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D
efects of mitochondrial DNA (mtDNA) are an impor-
tant cause of genetic disease in humans.1 The defect
may take the form of a deletion or point mutation, and

clinical features range from severe neonatal illness to mild
muscle weakness later in life.2 In a recent epidemiology
study, single large scale mtDNA deletion disorders repre-
sented approximately 25% of adult patients with mtDNA
disease.3 The three main syndromes observed in these
patients are Pearson’s syndrome (PS), a severe systemic
illness of childhood associated with sideroblastic anaemia;
Kearns-Sayre syndrome (KSS) which is also associated with
multiple system involvement; and chronic progressive exter-
nal ophthalmoplegia (CPEO) in which the predominant
clinical problem relates to an eye movement disturbance and
ptosis. In both KSS and PS the mtDNA deletion is present in
many tissues,4–6 whereas in CPEO, the mtDNA deletion is
found in muscle but not other tissues.5 7

In patients with single large scale mtDNA deletions, it is
not established at which stage in development the mtDNA
deletion occurs. For the vast majority of cases, there is no
family history and as described above, the mtDNA deletion
may be limited to a single tissue. Recently, we had the
opportunity to study 31 year old twin brothers who
were genetically identical in terms of nuclear markers, but
one had developed CPEO whereas the other was completely
asymptomatic. We hoped that by studying these brothers we
might gain further insight into the origin of the mtDNA
deletion.

PATIENTS AND METHODS
Case reports
The twin brothers were born 2 months premature, and
the first twin (the affected brother) required a forceps
delivery. Although no specific problems were documented
immediately after birth, the affected twin (patient 1) was
noted to have a slightly asymmetric skull (probably related to
the delivery) and a slight squint. He was, however, very
athletic at school with no evidence of a myopathy. He later
developed bilateral ptosis with impaired eye movement
bilaterally, but all aspects of eye muscle involvement were
worse on the left. Although he had no complaints of muscle
weakness, he had a mild proximal myopathy on examination,
but no evidence of ataxia or peripheral nerve involvement.
The unaffected twin (patient 2) had normal development
and no symptoms suggestive of neuromuscular, cardiac,
or endocrine disease. He was completely normal on
examination. Monozygosity was established using a panel
of 16 microsatellite markers (PowerPlex16, Promega,
Southampton, UK) as recommended by the manufacturer.

There was no family history suggestive of neuromuscular
or mitochondrial disease particularly on the maternal side
of the family, although the mother has never undergone
muscle biopsy. She has two additional offspring (now aged
26 and 16 years) by a different partner. Both are clinically
unaffected and have not been investigated.

Biochemical and molecular genetic analyses
Histochemical and biochemical analysis of the muscle
biopsies was performed as previously described.8 Large scale
rearrangements of the mitochondrial genome were screened
by Southern blot analysis of total muscle DNA digested with
PvuII and probed with a PCR generated probe (nucleotides
15782–1289) that hybridised to the non-coding control
region. Long range PCR was used to amplify across the
major arc using primers L6249 (nt 6249–6265) and H16215
(nt 16225–16196). DNA sequencing was performed using
M13 tagged PCR primers on an ABI 377 automated DNA
sequencer (Applied Biosystems, Warrington, UK).9

A real time PCR assay employing SYBR green dye was
developed to quantify the level of mtDNA deletion. Pairs of
oligonucleotide primers were designed that would selectively
amplify only deleted mtDNA (L-11155 forward primer: nt
11155–11173; and H-15384 reverse primer: nt 15384–15366)
or wild type mtDNA (L-11155 forward primer and H-11287
reverse primer (nt 11287–11267)). PCR reactions (20 ml
volume) were monitored in a LightcyclerH (Roche
Diagnostics Ltd, Lewes, UK) using Faststart DNA Master
SYBR Green1. The concentration of MgCl2 was 3 mmol/l for
the amplification of the deleted amplimer and 4 mmol/l for
the amplification of wild type; all primers were at a final
concentration of 0.5 mmol/l. Following an initial cycle (95 C̊
for 10 minutes) to denature the target DNA and to activate
the polymerase, samples were subjected to 45 cycles of
amplification as follows: 95 C̊ for 10 seconds, 64 C̊ for
5 seconds and 72 C̊ for 10 seconds. Fluorescence was
measured at the end of each elongation phase. Following
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Key points

N Single mitochondrial DNA (mtDNA) deletions are an
important cause of mitochondrial disease. In many
patients the mtDNA deletion is sporadic and appears
to be limited to skeletal muscle. It is not established at
which stage in development the mtDNA deletion
occurs.

