch is believed to be
determined by sequencing artefacts or by overlap of dif-
ferent sequences deriving from length heteroplasmy (Ben-
dall and Sykes 1995).

The T to C transition at nt 16189 was observed in
16 subjects (19%) out of the 83 samples of this study, in
accordance with the literature (Bendall and Sykes 1995;
Hihne et al. 1998; Parson et a. 1998) and due to the si-
multaneous C to T transition in nt 16186 or C to A trans-
version in nt 16184 or 16192 affecting some sequences, a
stretch of 10 or more cytosines was found in only 10 sub-
jects. Of these, the transition at nt 16189 was coupled with
an A to C transversion at nt 16183 in 5 sequences, and
there was a double A to C transversion at nt 16182 and
16183 in one sequence (Table S1), generating 11 and 12 cy-
tosine stretches, respectively; in the remaining 4 samples
the stretch was 10 cytosines long. In the cases where 11 or
12 cytosine stretches were present, the signal beyond the
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Fig.2 Two sequences in the C-stretch beyond nt 310, due to
length heteroplasmy. Electropherogram shows another minor se-
quence over baseline, starting at nt 310, at a very low level and
shifted by one base with respect to the major sequence

homopolymeric C-stretch dropped drasticaly. In ho-
mopolymeric C-tracts 303-309 and 311-315, almost all
samples showed one or more C insertions, but the T at nt
310 was constantly present and the stretch was 9 cytosines
long at most. The signal of the sequences following this
stretch was clear and two overlapping sequences could be
interpreted in 14 samples (Fig.2), with generally small
minor peaks, as also reported by Parsons et a. (1997).
Moreover, one mother-son pair from casework (data not
shown) showed an unusual T to C transition at position
310, generating a stretch of 13 nucleotides, and in this
case beyond the C-stretch the sequence was unclear, asin
HV 1 C-stretch.

From the results of our study, it is assumed that the
blurred signal in direct sequencing of both regions is re-
lated exclusively to the length of the C-stretch, as the crit-
ical length for signal drop-out is more than 10 cytosines.
Direct sequencing does not establish whether the blurred
signal is due to a sequencing artefact or length hetero-
plasmy, but Bendall and Sykes (1995) ascertained by
cloning that this phenomenon is due to length hetero-
plasmy. The length heteroplasmy derived from cytosine
insertions in the homopolymeric C-tract 303-315 ob-
served in our sample in direct sequencing may be consid-
ered as two overlapping but clearly distinguishable se-
guences (Fig. 2).

An A to C transversion in the four adenines following
the C-stretchand aCto T transition at nt 16186, 16187 or
16192 were described by Bendall and Sykes (1995) and
interpreted as factors limiting homopolymeric tract ex-
pansion and length heteroplasmy since, according to these
authors, it is improbable that replication slippage acts on
homopolymeric tracts containing eight or fewer consecu-
tive cytosines. Our study showed the presence of muta-
tions in the adjacent region and inside the stretch, and
confirmed these overal dynamics in the homopolymeric
tracts of cytosines.

Another problem encountered in analysis, affecting
only 12 samples from our study, was the overlapping of
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two sequences for 10 nucleotides in the 16152-16161
stretch of the HVI region (Fig.3@), where a minimal
amount of DNA was recovered from old bloodstains and
hairs (data not shown). Since the adjacent region 16142—
16151 shows a sequence identical to those where the first
10 nucleotides of the reverse H16414 primer anneal, and
because from this overlap the peaks showed a drastic de-
crease in height up to the end of the molecule, we believe
that incomplete reverse primer annealing occurred in this
region, which yielded an additional 191 bp long PCR
product. Agarose gel electrophoresis of the HVI amplifi-
cation products from these samples confirmed the pres-
ence of two bands, differing for the postulated length
(Fig.3b). Two well-defined sequences without any over-
lap in the critical region 16152-16161 (Fig.3c, d), ob-
tained by sequencing the recovered bands from agarose
gels, further validated the hypothesis, as well as the disap-
pearance of the overlap when a new set of primers was
used (L15997 and H16401), with only four bases of the
reverse primer complementary to the homology region at
nt 16148-16151. High stringency amplification of thisre-
gion and attempts to vary the concentrations of primers
and DNA template were not able to resolve the problem
of overlapping, although the hypothesis of the unbalanced
concentration of the amplification reaction was the more
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Fig.3 aOverlap of two different sequencesin tract 16152-16161,
adjacent to a sequence showing ten nucleotides (box) complemen-
tary to H16414 primer strand. b Ethidium bromide-stained 1%
agarose-gel electrophoresis of HV1 amplified product, showing
overlapping peaks at nt 16152-16161. Left 50 bp, right 100 bp
molecular weight markers, middle HV1 amplification products rep-
resented by two bands near 200 and between 400 and 500 bp. ¢ Se-
guence from band sizing between 400 and 500 bp, eluted from gel,
showing disappearance of overlap in 16152—-16161 tract. d Se-
quence from band sizing near 200 bp, recovered from gel, showing
a 191 bp fragment ending at nt 16161 (with a 3' end extra-A)

probable explanation, as only old or degraded samples
were affected.

In conclusion, a sample of 83 subjects from central
Italy was examined in order to expand the mtDNA data-
base for identification purposes. These data confirm the
high polymorphism of mtDNA observed in studies per-
formed until now. Analysis of casework also confirmed
the suitability of this molecular analysis in identification
when nuclear DNA fails.
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