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Abstract The segregation of mitochondrial genomes and
the inheritance of mitochondrial DNA are constant matters
of debate. To obtain more information about this issue and
to answer the question whether or not it is possible to
distinguish mitochondrial DNA (mtDNA) samples from
monozygous individuals by analysing heteroplasmic length
variants, 290 monozygous and 121 dizygous twin pairs and
34 sets of multiples were studied by RFLP and partly by
direct sequencing. A factor D describing the respective
pattern of length variants in a given sample was also
calculated. The results show that monozygous individuals
exhibit a significantly lower median and closer distribution
of D than non-monozygous siblings. Thus, a differentiation
of mtDNA samples from monozygous twins by this trait
is not possible. The high percentage of heteroplasmic
individuals, the low median of the D values and the
unexpectedly very similar distribution of length variants
in monozygotic individuals support the existence of a
relatively wide bottleneck or the assumption of a regener-
ation of length heteroplasmy following a tight bottleneck
and agree with a random segregation of mtDNA genomes in
dividing oocytes.
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Introduction

Length heteroplasmy in the mitochondrial genome is a
common phenomenon, which occurs especially following
monotonous runs of the same base, and which is very likely
being caused by replication slippage of the DNA polymerase
[14, 16]. Between nucleotide positions 303 and 310 within
the hypervariable region II (HVII) of the human mitochon-
drial control region, such a homopolymeric cytosine stretch
exists, in which a length heteroplasmy is frequently observed
[2, 36].

Investigations in mother–child pairs [1, 5, 10, 18, 37],
maternal relatives [26] and in different tissues of one
individual [21, 24, 33, 36] revealed a sporadic instability of
the HVII length heteroplasmy. In some cases, a change of
the predominant length variants between generations could
be observed [5, 10, 18, 26, 37].

To explain such changes of mitochondrial DNA
(mtDNA) variants and the fact that the mitochondrial
genomes seem to be very homogeneous despite the high
mutation rate, the lack of recombination and the probably
less efficient repair mechanism, the bottleneck theory was
proposed. The bottleneck was assumed to occur during the
stage of early primordial germ cell and primary oocyte [19,
20, 22], and this reduction of the original set of molecules
can lead to a change of the composition of C-stretch
variants in an offspring. The narrower the bottleneck, the
smaller the number of segregational units. Thus, a reduction
of the mtDNA copy number in early oogenesis in
combination with random segregation leads to homoplasmy
in one or only a few generations [20].

Int J Legal Med (2008) 122:315–321
DOI 10.1007/s00414-008-0240-8

S. Lutz-Bonengel and U. Schmidt contributed equally to this work.

S. Lutz-Bonengel (*) :U. Schmidt : T. Sänger :M. Heinrich :
S. Pollak
Institute of Legal Medicine, University of Freiburg,
Albertstr. 9,
79104 Freiburg, Germany
e-mail: sabine.lutz-bonengel@uniklinik-freiburg.de

P. M. Schneider
Institute of Legal Medicine, University of Cologne,
Melatengürtel 60-62,
50823 Cologne, Germany



In contrast to the variance between generations, a
longitudinal study on cervical cells showed that the level
of heteroplasmy remains stable during life [23]. Based on
these observations—the potential interindividual variability
of length heteroplasmy and the prospective lifelong stability
within one tissue—the situation of heteroplasmy in mono-
zygous (MZ) and non-monozygous (NMZ) siblings was
brought into focus. Moreover, the question arose whether it
is possible to distinguish mtDNA samples from mono-
zygous siblings by length heteroplasmy profiles in forensic
stain analyses.

To attempt to answer these questions, we examined 926
siblings by restriction fragment length analysis and 430 of
these by additional direct sequencing of the mitochondrial
control region.

Materials and methods

Samples

Blood samples or buccal swabs were taken from a total of
926 individuals with informed consent. Among these were
290 monozygous and 121 dizygous (DZ) twin pairs and 34
sets of multiple siblings (MS). These were monozygous
triplets (“3+0”; 13 sets), dizygous triplets (“2+1”; 17 sets),
trizygous triplets (“1+1+1”; two sets), and two sets of
quadruplets (“2+2” and “1+1+1+1”, respectively). A subset
of these donors was studied previously regarding their
immune response to hepatitis A and B vaccination [15]. In
the following multiple siblings that were not monozygous
were termed as non-monozygous siblings.

