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ABSTRACT
Background Families with a child who died of severe,
maternally inherited mitochondrial DNA (mtDNA) disease
need information on recurrence risk. Estimating this risk
is difficult because of (a) heteroplasmydthe coexistence
of mutant and normal mtDNA in the same persondand
(b) the so-called mitochondrial bottleneck, whereby the
small number of mtDNAs that become the founders for
the offspring cause variation in dose of mutant mtDNA.
The timing of the bottleneck and of segregation of
mtDNA during foetal life determines the management
options. Therefore, mtDNA heteroplasmy was studied in
oocytes and placenta of women in affected families.
Results One mother of a child dying from Leigh
syndrome due to the 9176T/C mtDNA mutation
transmitted various loads of mutant mtDNA to #3 of 20
oocytes. This was used to estimate recurrence as #5%.
She subsequently conceived a healthy son naturally.
Analysis of the placenta showed that some segregation
also occurred during placental development, with the
mutant mtDNA load varying by >10% in a placenta
carrying 65% 3243A/G mutant mtDNA.
Discussion This is the first report of (a) an oocyte
analysis for preconception counselling, specifically,
refining recurrence risks of rare mutations and (b)
a widely different load of a pathogenic mtDNA mutation
in multiple oocytes, apparently confined to the germline,
in an asymptomatic carrier of an mtDNA disease. This
suggests that a major component of the bottleneck
occurs during oogenesis, probably early in the foetal life
of the mother. The variable mutant load in placenta
implies that estimates based on a single sample in
prenatal diagnosis of mtDNA disorders have limited
accuracy.

Maternally inherited mitochondrial DNA (mtDNA)
diseases are common genetic disorders, with the
population prevalence of deafness associated with
the 3243A/G mtDNA mutation being 1 in 400.1

The more severe types often present in the neonatal
period, with a range of devastating conditions,
including cardiomyopathy, loss of vision and fatal
liver disease. The severity of their expression varies
because of heteroplasmydthe coexistence ofmutant
and normal mtDNA in the same person. A threshold
effect (ie, tissues function normally unless the load of
mutant mtDNA rises above a particular level) also
exists in most mtDNA diseases, the progression of
which is explained by preferential accumulation of
mutant mtDNAs in affected tissues.
Couples who have had a child severely affected

by a maternally inherited mtDNA disorder

frequently ask about the much publicised nuclear
transfer as a way of reducing transmission of
mtDNA disease; however, this is not a realistic
option at present.2 They then request prenatal
diagnosis in a subsequent pregnancy, which has not
been widely applied to mtDNA disease.3 For
instance, chorionic villus sampling (CVS) may be
unreliable.4 High levels of mutant mtDNA in
placental tissue indicate that the foetus is probably
affected; zero levels indicate that it is probably
unaffected, but intermediate levels5 are unhelpful.
The correlation between mutant dose and disease
severity is often poor.6e8

Providing accurate information about risk recur-
rence is similarly difficult, and so many families
reluctantly decide not to have more children.
Preconception counselling is problematic because of
the mitochondrial “bottleneck”.9e11 The most
extreme example occurs after complete switching
of mtDNA type in a single transmission, probably
as a result of a mutation in a single mtDNA
molecule, so that all a mother ’s mtDNA copies
differ from those in her offspring by a single
nucleotide. Significant mtDNA segregation occurs
during oogenesis in bothwomanandmouse.5 10 12e15

Furthermore, this may enable selection against
detrimental mtDNA mutants in the mouse
germline.16 17

Investigation of the bottleneck has had three
foci. First, its exact timing and molecular basis
remain controversial: the major component is held
to occur at E7.5 in the mouse,13 early in oogenesis,
while the mother is still herself a developing foetus.
Second, the mutant load in the foetus may be
determined by segregation between the blastocyst
stage and fertilisation. This is because the majority
of cells in the blastocyst will develop into extra-
embryonic structures, with perhaps as few as three
cells of the inner cell mass developing into the
embryo. Third, segregation of mutant mtDNA in
extra-embryonic tissues would affect sampling of
mtDNA at CVS. All of these are difficult to inves-
tigate in humans, but are clearly critical in advising
families about their options.5