N We studied identical twin brothers, one of whom
presented with chronic progressive external ophthal-
moplegia. Southern blot analysis showed that the
affected twin harboured high levels of a single
4115 bp mtDNA deletion in his muscle.

N Using sensitive PCR based techniques we show that the
identical mtDNA deletion is present in the muscle from
the unaffected twin at very low levels, suggesting that
the mtDNA deletion was present in the oocyte.
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quantitative PCR, products were visualised by agarose gel
electrophoresis and subjected to melting curve analysis to
confirm specificity of the amplicon.

RESULTS
Histochemical analysis of a left quadriceps muscle biopsy
sample from patient 1 showed cytochrome c oxidase deficient
fibres (20%), many of which had abnormal subsarcolemmal
accumulation of succinate dehydrogenase activity (ragged
red fibres). Respiratory chain enzyme analysis of muscle
mitochondria revealed a decrease in the activity of complex I
(25% of controls) and a partial decrease in the activity of
complex IV (50% of controls). The muscle biopsy of patient 2
(also left quadriceps) was completely normal on histochem-
ical and biochemical analysis.

Southern blot analysis revealed a single deleted
mtDNA species in patient 1 that was not seen in his brother’s
muscle DNA. The mtDNA deletion was heteroplasmic,
accounting for 66% of total mtDNA molecules in muscle
(fig 1A). The presence of a single mtDNA deletion was
confirmed using long range PCR, which amplified a 9967 bp
fragment in control muscle mtDNA. Amplification using
muscle DNA from patient 1 yielded a single, smaller species,
consistent with a single, deleted mtDNA species at
high levels. Amplification of his brother’s (patient 2)
muscle DNA sample appeared to amplify a similar size
band, but at barely detectable levels (fig 1B). The presence
of low levels of deleted mtDNA in muscle from patient 2
was confirmed by PCR of total muscle DNA across the
suspected breakpoint region. Amplification with a pair of
M13-tailed primers (L10985: nt 10985–11004; and H15419:
nt 15419–15400) yielded a ,350 bp product for both
brothers, consistent with an mtDNA deletion of approxi-
mately 4.1 kb (fig 1C). No amplification product was
detected in the blood from patient 1 using these primers
(fig 1D).

At this stage, we were concerned about the possibility of
contamination of DNA from patient 2. To ensure that this
was not the case, DNA was extracted and amplified from
another piece of muscle from the unaffected twin in a
different laboratory to ensure that no cross contamination of
DNA template was possible. Identical results were obtained
and the amplified product corresponding to the deleted
mtDNA molecule was not detected in the control muscle
samples tested at the same time. Sequence analysis of the
,350 bp PCR products from muscle established that both
twins harboured the same mtDNA deletion (4115 bp, nt
11262–15375) with flanking direct sequence (12/13 nucleo-
tides) repeats (fig 1E). Low levels of the somatic 4977 bp
‘‘common’’ mtDNA deletion were not detected in the muscle
of either twin using a sensitive, competitive three primer,
PCR based assay10 (data not shown). A duplication of mtDNA
was excluded by repeating the Southern blot following
digestion of muscle DNA with BamHI (cuts at nt 14528
inside the deleted region) and probed with a 1982 bp
fragment (nt 11633–13614). For both patient 1 and control
samples only a single species was detected, confirming the
absence of any duplicated mtDNA (data not shown).

To calculate the amount of deleted mtDNA in samples from
patient 2 we developed a real time, PCR based assay. A
standard curve was established in which the wild type
mtDNA template (from control muscle) was maintained at a
constant level and the deleted mtDNA template (from patient
1) was serially diluted. In all dilutions, values for the wild
type mtDNA amplicon generation were within 0.1 Ct units
(data not shown). A plot of log fraction deleted mtDNA
against Ct is given in fig 2. Samples of mtDNA from patient 2
and a control subject were amplified after ensuring that there
was an identical concentration of mtDNA as used for the
standard curve (table 1). The level of mtDNA deletion as a
percentage of wild type mtDNA in muscle from patient 2
(unaffected twin) was calculated as 0.08 (0.016)%.

