
Abstract In order to identify polymorphic positions and
to determine their frequency in the human mitochondrial
D-loop containing region, the mitochondrial DNA (mtDNA)
control region of 200 unrelated individuals from Germany
were amplified and directly sequenced. Sequence compar-
ison led to the identification of 190 mitochondrial lin-
eages as defined by 202 variable positions. The most fre-
quently occurring lineage comprised 5 individuals, where-
as 186 types of D-loop sequences were observed in only
one individual. Of the sequences studied 7% are not unique
but show at least one counterpart with an identical haplo-
type. The majority (61%) of the control regions investi-
gated showed between four and eight nucleotide positions
deviating from the reference sequence. The maximum
number of deviations observed in a single control region
was 18. The majority of the variable positions in the D-loop
region (88%) are located within three hypervariable re-
gions. Sequence variations are caused by nucleotide sub-
stitutions, insertions or deletions. As compared to inser-
tions and deletions, nucleotide substitutions make up the
vast majority of the mutations (90%). We have predomi-
nantly found transitions (75%) and a significantly lower
frequency of transversions (15%) whereas insertions (6%)
as well as deletions (4%) are rather rare. Upon sequencing
the mitochondrial control region from 200 German Cau-
casians the genetic diversity was estimated at 0.99. The
probability of two randomly selected individuals from a
population having identical mtDNA types is 0.6%.
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Introduction

Human mitochondrial DNA (mtDNA) is a double-strand-
ed closed circular molecule present in 1,000–10,000 co-
pies per cell [1]. The complete nucleotide sequence of the
16,569 bp human mitochondrial DNA was determined in
1981 [2]. Analysis of the genome structure revealed that
the human mitochondrial DNA is very compactly orga-
nized. It carries a single non-coding region of significant
size (1,122 bp) located between the tRNA genes for pro-
line (tRNAPro) and phenylalanine (tRNAPhe). This so-
called “control region” or “D-loop containing region”
contains the origin of replication for the synthesis of the
H-strand (OH) as well as the promoters for both H- (HSP)
and L- (LSP) strand transcription [3, 4]. Despite its func-
tional importance, this region is believed to be the most
rapidly evolving part of the molecule [5].

Nucleotide substitutions accumulate in the mitochon-
drial genome with a rate considerably higher than for sin-
gle-copy nuclear DNA [6]. This is most probably due to
the lower efficiency of DNA repair as well as to a higher
frequency of DNA replication errors in mitochondrial
DNA [7]. Consequently, mtDNA and in particular the
non-coding region, is highly polymorphic.

Owing to the high copy number of mtDNA molecules
per mitochondrion and to the high number of mitochon-
dria per cell, there is a 103 to 104-fold molar excess of mi-
tochondrial DNA as compared to genomic DNA. This
quantitative consideration as well as the strictly maternal
inheritance, the lack of recombination and the high muta-
tion rate of mitochondrial DNA are the main reasons for
the use of mitochondrial sequences in forensic medicine
[8], population studies [9], molecular evolution [10], an-
thropology [11] and archaeology [12]. The usage of poly-
morphic nuclear DNA loci for forensic analyses has been
frequently hampered by highly degraded template DNA
or very small DNA samples. Several recent studies
demonstrated that in these cases the analysis of mitochon-
drial sequences can yield a higher rate of success [12–19].
Knowledge on the frequencies with which certain mito-
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chondrial DNA sequences occur in a given population is
of crucial importance for the application of mitochondrial
markers in forensic studies. To further our understanding
of this matter we have carried out a population study in-
cluding 200 unrelated individuals from Germany.

Materials and methods

Samples were taken from unrelated German Caucasians from
southern Germany partly as muscle tissue from corpses (n = 149)
and partly blood from volunteers (n = 51).

DNA extraction from muscle tissue

DNA was extracted from 0.5 g muscle tissue from corpses by
freezing and thawing. The tissue sample was ground and incubated
overnight in extraction buffer (10 mM Tris-HCl, pH 8.0, 10 mM
Na2EDTA, pH 8.0, 100 mM NaCl, 20% SDS, 40 mM DTT) with
proteinase K (800 µg/ml) at 56°C. After two extractions with phe-
nol/chloroform DNA was precipitated with ethanol and the dried
pellet was resuspended in 80 µl bidistilled water. DNA concentra-
tions were determined by gel electrophoresis (0.8% agarose gel)
and compared with a defined DNA reference standard using the
Bioprofil Bio 1D computer program from LTF-Labortechnik.