The current investigation of the mtDNA bottle-
neck is highly relevant because it significantly
amplifies the existing dataset in humans. First, we
have studied the segregation of both pathogenic
and non-functional polymorphic mtDNA variants
in the germline. Two women who sought precon-
ception counselling enabled us to study two path-
ogenic mutants in their oocytes. Hence, we have
documented a unique case of germline mosaicism
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for an mtDNA mutant. Second, we have investigated segrega-
tion after conception in a placenta from a woman who has
mitochondrially inherited diabetes and deafness due to the
pathogenic mtDNA 3243A/G mutant. We documented the
segregation of mtDNA subpopulations, with estimates of
heteroplasmic load varying by as much as 10% in different
samples.

We conclude that a major component of the mitochondrial
bottleneck has occurred by the time oocytes are mature, and
that segregation, and potentially selection, may continue post
conception. Oocyte sampling is useful for genetic counselling.
Our data support the use of prenatal diagnosis with certain
provisos.

MATERIALS AND METHODS
Informed consent was obtained from subjects (or their
guardians), and ethics committee approval was from the Oxford
Research Ethics Committee.

Patients and oocyte sampling
Case 1
The woman’s first child, who died aged 4 years, had develop-
mental regression, lactic acidosis, cardiomyopathy and MRI
changes consistent with maternally inherited Leigh disease. An
mtDNA mutation in the child was identified at 9176T/C. In
this disorder, the published data suggest that individuals
carrying less than 80e90% mutant mtDNA are asymptomatic.18

However, 9176T/C mutant mtDNA was undetectable in the
mother ’s blood, buccal smear and urinary epithelial cells. She
opted for oocyte sampling using conventional in vitro fertilisa-
tion methods because of the uncertainty surrounding the
recurrence risk. Twenty oocytes were retrieved under ultrasound
control following gonadotrophin stimulation, lysed and ampli-
fied by PCR as before.9

Case 2
The woman’s first child died aged 21 months with liver disease,
lactic acidosis and anaemia, which are characteristics of Pearson
syndrome. She had been given ciprofloxacin around the time of
conception, a drug known to cause mtDNA depletion in cell
lines but never previously implicated in the pathogenesis of
mtDNA rearrangements. Pearson syndrome is usually sporadic;
however, maternal transmission was considered possible in this
case because the affected child had duplications as well as
deletions (rearrangements) of mtDNA, and these may be
maternally inherited.4 19 Furthermore, the mother had a cardiac
conduction defect, and these can be caused by mtDNA rear-
rangements. No rearranged mtDNA was detectable in the
mother ’s blood; however, maternal muscle was not available for
analysis. The parents requested oocyte sampling even though
the recurrence risk was believed to be low (#5%4 20) because
they could not contemplate the possibility of another affected
child. Gonadotrophin stimulation and oocyte collection were
carried out as above. Seventeen oocytes were collected (see
supplementary information for the detailed analytical method).

Placental donor: case 3
A known patient with diabetes and deafness due to the mtDNA
3243A/G mutation, who has one apparently healthy child,
became pregnant for the seventh time at age 40 years. Weight
gain was poor and insulin requirement barely increased.
Following pre-eclampsia, which was a feature of all her preg-
nancies and an emerging complication of this mutation,21 she
gave birth to a severely growth-restricted stillborn foetus

weighing only 350 g. About 10% of the foetal component of her
30 g placenta was frozen for analysis.

Isolation of DNA from single oocytes
Detailed methods for isolating oocytes and extracting DNA are
in supplementary information B.

