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Abstract The analysis of mitochondrial DNA polymor-
phisms has proved to be efficient on highly degraded sam-
ples or samples having little or no genomic DNA such as
hair shafts. In order to use this very sensitive method, the
authors first established a database by analysing the mito-
chondrial DNA polymorphism in 50 French white Cau-
casian individuals, applied the analysis to different types
of samples that can be found in forensic investigations
and finally performed this method on two forensic cases
involving the discovery of highly putrefied unidentified
remains.
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Introduction

In order to improve human identification methods based
on DNA analysis, many techniques have been devel oped.
Minisatellite and microsatellite PCR amplifications al-
lowed the analysis of small nuclear DNA samples but are
inefficient for highly putrefied samples. On the contrary,
the analysis of mitochondrial DNA polymorphism may be
efficient on these kinds of highly putrefied samples. Mito-
chondrial DNA is a 16 kb molecule which has been fully
sequenced (Anderson et al. 1981) and contains two very
polymorphic segments (HVR1 and HVR2) located in the
non-coding region (Greenberg et al. 1983; Vigilant et al.
1989). The mitochondrial DNA is strictly maternally in-
herited in humans (Giles et al. 1980) and is haploid, thus
permitting the direct sequencing of the PCR products. A
single cell contains many mitochondria (about 500) and
each mitochondrion possesses many DNA molecules, so
that 1000 to 10000 DNA molecules can be found in each
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human cell (Bogenhagen and Clayton 1974) in contrast to
asingle copy of nuclear DNA. All of these features of the
mitochondrial DNA make it particularly interesting for
human identification, especially when the remains are
highly putrefied. The method described by Sullivan et al.
(1991) consists of atwo-step amplification, the amplifica-
tion of a1333 bp fragment from the D-loop region and the
separate amplification of the two hypervariable regions
HVR1 and HVR2, followed by the automatic sequencing
of the PCR products. A sequence may be obtained even if
the 1333 bp fragment cannot be detected on an agarose
gel with less than 10 ng of DNA (Sullivan et al. 1991).
This technique has already been applied successfully to
numerous types of samples such as semen, hair shafts,
blood, hair, skin, faeces, bone, buccal cells, teeth, blood-
stains and semen stains on various substrates and hairs
subjected to specific treatments (Sullivan et al. 1991,
1992; Hopgood et a. 1992; Ginther et a. 1992; Piercy et al.
1993; Holland et al. 1993; Wilson et al. 1995 a, b; Stonek-
ing et al. 1995; Boles et al. 1995; Hopwood et al. 1996,
Ivanov et al. 1996).

In this paper the mitochondrial DNA polymorphism in
50 French Caucasian individuals is presented as well as a
comparison with other published population samples.
Furthermore, the technique has been tested on different
types of samples such as bloodstains, urine, hair roots and
hair shafts, saliva on envelopes, buccal swabs, nails, bones
and teeth and applied to two forensic cases.

Materials and methods

Sample extraction

Blood samples were collected in EDTA from 50 unrelated individ-
uals of white Caucasian French origin and kept frozen until extrac-
tion. The samples were washed twice with 1 ml of 1 x SSC by cen-
trifugation for 1 min at 10000 rpm. After discarding the super-
natant, 375 pl of 0.2 M sodium acetate, 10 ul of proteinase K (10
mg/ml, Boehringer Mannheim) and 12.5 pl of 20% SDS (Sigma)
were added to the pellet for an overnight incubation at 56°C. The
DNA was then purified by addition of 120 pl phenol, precipitated
by 2 volumes of cold absolute ethanol, washed with 1 ml of 70%
ethanol and resuspended in 400 ul of 1 x TE buffer.
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Table1l Sequence of the