DNA extraction from blood samples

EDTA blood samples of 1 ml were taken from volunteers. After
freezing, thawing and mixing with an equal volume of 1 × SSC
buffer (15 mM sodium citrate, 150 mM NaCl), the nuclei were pel-
leted by centrifugation (5 min at 8,000 g). After discarding the su-
pernatant, the pellet was washed twice with 1 × SSC buffer and
centrifuged again (5 min at 8,000 g). The nuclei were resuspended
in 700 µl bidistilled water, 50 µl 3 M NaAc, pH 7.0, 50 µl 10%
SDS and 20 µl proteinase K (20 mg/ml) and incubated overnight at
56°C. Purification, extraction and quantitation of DNA were car-
ried out as described for muscle tissue.

Amplification and sequencing of mtDNA

PCR amplification using the primer pairs L15995/H16488,
L16221/H259 and L182/H619 yielded fragments of 575 bp, 688
bp and 516 bp, respectively. The primers are numbered according
to the location of their 3′-ends in the reference sequence [2] and
“L” and “H” designate the light and the heavy strands of the
mtDNA molecule, respectively. The L-strand primers carry at the
5′-end a sequence derived from the universal primer (M13*),
whereas the H-strand primers carry a 5′-terminal sequence derived
from the reverse primer (Rev*) (see Table 1). The resulting three
PCR products cover the entire mitochondrial control region (Fig.
1). The PCR products were separated from residual primers and di-

rectly sequenced by cycle sequencing. Both strands were se-
quenced using fluorescence-labeled primers, the sequences of
which correspond to the 5′ ends of the PCR primers (Table 1). The
373A DNA Sequencer (Applied Biosystems) was used for separa-
tion and detection of the fluorescence-labeled chain termination
products.

Data analysis

Sequences were aligned and compared with the reference sequence
using the Sequence Navigator computer program (Applied Biosys-
tems, Sequence Navigator, version 1.0.1). The results were con-
verted into a Microsoft Excel table (Microsoft Corporation 1995,
Microsoft Excel, version 5.0). Each nucleotide substitution, dele-
tion or insertion was registered and summarized in Tables 2, 3, and
Figs.2–4.

Results and discussion

In this study we have determined the nucleotide sequence
of the mitochondrial control region from 200 persons who
were unrelated in their maternal lineage. Sequence com-
parison led to the identification of 190 mitochondrial lin-
eages as defined by 202 variable positions. The most fre-
quently occurring lineage was represented by 5 individu-
als whereas 186 lineages were observed in only one per-
son. Statistical analysis of the number of polymorphic
sites per sequenced control region revealed that 61% of
the sequences exhibit between four and eight nucleotide
substitutions, insertions and/or deletions as compared to
the Anderson sequence [2]. Among the 200 samples in-
vestigated, we found a single control region carrying the
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Table 1 Sequences of primers
used for amplification and se-
quencing of mitochondrial
DNAs in this study. ‘L’ and
‘H’ stand for the light and
heavy strand of the mtDNA
molecule, respectively. The
primers are numbered accord-
ing to the location of their 3′-
ends in the reference sequence
[2]

Amplification primer Nucleotide sequence

L15995 5′CGTAAAACGACGGCCAGTGAACTCCACCATTAGCACCCAAAG 3′
H16488 5′GGAAACAGCTATGACCATGAGGAACCAGATGTCGGATACAG 3′
L16221 5′GTAAAACGACGGCCAGTGAACAAGCAAGTACAGCAATCAAC 3′
H259 5′GGAAACAGCTATGACCATGGATGTCTGTGTGGAAAGTGGCT 3′
L182 5′GTAAAACGACGGCCAGTGACGCACCTACGTTCAATATTAC 3′
H619 5′CGGAAACAGCTATGACCATGGGTGATGTGAGCCCCGTCTAA 3′

Sequencing primer Nucleotide sequence

Universal (M13*) 5′GTAAAACGACGGCCAGTGA 3′
Reverse (Rev*) 5′GGAAACAGCTATGACCATG 3′