Determination of the zygosity and analysis of mtDNA

DNA was extracted from peripheral blood using standard
techniques as described previously [25] and from buccal
cells using Chelex (Bio-Rad, Munich, Germany) [38]. To
determine zygosity in twins and multiples, the PowerPlex
16 kit (Promega, Mannheim, Germany) was used.

Amplification and subsequent sequencing of mtDNA
were performed as described previously [28] but with
primers L15908/H16432, L16268/H159, L16450/H429 and
L314/H611 for PCR and sequencing [29]. Also, restriction
fragment length analysis of nucleotide (nt) positions 303–
310 was performed as described earlier [27]. Internal
(HD400, Applied Biosystems, Foster City, CA, USA) and
external standards (mix containing sequenced amplicons
with C-stretches of different length) were used. Separation
of the products and data analysis was carried out on an ABI
3100 Avant Genetic Analyzer (Applied Biosystems) using
SeqScape v.2.5 and GeneMapper ID v. 3.2 software,
respectively (Applied Biosystems).

Calculation of the distance measure D

To compare the degree of length heteroplasmy between
individuals, a value D meaning “distance measure” was
calculated as follows: for each sample which was subjected
to restriction fragment length analysis, the number and
area of C-peaks were assessed in the electropherogram as
computed by GeneMapper software. Each peak of one
sample was expressed as a percent age ratio of the sum
of all peak areas of the respective sample. Only data
showing similar signal heights were compared and peaks
below 50 RFU were not taken into account. For each
sibling pair, analogous C-peaks were compared by subtrac-
tion of their respective percent age ratios, and absolute
values of the resulting numbers were added up. This sum of
absolute values was then divided by the number of C-peaks
observed in the respective sample. The resulting value was
termed “distance measure” (D). An example for the
calculation is given in Fig. 1. For multiples, pairwise D
values were calculated for every possible combination of
two siblings.

Statistical analysis of D values by Mann–Whitney U test
and Wilcoxon signed-rank test (for dizygous triplets), and
generation of box-and-whisker plots was performed using
SPSS v.15 software (SPSS, Chicago, IL, USA).

Results

Direct sequencing of the mitochondrial control region

The complete control regions of 200 twin pairs and
multiples (430 individuals) were sequenced. No sequence
differences were observed between maternal relatives.
Sequence data of one sibling of each respective maternal
lineage were submitted to the mtDNA database EMPOP
(www.empop.org). Concerning the C-stretches in HVII,
siblings showed analogous patterns in their electrophero-
grams in nearly all cases.

Restriction fragment length analysis

Twins

A total of 411 twin pairs (290 MZ, 121 DZ) were analysed.
Table 1 shows the numbers of cytosines of the samples and
their observed state of homoplasmy or heteroplasmy, and 113
of the MZ and 46 of the DZ twin pairs were homoplasmic
(about 39%) and were excluded from further examination.

Calculation of D for heteroplasmic MZ and DZ twins
resulted in a median of 0.51 for MZ and of 3.05 for DZ twins
(Fig. 2a). D in DZ also showed a wider distribution than
in MZ twins. Results were highly significant (p<0.001).
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Only five out of 252 heteroplasmic twin pairs showed
obviously differing profiles of length heteroplasmy. An
example is given in Fig. 3. All five cases concerned dizygous
siblings and D was not calculated for these samples.

Multiples

A total of 34 sets of triplets and quadruplets were
analysed. The state of homoplasmy or heteroplasmy and

A1 B1

A2 B2

D =

A1

(A1+B1)

A2

(A2+B2)
+

B1

(A1+B1)

B2

(A2+B2)

2

Sibling 1

Sibling 2

Fig. 1 Calculation of the dis-
tance measure D for two mono-
zygous siblings showing a
length heteroplasmy in HVII
after RFLP analysis. Electro-
pherograms show two length
variants, i.e. a C8 (A1/2) and a
C9 (B1/2) variant in both sib-
lings. The formula for the cal-
culation of D is given

Table 1 Most frequent
numbers of cytosines between
positions 303–310 (HVII)
found in homo- and hetero-
plasmic samples of 445 mono-
zygous (MZ) and dizygous
(DZ) twins and in multiples

Most frequent numbers of C-
residues at positions 303–310

Transition at
position 310

Differing
results in RFLP
analysis

Total

C6 C7 C8 C9 C10

MZ twins
Heteroplasmic samples 0 20 116 38 0 3 0 177
Homoplasmic samples 3 107 3 0 0 0 0 113
DZ twins
Heteroplasmic samples 0 6 56 7 0 1 5 75
Homoplasmic samples 0 42 4 0 0 0 0 46
Multiple siblings
Heteroplasmic samples 0 8 12 5 0 1 0 26
Homoplasmic samples 0 7 1 0 0 0 0 8
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the number of observed cytosines in the samples are given
in Table 1, and seven sets of triplets and one set of qua-
druplets were homoplasmic and thus excluded from further
examinations.