primers used for mitochondrial Primer

Sequence from 5' to 3

DNA amplification of the

HVRL and HVR? regions 115926

HO0580
L 15997
H16401
L.00029
HO00408
M13(-21)L 15997
M13(-21)H16401
M13(-21)L00029
M13(-21)H00408

TCA AAGCTT ACA CCAGTCTTGTCT TGT AAA CC

TTG AGG AGG TAA GCT ACATA

CAC CAT TAG CACCCA AAGCT

TGA TTT CAC GGA GGA TGG TG

GGT CTA TCA CCCTATTAACCAC

CTG TTA AAA GTG CAT ACCGCC A

TGT AAA ACG ACG ACG GCC AGT CACCAT TAG CACCCA AAGCT
TGT AAA ACGACGACGGCCAGT TGA TTT CACGGA GGA TGG TG
TGT AAA ACG ACG ACG GCCAGT GGT CTA TCA CCCTATTAACCAC
TGT AAA ACGACGACGGCCAGTCTGTTA AAA GTGCATACCGCCA

Saliva on envelopes was transferred to swabs moistened with
sterile water. DNA from bloodstains, buccal swabs and salivafrom
the envelopes was extracted after cutting the stain or the swab into
small pieces (approximately 3 mm?) in 0.05 M Tris pH8, with 150
pg/ml proteinase K and 1% SDS. After 2 hincubation at 37°C, the
liquid was recovered in a microtube, extracted twice with phe-
nol/chloroform and once with chlorof orm/isoamylalcohol and con-
centrated on Centricon 30 (Amicon) (Hopkins et al. 1994).

DNA from hair roots was extracted by incubation in 200 pl of
20% chelex at 56 °C overnight. The mixture was boiled for 8 min
at 100°C, centrifuged for 3 min at 10000 rpm and the supernatant
was recovered in a clean microtube (Walsh et al. 1991).

Hair shafts (1 cm) were digested in 0.5 ml PBS 1x, 40 ul 0.5 M
DTT and 15 pul proteinase K (10 mg/ml) for 6-8 h at 56°C. Then
40 pl 0.5M DTT and 15 pl proteinase K were added and incubated
for 6-8 h at 56°C. After centrifugation at 10000 rpm, the super-
natant was transferred to a clean microtube and the DNA was pu-
rified by extracting twice in phenol/chloroform and twice in n-bu-
tanol.

Fingernails were cut in 1-2 mm pieces, rinsed once with 1 N
NaOH and twice with water. Then, 500 pl of buffer (10 mM Tris-
HCI pH 8.3, 50 mM KCI, 0.45% NP-40, 0.45% Tween-20, 0.01%
gelatin), 7.5 pl proteinase K (10 mg/ml) and 25 pl 10% SDS were
added for a 16 h incubation at 37 °C. After one phenol/chloroform
extraction, 4 il RNaseA was added for another 30 min incubation
at 37°C. The DNA was then extracted once with phenol/chloroform
and once with chloroform/isoamylalcohol (Kaneshige et al. 1992).

Urine samples (20 ml) were centrifuged for 10 min at 3000 g.
After removing the supernatant, the cells were resuspended in 20
ml 1 x SSC for 20 min at room temperature, centrifuged for 10 min
at 3000 g and digested in 1.5 ml 1 x PBS and 25 pl proteinase K
(10 mg/ml). The DNA was purified by extracting twice in phe-
nol/chloroform and once in n-butanol (Prinz et al. 1993).

Dental pulp was cut into small pieces and incubated in a solu-
tion containing 2 ml/g 1 x PBS, 60 pl/g proteinase K (10 mg/ml)
overnight at 37°C, extracted twice with phenol/chloroform and
once with chloroform/isoamylal cohol.

Bones were first powdered in liquid nitrogen and incubated in
a solution containing 2 ml/g 0.5 M EDTA pH8, 200 pl/g pro-
teinase K (10 mg/ml) and 10 pl/g triton x100 overnight at 37°C.
The DNA was purified by extracting twice in phenol, twice in phe-
nol/chloroform and once in chloroform/isoamylalcohol, and con-
centrated on Centricon 30 (Amicon) (Gill et al. 1994).

All DNA samples, except those from whole blood, were pre-
cipitated with cold ethanol and recovered in 30 pl of sterile water,
in order to concentrate them.