Fig.1 Amplification and sequencing strategies for the analysis of
control regions of human mitochondrial DNAs. The location of all
primers used in this study is indicated by the position in the refer-
ence sequence [2] that corresponds to the 3′ end of the primer. The
orientation of the primers is denoted by arrows. ‘L’ and ‘H’ stand
for the light and heavy strand of the mtDNA molecule, respec-
tively. ‘M13*’ and ‘Rev*’ designate the sequences derived from
the universal or reverse primer which were added to the 5′ termi-
nus of the PCR primers to allow for subsequent sequencing with
fluorescence-labeled primers
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Table 2A Nucleotide sequence difference in the major non-coding region of 200 German Caucasian
mtDNAs. Sequences were aligned with a reference sequence [2] using the Sequence Navigator com-
puter program (Applied Biosystems, Sequence Navigator, version 1.0.1). The L-strand reading sense
is shown. The base number of each marked site is written vertically above the base and corresponds
with the base in the reference sequences. Shown are nucleotides at 202 positions on the basis of a

comparison of 1192 bp (15996–16569, 1–618) where nucleotide substitutions, deletions, or insertions
were observed in at least one individual. The nucleotide in the reference sequence [2] is shown below
the order for polymorphic sites. For other sequences, only the differences from the reference se-
quence are indicated, by letters for base substitutions and by dashes for deletions/insertions. Letters
following a number (a–d) indicate additions of nucleotides not found in the reference sequence
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C
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C
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C
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C C

C
C
C
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C
C C
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C
C

C C
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C
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C
C C A

C
C C G G G
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C
C C
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C
C

C C

C
C
C
C
C T
C
C
C

C C
C

C C
C
C

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5
5 6 6 7 8 8 9 9 9 9 0 1 1 1 2 2 2 2 2 2 3
6 2 6 7 2 9 4 7 8 9 8 3 4 6 2 3a 3b 3c 3d 7 7

C C T T T T C C C G A G C C C – – – – C C
T C –

C A
T C

G C A
C A C A

C A C A
T C –

–

T G C A C A G

T T
T
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A
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–
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T C A C A
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–
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T

T
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–
T
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C
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C
C A G

T C A

C A
–
–

T

A

C
T

T
A

–
–

T

0 0 0 0 0 0 0
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5 5 5 5 5 5 5
4 6 7 7 7 7 9
7 2 3a 3b 3c 4 9

A A – – – A A

G G

T

G

C

C

C C C
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105
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108
109
110
111
112
113
114
115
116
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118
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120
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122
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125
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129
130
131
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146
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150
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156
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162
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171
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175
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182
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184
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196
197
198
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
0 1 1 2 2 2 2 3 3 4 5 5 5 5 6 6 6 7 7 8 9
8 5 7 5 6 7 8 5 9 2 0 6 7 8 0 3 9 1 2 5 1

T A T G T A G A T C T C A C G A C C A C A
G
G
G
G
G
G
G
G
G

A
G
G
G
G
G
G
G
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G
G
G
G
G
G
G
G
G
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G
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G
G
G
G
G
G
G
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G
G
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G
G
G
G
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G
G
G
G
G
G
G
G
G
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G
G
G
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G
G
G
G
G
G
G
G
G
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G
G
G
G
G
G
G
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G
G
G
G
G
G
G
G
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2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4
9 9 0 0 0 1 1 1 1 1 2 2 2 3 3 4 6 0 1 3 3
5 9 3 9a 9b 0a 5a 5b 7 9 1 4 7 0 4 0 5 8 8 8 9a
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C
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C
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C C
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C
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C
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C
C
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C
C
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C
C C

C
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C
C
C
C
C
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maximum number of 18 deviations from the standard se-
quence. On the other hand, three sequences were found
which showed no change at all and were thus (at least in
this region) identical with the Anderson sequence [2]. A
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Table 3 Occurrence and dis-
tribution of nucleotide substitu-
tions, deletions and insertions
in the hypervariable regions I
to III (HV I–III) on the L-
strand of the control region of
the mitochondrial DNA from
200 maternally unrelated per-
sons from Germany. (Pu:
purine-base, Py: pyrimidine-
base, A: adenine, C: cytidine,
G: guanine, T: thymine)

Mutation type HVI HVII HVIII

Number of Total number Number of Total number Number of Total number
positions of mutations positions of mutations positions of mutations