PCR analysis of oocytes and placenta (see supplementary
information B)
The 9176T/C mutation was quantitated using standard
methods.22 23 Last-cycle labelling with 32P-dCTP and Phosphor-
imager analysis were used. The sensitivity of the method
was generally high, at least 2% 9176T/C mtDNA being
detectable on a wild-type background (supplementary infor-
mation D figure 2). The 3243A/G mutation was quantitated
using last-cycle fluorescent labelling followed by capillary elec-
trophoresis on ABI3100,22 23 the sensitivity being <2%.
The method for estimating risk used a mathematical model of

the bottleneck with a range of bottleneck sizes9 (Supplementary
information A).
To detect mtDNA carrying the rearrangement, primers that

straddled the deletion junction were used as previously shown.24

The sensitivity of the method was again high (1% could be
detected on a wild-type background; data not shown).
To distinguish between maternal and foetal DNA in the

mtDNA 3243A/G placenta, we carried out microsatellite
analysis using the AmpflSTR Profiler Plus kit (Applied Biosys-
tems, Foster City, California, USA).

Statistical analysis
Analysis of the bottleneck in human oocytes used a binomial
sampling distribution and is outlined in Supplementary infor-
mation A. The mtDNA mutant in individual oocytes was
compared with the Kimura distribution as previously shown 25

(Supplementary information). Differences in mtDNA 3243A/G
mutant load in placenta were assessed by using t test.

RESULTS: OOCYTE STUDY
We aimed to study the mtDNA bottleneck by determining the
levels of mutant mtDNA in oocytes from two mothers of
affected children, to refine the recurrence risks for subsequent
pregnancies.

Case 1: maternally inherited Leigh disease due to 9176T/C
Figure 1 shows that levels of #80% 9176T/C mtDNA were
detected in #3 of the 20 oocytes obtained. Calculation of
recurrence risk is complex, with two sources of uncertainty. One
is of the actual load of mutant mtDNA molecules in the
germline, given the observations and the accuracy of the quan-
titation. The other is the probability that any particular oocyte
will develop into an individual with a mutant load above the
disease threshold (taken as 80% for 9176T/C).18 22 26e31 We
estimated the recurrence risk to be #5%; the subsequent more
detailed analysis suggests that it is #3% (Supplementary
information). The distribution of the mutant load of mtDNA
was compared to the Kimura distribution. It was consistent
with the theoretical distribution (Supplementary information)
with an unusually high variance, twice as high as the hetero-
plasmy variance in oocytes that was previously reported.32 The
woman subsequently decided to conceive naturally, and happily3

delivered a healthy baby at term. CVS was carried out as in
a previous family18 and mutant mtDNA was undetectable at
10 weeks of gestation, in 16 different samples of term placenta
and in cord blood.
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Case 2 Pearson syndrome due to mtDNA rearrangement
No rearranged mtDNAwas detected in any of the 10/17 oocytes
from which PCR product was obtained. The recurrence risk was
estimated as <1% (Supplementary information A). She has not
yet conceived.

RESULTS: PLACENTAL STUDY
DNA from 10 samples of the mtDNA 3243A/G placenta, each
approximately 10 mg, were analysed for both the mutant load
and mtDNA copy number as shown in figure 2. The mother ’s
mtDNA 3243A/G mutant load was 24% in blood DNA. The
percentage mutant ranged from 55% to 64% and the mtDNA
copy number varied almost fivefold (supplementary figure). To
assess the reproducibility of these differences, the samples
containing the highest and lowest mutant loads were rerun
(including PCR and restriction digestion) in quadruplicate (each
one being loaded in duplicate) on two further occasions. The
average mutant loads differed by 11.95% (being 49.41% (0.42%)
and 61.42% (0.42%), p<0.0025, t test), confirming that this
reflects a real difference in mutant load in different regions of the
same placenta. Microsatellite analysis of all placental samples
(using the AmpflSTR Profiler Plus kit, Applied Biosystems)
showed that all samples were entirely composed of foetal and
not maternal DNA.