PCR amplification

The technique used was first described by Sullivan et al. (1991)
and the sequences of all the primersinvolved are listed in Table 1.
This two-stage technique represents a good strategy to obtain spe-
cific PCR products from intact DNA, as the specificity isincreased
by the use of internal primers during the second round of amplifi-
cation.

9 10 1112 13 L

L 12 34 5 6 7 8

L S1 S2S3 S4 D1 D2 D3 D4 D5 D6

-
-

Fig. 1 Electrophoresis results of (top) amplification of the 1333
bp fragment; lanes 1 to 4: buccal swabs; lanes 6 and 7: fingernails;
lanes 9 and 10: urine samples; lanes 5, 8 and 11: negative extrac-
tion controls for buccal swabs, fingernail and urine samples re-
spectively; lane 12: amplification positive control; lane 13: ampli-
fication negative control; L: 100 bp ladder (Gibco BRL) and of
(bottom) asymmetric amplification of the HVR1 400 bp region; S1:
hair; S2-$4: bones, D1-D6: teeth; L: 100 pb ladder (Gibco BRL)

In the first round of amplification, the primers L15926 and
HO0580 give rise to a 1333 bp fragment containing both hyper-
variable regions HVR1 and HVR2. The reaction was performed
with 5 pl of DNA in a 25 pl volume containing 1 x PCR buffer
(Gibco BRL), 1.5 U of Tag polymerase (Gibco BRL), 400 ng/ul of
BSA (Gibco BRL) and 1 uM of each primer (Genset, France).
Thirty cycles of amplification (45 s at 94°C, 1 min at 50°C and
5 min 30 sat 72°C) were performed on a GeneAmp PCR System
9600 (Perkin Elmer). A 10 pl aliquot was visualized under UV
light after electrophoresis at 100 V for 2 h in 1 x TBE buffer on
1.5% agarose gel's (Seakem) using ethidium bromide staining (Fig. 1,
top).

In the second round of amplification, chimeric primers contain-
ing the sequence complementary to the universal -21M 13 primer at
their 3' end, allowed PCR products to be obtained which can be se-
quenced directly using acommercially available universal -21M13
primer. The ratio between the normal primer and the chimeric
primer (1 uM vs. 20 nM) generated single stranded DNA, thus
avoiding double strand sequencing or the need to purify single
stranded DNA on Dynabeads (Dynal Oslo, Norway). An aliquot of
0.5 pl from the first amplification was used directly without purifi-
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cation (Hopgood et al. 1992) in a50 pl volume containing 1 x PCR
buffer (Gibco BRL), 2.5 U of Tag polymerase (Gibco BRL), 100
ng/ul of BSA (Gibco BRL), 1 uM of normal primer and 20 nM of
chimeric primer. The primer pairs used were L15997/M13
(-21)H16401 and M13(-21)L 15997/H16401 for HVR1 and L00029/
M13(-21)H00408 and M13(-21)L 00029/ HO0408 for HVR2. The
amplification (45 s at 94°C, 1 min at 60°C for HVR1 and 53°C
for HYR2, and 3 min at 72°C) was performed for 32 cyclesin the
9600 system (Perkin Elmer). The PCR product was run on 3%
Nusieve agarose gels after 45 min of migration at 100V in 1 x TBE
and visualized by ethidium bromide staining (Fig. 1, bottom).

DNA sequencing

The single stranded DNA products obtained through the asym-
metric PCR were sequenced using the DNA Sequencing Kit Dye
Primer Cycle Sequencing Ready Reaction -21M13 (Applied
Biosystems) and analysed on a 6% polyacrylamide denaturing gel
on an automated DNA sequencer model 373A (Applied Biosys-
tems) using the 373A software. The sequences were then com-
pared to the reference sequence (Anderson et a. 1981) using the
Sequence Navigator software (Applied Biosystems).