Substitutions
Transitions

Py-Py
C–T 38 159 12 40 7 30
T–C 23 204 14 104 4 20

Pu-Pu
A–G 14 31 12 299 3 2
G–A 6 21 8 34 2 3

Total 81 415 46 477 16 55

Transversions
C–A 5 5 5 6 0 0
A–C 2 2 1 3 0 0
C–G 4 6 4 13 2 3
G–C 1 1 0 0 0 0
T–G 0 0 0 0 0 0
G–T 0 0 0 0 0 0
A–T 1 1 1 3 1 1
T–A 1 1 0 0 0 0

Total 14 16 11 25 3 4

Insertions
+C 0 0 2 276 1 0
+2C 0 0 2 13 1 0
+3C 0 0 0 1 1 1
+T 1 1 1 0 1 0
+CA 0 0 0 0 1 11
+2CA 0 0 0 0 1 2

Total 1 1 5 290 6 14

Deletions
–G 0 0 3 3 0 0
–A 0 0 2 2 0 0
–C 0 0 1 1 1 1
–CA 0 0 0 0 1 18

Total 0 0 6 6 2 19

Fig. 2 Number of sequence polymorphisms in the human mito-
chondrial control region as compared to the Anderson reference
sequence [2] (black bars) or a corrected reference sequence (gray
bars). X-axis: Number of polymorphisms per control region; Y-
axis: Number of individuals carrying a given number of polymor-
phisms; sample size: n = 200

Fig.3 Number and distribution of polymorphic positions in the
human mitochondrial control region among 200 maternally unre-
lated persons. X-axis: Nucleotide position in the control region.
Nomenclature is in accordance with Anderson et al. [2]. Y-axis:
Number of individuals who show certain deviations from the An-
derson sequence. The scale was limited to n = 35 in order to allow
for a better comparison of low values. Values above n = 35 are
given above the respective bars



distribution of the number of deviations per control region
is shown in Fig.2 (black bars). Each sequence was aligned
with the original Anderson sequence [2] and all deviations
were recorded (Table 2). As compared with our data set,
the Anderson sequence is atypical for three nucleotide po-
sitions: (I) at position 16,519, cytosine was normally pre-
sent instead of thymine, (II) at position 263, guanine was
normally present instead of adenine, and (III) at positions
311–315 the majority of sequences carried 6 cytosine nu-
cleotides instead of the 5 reported by Anderson. When a
consensus sequence corrected at these three positions was
used as a reference instead of the Anderson sequence, a
slightly different distribution was obtained as indicated in
Fig.2 by gray bars.

The distribution of polymorphic sites across the mito-
chondrial control region (Fig.3) clearly shows that the
non-coding control region of the human mitochondrial
DNA is a highly polymorphic region. Two hypervariable
regions have been described at HVI (positions 16024–
16365) and HVII (positions 73–340) [7, 20]. Our data
provide evidence for the existence of an additional hyper-
variable region located around positions 438–574. The
highest density of polymorphic sites was obtained for hy-
pervariable region I which contains 88 variable positions
in total length of 342 bp (26%) and HVII displays 65 mu-
table sites in 268 bp (24%). HVIII exhibits a slightly
lower variability with 25 polymorphic sites in 137 bp
(18%). In contrast, the segments located between the hy-
pervariable regions show nucleotide substitution rates of
only 7% (positions 16366–16569, 1–72) or 3% (positions
341–437).

A comparison of our sequence data with the Anderson
sequence [2] in the region studied here revealed 202 sites
where nucleotide substitutions, insertions or deletions had
taken place. At 92 positions, the changes are unique i.e.
only one of the mtDNAs investigated differed from the
reference sequence. At the remaining 110 sites the changes
are not unique i.e. there is a base difference in at least two
lineages. The majority of polymorphic sites are affected
by only one mutation type. At only 14 out of 202 posi-
tions (7%) two or more different mutation events were ob-
served.

Table 3 shows a distribution of the sequence polymor-
phisms among the mutation types for each hypervariable

region. Sequence deviations caused by nucleotide substi-
tutions predominate over insertions and deletions (90%).
Transitions make up the majority of the nucleotide substi-
tutions (75%). Transversions (15%), insertions (6%) and
deletions (4%) were observed with significantly lower fre-
quency. This excessive amount of transitions may indicate
that mispairing during replication is the major source of
spontaneous mutations in mitochondrial DNA [21]. Among
the transitions, pyrimidine substitutions are predominant-
ly found and C–T transitions occur with particular high
frequency. Among the transversions there is no obvious
preference for a particular type. However, it is striking
that on the L-strand not a single G–T change has yet been
found.