DISCUSSION
These data significantly increase the data demonstrating segre-
gation of pathogenic mutants in the human germline and in
embryonic development. We have successfully used oocyte
sampling to predict patient-specific recurrence risk for precon-
ception counselling in heteroplasmic mtDNA disorders. Our
demonstration of a widely different load of a pathogenic mtDNA
mutation in multiple oocytes, apparently confined to the germ-
line in an asymptomatic carrier of an mtDNA disease, demon-
strates that segregation occurs during oogenesis. We have shown
variation in the load of pathogenic mtDNA between small
placental samples. In agreement with previous studies,9 13 15 17

our findings suggest that much of the segregation for these
mtDNA variants, known as the mitochondrial bottleneck, occurs
during oocyte development, with additional mtDNA segregation
during differentiation of embryo and extra-embryonic structures.
As far as we know, this is the first report of the use of oocyte

sampling to predict patient-specific recurrence risk for these
disorders. Recurrence estimates given to the mothers were #5%
and <1%. The new risk estimations enabled both women, who
had decided against conceiving again, to change their minds.
This is also the first demonstration of an mtDNA mutation in
multiple oocytes, apparently confined to the germline, in an
asymptomatic carrier of an mtDNA disease. As the 9176T/C

Figure 1 Detection of the 9176T/C
mutation in 20 oocytes after superovulation,
in the mother’s blood and in muscle from the
affected child who died. The 9176T/C
mutant mitochondrial DNA (mtDNA)
generates a new restriction site, so that, in
the affected child, the upper wild-type
(normal) band is replaced by a lower
(mutant) fragment. The child carried w99%
9176T/C mutant mtDNA in all tissues
examined (marked “affected”), but none was
detectable in the mother’s blood, CVS, placenta or cord blood from her foetus. Oocyte 17 (mutant band judged just visible) carried #5% 9176T/C
mutant mtDNA. Oocytes 12 and 13 could not be dissected apart and carried 40% mutant mtDNA, consistent with 40e80% in one and 0e40% mutant
in the other. The PCR efficiency was too low to be used in two oocytes (No 9 and 11) and these were excluded from the analysis. Assuming a mutant
mtDNA load of 80% in oocyte 12, 0% in oocyte 13 and 5% in oocyte 17, the average load in the 18 useable oocytes was 5%. Assuming a threshold
mutant load of 80% for symptomatic disease and taking into account a range of bottlenecks, the estimated recurrence risk was #5% (supplementary
information).
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mtDNA mutation was confined to between one and three
oocytes, it presumably arose within the germline during the
foetal life of the mother. This would be consistent with the high
heteroplasmy variance (thus, small number of mtDNA
founders) identified in the statistical analysis (supplementary
information). The mutation could have been initially present
but selected out of other tissues such as blood, or at a level below
the detection limit. In case 2, there was no evidence of trans-
mission of rearranged mtDNA to the oocytes, and a work that
was unpublished at the time33 supports our advice that she had
a low recurrence.

A limitation of using oocyte sampling for estimating
recurrence risks is the scanty literature correlating the load of
mutant mtDNA and disease severity. Individuals carrying
a mutant load of <80% 9176T/C mutant mtDNA in blood
mtDNA have minimal problems18 but many mtDNA disorders
do not have clearly defined thresholds, which limits the accuracy
of recurrence risk estimations. In particular, prenatal diagnosis
has limited application in most families with Leber hereditary
optic neuropathy, because these tend to be homoplasmic with
a low penetrance of the disease phenotype: where they are
heteroplasmic, there is a substantial risk of developing visual
impairment over a wide range of mutant loads.34 Clinical
geneticists have performed preimplantation genetic diagnosis
(PGD) in these families, selecting embryos for female sex as
women have a substantially lower risk of developing symptoms
than men.35 We cannot be sure that the mutant load in oocytes
precisely reflects that in live born children. However, the load in
oocytes is likely to be more relevant than the load in maternal
muscle and has some support from animal studies.36