Figure 1 Characterisation of mtDNA
deletion. (A) Southern blot analysis of
total muscle DNA from patient 1 (lane
1) and patient 2 (lane 2). DNA was
digested with PvuII and probed as
described in the text. A single major
deletion band is only detected in the
muscle DNA from patient 1. (B) Long
range PCR of muscle DNA from patient
1 (lane 1) and patient 2 (lane 2). The
primers amplify a 9.9 kb product from
wild type DNA. For patient 1, a smaller
single species is the only band detected
(lane 1), indicative of a single mtDNA
deletion. Overexposure of the gel
shows a suggestion of a similar size
product following amplification of DNA
from muscle of patient 2 (lane 2, shown
by `). (C) Amplification across the
mtDNA deletion breakpoint using
primers that generate a product of
approximately 350 bp in the presence
of the mtDNA deletion. Lane 1
represents muscle DNA from patient 1,
lanes 2 and 4 control muscle samples,
and lane 3 muscle DNA from patient 2.
(D) Amplification across the mtDNA
deletion breakpoint, using the same
primers as in (C). On this occasion lane
1 is blood DNA (no product detected)
whereas lane 2 is muscle DNA from
patient 1. (E) Sequence across the
mtDNA deletion breakpoint showing
the site of the flanking repeat sequence.
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DISCUSSION
While these twin brothers are identical in terms of their
nuclear genotype, there are differences in the degree of
heteroplasmy of the mtDNA deletion in muscle. The affected
twin has the characteristic findings of CPEO, both in terms of
clinical features and evidence of high levels of mtDNA
deletion in muscle but undetectable levels in blood.5 7 In the
unaffected twin, there is a detectable level of the identical
mtDNA deletion in muscle and thus the mtDNA deletion
must have been present before separation into two embryos.
We believe the most likely explanation for our findings is that
the mtDNA deletion was present in the oocyte. Mitochondrial
DNA deletions are thought to arise by slippage during
genome replication11 12 and evidence suggests there is little
mtDNA replication during early embryogenesis.13 Assuming
this is also the case in human embryos, there may well have
been no further replication between the oocyte and the
separation of the twins (usually between 5–9 days post-
conception) and thus no opportunity for the mtDNA deletion
to develop. Our observations are also entirely compatible with
other work suggesting that single large scale mtDNA
deletions are rarely maternally transmitted,14 15, and thus
under these circumstances the mtDNA deletion must be
within the oocyte. It has previously been shown that mtDNA
deletions are present in apparently normal oocytes, although
usually at very low levels.16 The evidence from our patients is
that in apparently sporadic, as well as inherited disease,
mtDNA deletions are present in the oocyte rather than
developing during embryogenesis.

If we are correct in our assumption that the mtDNA
deletion was present in the oocyte, what then is the
explanation for the marked differences in the level of deleted
mtDNA between muscle tissues in the two brothers? We
believe there are at least three possibilities.

N There was uneven distribution of the deleted mtDNA at
the time of the development of the two separate embryos.
The subsequent high levels in muscle but not blood of the
affected twin may then be due to the gradual increase in
the level of mutated mtDNA in muscle,17 whereas in blood
the mutated mtDNA is often lost.18

N There was an equal distribution of mutated mtDNA
between the embryos but there was uneven segregation
of mutated and wild type mtDNA during the development
of the affected twin through random genetic drift.

N It has recently been shown that there is nuclear genetic
control of mtDNA segregation,19 and this may play an

important role in some of the tissue specific differences in
the level of mutated and wild type mtDNA. However, as
our patients are identical in terms of their nuclear
background, this is less likely.

Interestingly, this study is unlikely to be the first case of
twins harbouring a mtDNA rearrangement, as Rowland and
colleagues have previously reported monozygotic twins with
KSS.20 This study, however, was published before it was
recognised that single large scale mtDNA deletions were the
underlying genetic abnormality in KSS, so there are no
published data relating to their molecular defect.

In conclusion, the study has highlighted that even in
‘‘identical’’ twin brothers there can be remarkable differences
in the levels of mutated mtDNA in different tissues. More
importantly, we believe that these studies support the
concept that mtDNA deletions are present in the oocyte
before the development of the embryo.
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