Results

All of the 50 French Caucasian individuas studied
showed a sequence different from the reference sequence
(Anderson et al. 1981) when both hypervariable regions
HVR1 and HVR2 were studied together (Fig. 2). Among
the differences observed, some were systematically found
in al individuals (e.g. an A to G transition at position 263
and a C insertion between positions 310 and 314) and oth-
ers were very frequent (e. g. an A to G transition at posi-
tion 73 and the insertion of 1, 2 or 3 C between positions
302 and 308).

For the HVRL1 region, 44 different haplotypes were ob-
served in 50 individuals of which 41 were unique, 2 were
found in 2 individuals (individuals 26 and 35, and indi-
viduals 46 and 49) and 1 was found in 4 individuals (6,
24, 38 and 43). For the HVR2 region, 32 different haplo-
types were distinguished among the 50 individuals of
which 23 were unique, 5 were found in 2 individuals (3
and 20, 10 and 14, 28 and 40, 29 and 45, 35 and 50), 1
was found in 3 individuals (9, 15 and 23), 2 in 4 individ-
uals (individuals 1, 11, 33 and 43, and individuals 5, 7, 21
and 42) and 1 in 6 individuals (6, 19, 26, 30, 36 and 41).
The mean pairwise difference for the French Caucasian
population sample studied here was 8.38 (Fig. 3).

Application to different kinds of samples

This technique has been successfully performed on dif-
ferent kinds of samples such as bloodstains, urine, hair roots
and hair shafts, saliva on envelopes, buccal swabs, nails
(which were collected from laboratory staff), bones (from
acorpse a the Institute of Legal Medicine of Strasbourg)
and wisdom teeth (kindly provided by the Faculty of On-
dotology of Strasbourg) (Table 2). Sequences obtained for
different types of samples from the same individual (blood
and urine from individual A; blood and hair roots from in-
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dividual B; blood, hair roots, hair shafts and saliva from
individual C; blood, buccal swab, hair roots, saliva and
fingernails from individual D; blood, bucca swab, urine,
hair roots, hair shafts, saliva and fingernails from individ-
ua E) were the same, thus showing the somatic stability.
A sequence was obtained even though no DNA was de-
tected on yield gels (data not shown) for hair shafts, nails
or saliva on envelopes.

All of the 15 individuals studied, except 2, showed se-
guences different from each other and different from the
reference sequence (Anderson et al. 1981). Two individu-
as (K and O) showed the same sequence, which was dif-
ferent from the reference sequence and, after investigating
the origin of these two samples (which were wisdom
teeth), we found that these two individuals were brothers
thus explaining the identical mitochondrial sequences.

All the variations from the reference sequence (an A to
G trangition in position 263 and an additional C between
positions 310 and 314), observed in the 50 French Cau-
casian individuals were also found in al the individuals
tested here.

Application to forensic casework

The method has already been applied to two forensic
cases. Thefirst case involved highly putrefied remains of
a human female head, legs and the lower part of a trunk,
which were found in different places. In order to establish
if the head and legs belonged to the same victim, we
analysed the HVR1 region only on the DNA extracted
from 0.5 or 1 g of bone powder and from leg muscle. The
comparison of the three samples sequences with the refer-
ence sequence was only possible over 178 bp and showed
aCtoT transition at position 16218 from the skull, a G to
C transversion at position 16129 and a deletion between
positions 16180 and 16183 from the leg muscle (Table 3,
top). The two bone samples showed the same sequence
which was different from the one obtained from the leg
muscle, thus proving that the legs and the head belong to
two different victims.

The second case concerned an unidentified victim dis-
covered in France in September 1995. The corpse was
highly putrefied, the only samples available for identifica-
tion were hair, putrefied muscle attached to the femur and
thigh bone. The mitochondrial DNA typing of the HVR1
region only was performed on these samples. Sequences
were obtained from the putrefied muscle and from the
bone (0.65 and 1.35 g) but not from the hair. The se-
quences, which were aligned over 250 bp, were all identi-
cal and showed four mutations in comparison to the refer-
ence sequence: a G to C transversion at position 16129,
an A to C transversion at position 16183, aC to T transi-
tion at positions 16188 and 16250, and an A to G transi-
tion at position 16275 (Table 3, bottom). The victim has
not yet been identified, but the 250 bp sequence on the
HVR1 region should alow the comparison with blood
DNA sequence obtained from any possible maternal rela-
tive.
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Only two of the seven different polymorphisms found
in these two cases have already been observed in the