Segregation of the 3243A/G mtDNA in the placenta showed
that mtDNA mutant load differed across the placenta by as
much as 10%, and this was not due to maternal contamination.
In addition, mtDNA copy number varied approximately fivefold
(see online figure 3). Similarly, we saw a statistically significant
variation of similar magnitude in the distribution of one of two
polymorphic variants, consistent with previous data.37 We
previously demonstrated that the average level of polymorphic
heteroplasmic mtDNA variants is very similar in mother, cord
blood and placenta. However, where placental samples were
very small (<10 mg), there was some evidence of variation in the
distribution of mtDNA polymorphic variants. Differences in
mtDNA content of the different cell types present in the 10
samples of 3243A/G placenta might underlie the fivefold
difference in mtDNA copy number that we identified. Indeed,
we have documented a similar degree of variation in mtDNA
content in control mouse placenta (Sajida Malik and Jo Poulton,
unpublished data 2008). However, variation of both mutant load
and mtDNA copy number is a well-known characteristic of the
3243A/G mtDNA mutant, resulting in “ragged red” fibres in
skeletal muscle probably due to a combination of random drift38

and compensation for the mitochondrial dysfunction.39 The
magnitude of the amplification of mtDNA copy number is more
comparable to that seen in ragged red fibres in skeletal muscle40

than tissue culture (see online figure 3). As this mother was
prone to pre-eclampsia, the placenta may have been under
considerable oxidative stress quite apart from the 3243A/G
mtDNA mutant. We conclude that we documented variation in
mtDNA content in different regions of a single placenta, and
that oxidative stress and/or variable mitochondrial function may
contribute to this.

The current study supports our previous suggestion that
a single sample at CVS, or indeed PGD, may be insufficient to
assess the mutant load. In preliminary data from human blas-

tomeres41 42 (supplementary information 2), we provide some
support for earlier findings from mouse43 and human44 that
heteroplasmy in blastomeres varies more between embryos than
within embryos. Nevertheless, in the absence of extensive data,
it may be necessary to take two samples at CVS37 because of the
considerable variation in the level of mtDNA mutant that we
documented in placental patches. This also argues for repeated
sampling at PGD, say two separate blastomeres. However,
taking two samples would likely reduce the viability of the
embryo. Another less invasive possibility would be to sample
a blastomere and the cytoplasm surrounding a polar body, as
preliminary data from mouse43 suggest that the mutant load is
identical. As an alternative strategy,45 initially a single blasto-
mere would be sampled from each embryo to identify those
with low levels of mutant mtDNA. All blastomeres from the
unsuitable embryos would then be analysed to ensure that the
distribution of mutants is uniform within embryos. Only if this
was reassuring would an embryo with a low level of mutant
mtDNA be implanted.
The management options in clinical practice are extremely

complicated.3 It is therefore very taxing and ethically chal-
lenging to advise women what to do. It is especially difficult for
geneticists to estimate recurrence risk in heteroplasmic mtDNA
diseases. In these disorders, prenatal diagnosis based on respira-
tory chain enzyme activities is unreliable,46 and that based on
mtDNA is complex (because of the problem of heteroplasmy).
PGD, which involves sampling blastomeres from early embryos
and only transferring low-risk ones, could potentially avoid this
dilemma. This procedure is hard to apply to women whose
oocytes all have an unacceptably high mutant load. While there
are scanty published reports of this technique for mtDNA
disease,5 41 42 47 recent mouse studies suggest that strong
selection in the germline against certain types of mutation16 17

may increase the chance of identifying embryos with an
acceptably low mutant load. More data are needed to determine
whether there is selection against the 3243A/G mutation in
the human germline. Other authors discuss more radical
measures such as replacing the zygote’s mutant mitochondria
with wild type.18 44 48 49