Owing to the low number of insertion and deletion
events in the control region, size variations of the human
mitochondrial genome should be limited to very few nu-
cleotides. Indeed length variations usually occur only to a
very limited extent in this region of the human mitochon-
drial genome. Figure 4 shows their distribution in the D-
loop containing region of the control regions investigated
as compared to the reference sequence [2]. Using the PCR
primer pair L15995/H619, 9 different fragment sizes with
lengths between 1270 bp and 1280 bp were obtained
among the 200 mtDNA control regions. The Anderson se-
quence yields a PCR product of 1274 bp with these
primers.

In the following some of the insertions and deletions
that cause length polymorphisms as compared to the An-
derson sequence will be described.

Insertions of C residues were described by Torroni et
al. [22]. These insertions are located within a stretch of six
C’s between nt 568 and nt 573 (+C, +2C, +3C), between
nt 303 and nt 309 (+C, +2C) or within five C’s between nt
311 and 315 (+C, +2C) in the control region. In our in-
vestigations, we found in the sequence motif at nt 568–
573 three sequences with 7, one sequence with 8, and one
sequence with 9 cytidine residues. At positions 303–309,
90 sequences with an insertion of a single C residue and
12 sequences with an insertion of two C residues were
identified. Finally, at nt 311–315, 186 control regions with
6 and 1 with 7 cytidine residues were found. When a con-
sensus sequence corrected at positions 311–315 (6 cyti-
dine residues) was used as reference only 13 control re-
gions deviated in this sequence from the standard.

The CA-repeat at position 514–523 (–CA, +CA, +2CA)
was described by Bodenteich et al. [23]. Screening the
200 unrelated individuals we found 18 sequences with
(CA)5 – 1, 167 with (CA)5, 10 with (CA)5 + 1 and 5 with
(CA)5 + 2 repeats.

A deletion at positions 106–111 (–GGAGCA) was de-
scribed [24, 25] as an mtDNA marker for a Chibcha-
speaking Amerindian tribe, the Huetar. This marker is
widely used in Amerindian taxonomic research. Surpris-
ingly, in our study we identified a sequence which showed
exactly this deletion. A relationship between this family
and an Amerindian tribe could be ruled out for at least the
last 8 generations (back to the seventeenth century) by
pedigree analysis. It therefore appears likely that this mu-
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Fig.4 mtDNA length polymorphisms in the human mitochondrial
control region. X-axis: length (in bp); Y-axis: number of individu-
als; sample size: 200



tation arose independently. The 6-bp deletion shares se-
quence homology with the preceding five base pairs. Thus
it seems possible that this length polymorphism was gen-
erated through slipped misreplication [26].

The mtDNAs of different individuals do not mix upon
fertilization and mtDNAs usually do not recombine. In
contrast to genomic DNA, which is partitioned in separate
molecules the chromosomes, the mtDNA represents a sin-
gle locus. It could therefore be envisaged that different
mutation events are dependent on each other. For exam-
ple, the nucleotide substitutions at positions 16294 and
16296 are frequently coupled (in 11 of 22 cases). For this
reason, it is not possible to calculate the frequency of the
occurrence of a given mitochondrial genotype by simply
multiplying the probabilities of the mutations. The mito-
chondrial control region has to be viewed as a single lo-
cus. At best, the hypervariable segments could be treated
independently of each other [27]. However, as long as it
has not been proved that the individual regions are inde-
pendent of each other and the mtDNA has to be regarded
as a single locus it seems resonable to consider the muta-
tion events of the entire control region when preparing a
mtDNA profile.

For the reasons outlined the availability of a large data-
base is central to the calculation of probabilities for the
occurrence of identical mitochondrial control regions
among unrelated individuals. It thus seems useful to col-
lect sequence data for mitochondrial control regions as al-
ready proposed by Miller et al. [27].

From out data set obtained in this study we can esti-
mate the genetic diversity (h = n(1 – Σχ2)/(n – 1), when n
is the sample size and χ is the frequency of each mtDNA
type [28]) of 0.99. The probability of two randomly se-
lected individuals from a population having identical
mtDNA types (P = Σχ2) is 0.6%.
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