Calculated D values showed a median for MZ multiples
of 0.43 and for NMZ multiples of 4.26. D values of MZ
triplets and of MZ siblings in non-monozygous sets of
triplets were significantly lower than D values calculated
for NMZ triplets/siblings (p=0.001; Fig. 2b). Again, D in
NMZ multiples showed a wider distribution than in MZ
multiple siblings.

Discussion

The C-stretch at positions 303–310 of the mitochondrial
control region of 926 siblings was investigated using
restriction fragment length analysis. Altogether, about
39% of the analysed samples were homoplasmic, and
61% showed length heteroplasmy at positions 303–310.
The vast majority of the homoplasmic samples showed
seven cytosines. In contrast, most of the heteroplasmic
samples exhibited eight or more cytosines (see Table 1).
This observation is in accordance with previous studies
showing that a longer C-stretch is associated with a higher
probability of heteroplasmy [6, 10, 26, 36], and that there
seems to be a critical number of eight cytosines [6, 27].

For samples exhibiting length heteroplasmy, the distance
measure D was calculated as described. The reliability and
reproducibility of the RFLP technique for analysis of length
heteroplasmy was discussed earlier [27]. Peak area values
as provided by the GeneMapper software were used for
calculation of D, as peak areas are a better reflection of the
amount of the respective PCR fragment in a sample than
only peak heights [11]. Nevertheless, analogous calcula-
tions using peak heights yielded similar results (data not
shown). Also, repeated analysis of the same samples
resulted in comparable electropherograms and thus similar
values of D (data not shown).

Comparing sequence electropherograms as well as D
values for the monozygous and non-monozygous twins and
multiples (cf. Fig. 2a,b), the monozygous siblings showed
more analogous electropherograms and patterns of C-
stretch length variants. They also exhibited a lower median
and a closer distribution of D values. Thus, a differentiation
of monozygous individuals by C-stretch length variants is
not possible. These results agree with the study of Detjen
et al. [9], who sequenced the entire mtDNA genomes of
four discordant monozygous twin pairs and found no
sequence polymorphism and no differences in the distri-
bution of the C-stretch variants. In an investigation of
Bendall et al. [3] who sequenced the first hypervariable
region of 180 twin pairs and found point heteroplasmy in
four pairs (two MZ and two DZ), the monozygous twin
pairs showed similar levels of heteroplasmy whereas the
predominant mitochondrial haplotype differed within the
dizygous twin pairs.

On the other hand, the significantly higher median and
wider distribution of D values in non-monozygous individ-
uals indicate that the C-stretch length variants in siblings
originating from a single oocyte are more alike than in
siblings stemming from different oocytes. This observation
is concordant with the study of Marchington et al. [32] who
described varying distributions of C-stretch lengths in
different oocytes from a single individual.

Fig. 2 D values calculated for 252 twin pairs (a) and for 23 sets of
monozygous (MZ) and dizygous (DZ) triplets (b). The boxes comprise
50% of all data points—defined by the first and third quartiles—with a
black bar indicating the median. D values of non-monozygous
siblings are significantly higher than those of monozygous siblings
(p<0.001). Open circle, Outliers. Asterisk, Extreme values. MZS
Monozygous siblings, NMZS non-monozygous siblings
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The fact that different oocytes from one individual may
show different mitochondrial length variants agrees with
the bottleneck theory proposing a decrease of the number of
mtDNA molecules during an early stage of oogenesis
followed by an amplification of these founder molecules [7,
8, 13, 17]. The relatively high percentage of individuals
showing length heteroplasmy at the HVII C-stretch as
observed in this study thus supports the existence of a
rather wide bottleneck.

Strikingly, all homoplasmic and nearly all heteroplasmic
siblings examined in this study exhibited analogous
patterns regarding the number of cytosines at nt 303–310.
Only five out of 445 sets of siblings showed differing
profiles of length variants (cf. Fig. 3) and in all five cases
showing differing profiles of length variants dizygous twin
pairs were affected. Considering the comparably high
number of non-monozygous siblings with analogous
patterns of C-stretch variants, a wider bottleneck seems to
be rather common, whereas a small bottleneck is an infrequent
event.