French Caucasian population sample (16129 once and

Fig. 2 Mitochondrial DNA polymorphism in 50 French Cau-
casian individuals. The polymorphisms have been numbered ac-

cording to the reference sequence (at the top) (Anderson et al.
1981). Insertions are noted by stars and dashes indicate positions

identical to the reference sequence

16183 six times) and the study of the HVR1 region only
was sufficient to discriminate the different individuals.
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Mean pairwise differences : 8.38
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Fig. 3 Number of pairwise differences between the 50 French Caucasian individuals

Table 2 Kinds of samples
anaysed for each individual in

the application

Table 3 Polymorphic sites observed in the two forensic cases

Sample

Individua

Blood

Buccal Urine
swab

Dental
pulp

Hair Bone

shafts

Hair
roots

Sdaliva  Finger-
nails

X |X|[X]|X
X
X

X|X|[X|X[X]|X]|X]|X

o|Z|IZ|T R« |T|®o|mMm|O|O|®]|>

XX |X|X|[X]|X

Case 1l

Position 16129 16180 16218

Reference sequence G A C

Bone (0.5 g) G A T

Bone (1 g) G A T

Leg muscle C - C

Case 2

Position 16129 16183 16188 16250 16275
Reference sequence G A C C A
Muscle C C T T G
Bone (0.65 g) C C T T G
Bone (1.35 g) C C T T G

Discussion

According to the restriction sites published by Wallace et
a. (1991), only 21 of the 88 polymorphisms (18 for
HVR1 and 3 for HVR2) can be detected by RFLP analy-
sis (Table 4) thus showing that mitochondrial DNA se-
quencing may detect about four times more polymor-
phismsthan RFLP analysis, as already published by Horai
and Hayasaka (1990) for Japanese individuas. The HVR1
region is the most variable with 59 polymorphic sites ver-
sus only 31 for the HVR2 region (66% for HVR1 and
34% for HVR2), as already observed in India (60% for
HVR1 and 40% for HVR2; Bamshad et a. 1996) and in
Argentina (56% for HVR1 and 44 % for HVR2; Ginther
et al. 1993). Out of the 88 variable sites, only 5 (195, 295,
16129, 16265 and 16380.1) showed many possible substi-
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;‘;PL% bl;c:;érgggh@séﬁ p Localisation Nucleo-  Mutation Original Mutated Enzyme Consequence
polymorphism: few polymor- tide sequence sequence
pRisms presert I the French 146 T c ccTe ccee Ml loss
scribed can be detected by the 257 A G GCAC GCGC Hhal gain
gain or loss of a particuliar en- 263 A G GCCAC GCCGC FnudH| loss
zyme restriction site 16051 A G GGTACC GGTGCC Kpnl loss
16051 A G GTAC GTGC Rsal loss
16069 C T GACTC GACTT Hinfl loss
16093 T C GTAT GTAC Rsal gain
16124 T C AATATT AATATC SSpl loss
16126 T C GTAC GCAC Rsal loss
16129 G A GGTACC AGTACC Kpnl loss
16129 G C GGTACC CGTACC Kpnl loss
16180 A G TCAA TCGA Tagl gain
16189 T C CCTC CCcCC Mnil loss
16209 T C GTAC GCAC Rsal loss
16222 C T CCTC TCTC Mnll loss
16223 C T CCTC CTTC Mnll loss
16224 T C CCTC CCcC Mnil loss
16278 C T GATACC GATATC EcoRV gain
16304 T C GTAC GCAC Rsal loss
16311 T C GTAC GCAC Rsal loss
16356 T C CTTC CCTC Mnll gain
16368 T C CCATGG CCACGG Ncol loss
16390 G A GGTCC AGTCC Avall loss
tutions and a 20:1 transition/transversion ratio was de-
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