Regarding the relatively high percentage of individuals
observed showing length heteroplasmy and the occurrence
of analogous C-stretch patterns, another assumption can be
made, which is the existence of a narrow bottleneck with a
continuous formation of new heteroplasmic stretches. The

influence of an as yet unknown “nucleus-specific factor”
which controls the heteroplasmic mixture [31] would
explain the significantly lower D values in monozygous
twins in comparison with non-monozygous twins. Provided
that such a mechanism exists, it would not be possible to
draw any conclusions from the individual C-stretch variants
as to the original situation in the oocyte.

The assumption of a regeneration of length heteroplasmy
in each individual following a tight bottleneck was also
proposed by Bendall et al. [3]. On the one hand, they ob-
served an inheritance pattern of heteroplasmic point muta-
tions that support the existence of a tight bottleneck. On the
other hand, maternally related individuals showed identical
proportions of different length variants surrounding the
homopolymeric tract in HVI, indicating a wide bottleneck [2].

Another question is the distribution of the mtDNA
genomes within a dividing oocyte: our study shows analo-
gous patterns in all monozygous siblings. These findings still
agree with the general opinion that segregation of mitochon-
dria takes place randomly [34]. The human oocyte is
estimated to contain about 100,000 copies of mitochondrial
genomes [35]. Due to this high number of mtDNA genomes
and presuming random segregation, one would expect a
nearly equal distribution of the different length variants in
monozygous siblings.

Sibling 1

Sibling 2

Fig. 3 Sequence electrophero-
grams and RFLP analysis for a
non-monozygotic sibling pair
showing different distributions
of length variants
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Approximately 7% of non-monozygous twins show
different C-stretch variants. Following the theory of random
segregation, one explanation for this observation in contrast
to the completely equal patterns in MZ is that the lineages
part from each other during oogenesis before the bottleneck
event takes place, leading to one bottleneck per person in
NMZ and one bottleneck per pair in MZ.

In monozygous siblings, D values between 0 and 4.6
were observed without exhibiting a correlation with
individual age or the number of cytosines within the stretch
(data not shown). In most of the monozygous siblings (160
out of 177), rather identical degrees of length heteroplasmy
were observed (D values between 0 and 2). The rare
observation of different degrees in length heteroplasmy (17
out of 177 with D between 2 and 4.6) might be explained
by a different time of monozygous twinning.

One-third of monozygous twins separate within 4 days
after conception, almost two-thirds between the fourth
and the eighth day, and only a few twins separate later
than that [12]. The earlier the fertilised ovum divides into
two distinct embryos, the less they will share supportive
structures as is shown by differences in formation of the
amniotic sac, the chorion and placenta [30], and the earlier
the twins are separated, the higher the probability of
developing different levels of heteroplasmy.

In a bovine model [4], the mtDNA content decreased
between the 2- and 4/8-cell stages but increased sharply
between the morula and the blastocyst stages. For mono-
zygous twins who develop before or within this amplifi-
cation event, a much greater D value is plausible. For
monozygous twins developing after this time, an uneven
distribution of length variants at the time of twinning is
possible, or, alternatively, an equal distribution followed by
an uneven segregation of different variants during the
development of one sibling through random genetic drift.

Very small D values of monozygous twins—meaning a
very similar pattern of C-stretch variants—might be a
consequence of monochorionicity. Monochorionic twins
share the same placenta and due to placental vascular
anastomoses blood and stem cells can be transferred from
one twin to the other [12].

The significantly lower D values in monozygous twins
can also be interpreted in a way that no or only little change
within the hypervariable C-stretch occurs in the individual
after the time of twinning.

In conclusion, this study shows that C-stretch length
variants of HVII in monozygous siblings are more alike
than those in non-monozygous siblings. Thus, a differen-
tiation of DNA samples from monozygous twins by this
trait is not possible. The high percentage of heteroplasmic
individuals and the fact that only five out of 445 sets of
siblings showed different patterns of length variants leads to
the conclusion that a rather wide bottleneck or a regener-

ation of length heteroplasmy following a tight bottleneck
has to be assumed. Another noticeable fact is the very close
distribution, the low median of the D values and the
complete absence of differing patterns in monozygous
twins. These observations agree with the assumption of a
random segregation of the mtDNA genomes in the dividing
oocyte.
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