In conclusion, despite the uncertainties, two women willingly
accepted oocyte sampling to estimate their risk, and one has
since had a healthy child who is now aged 5 years old. We feel
that undergoing two procedures is justified by the problems
attributable to heteroplasmy. We advocate that clinicians
consider whether taking two samples at CVS may be appro-
priate in specific cases. Furthermore, interpretation of CVS may
be much more feasible where PGD has been used to select
suitable embryos. The positive outcome of oocyte sampling has
important practical and theoretical implications for genetic
counselling of families affected by devastating mtDNA disor-
ders. Even though we have demonstrated a major component of
the bottleneck occurring during oogenesis, an essential precon-
dition for PGD, our analysis also suggests that a considerable
variation may develop during the later stages of placental
development. It may therefore be advisable to take two samples
at CVS in selected cases. These studies are generally encouraging
for prenatal diagnosis in selected mtDNA diseases.
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Supplementary information 

A Calculations of recurrence risks based on oocyte sampling: Vincent Macaulay 
 
Case 2  Pearson’s syndrome 
 
Assumptions 
Given the sensitivity of the measurement of the proportion of deleted molecules and the 
typical bottleneck sizes (~10 in single selection, ~200 in the repeated selection model), 
we can assume that no deleted molecules survived the bottleneck in the 10 samples 
oocytes, since the smallest possible non-zero proportion is 1/(bottleneck size) and this 
could have been detected. 
 
We assume that each oocyte has passed independently through the bottleneck, i.e. that 
they are not derived from cells after the bottleneck. 
 
Models 
Single selection (binomial): bottleneck size ns 
Multiple selection (repeated binomial sampling in a Markov chain): bottleneck size nm, 
repeated for g cycles 
 
(Remember, that as far the variance of oocytes at least is concerned, the parameters are 
related roughly as n s = nm / g.) 
 
Analysis 
There are two sources of uncertainty that we have to describe in probability terms.  One 
is of the actual level of deleted molecules in the germline, given the observation that in 
10 oocytes we don�’t see anything.  The other is the probability that any particular oocyte 
would cross the threshold of disease (here taken to be 66% deletion) if we knew the level 
in the germline.  We can evaluate each of these and combine them using the laws of 
probability to determine the probability of disease given the oocyte data.  (This is done by 
multiplying the two probabilities for each possible value of the unknown germline level 
and adding them up.)  We can do this exactly for the single selection case, since the 
maths is easier, but we have to simulate the results on a computer for the multiple 
selection model. 
 
Parameters 
Single selection:  we take ns = 1, 2, ..., 20, 50, 100. 
Multiple selection:  we take nm = 100, g = 20 (which should mimic ns = 5), nm = 200, g = 
20 (which should mimic ns  = 10) and nm = 20, g = 20 (which should mimic ns = 1). 
 
Results 
Single selection: 

ns Prob. of disease 
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1 8.33%
2 0.40%
3 0.53%
4 0.028%
5 0.0014%
6 0.0020%
7 0.0001%

> 7  < 0.0001%
 
 
Multiple selection: 
 

nm g Prob. of disease 
20 20 2.60%
100 20 0.003%
200 20  < 0.001%

 
 
 

Supplementary tables 1 and 2 

Probability of disease using single and multiple selection models in patient 2  

 

Conclusion  

Using typical bottleneck sizes (~10 in single selection, ~200 in the repeated selection 
model) the recurrence risk is <<1%.  The risk given to the patient was conservative at 
<1%. 
 

Case 1: 9176  
 
Because the oocyte data is much less easy to model in this case (because mutant is 
present and because two oocytes are confounded), I�’ve taken a slightly different 
approach. 
 
Assumptions: 

 5% average mutant load in oocytes reflects the value before the sampling process 
 Asymptomatic if <80% mutant load 1 

 
Method: 
 Calculate probability that either in a single selection or multiple selection an 
oocyte would have 80% mutant, if at the start the level was 5%. 
 
Parameters: 
Single selection:  we take ns = 1, 2, ..., 20, 50, 100. 
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Multiple selection:  we take nm = 100, g = 20 (which should mimic ns = 5), nm = 200, g = 
20 (which should mimic ns  = 10) and nm = 20, g = 20 (which should mimic ns = 1). 
 
Single selection (binomial sampling distribution) 

ns Prob. of disease  
1 5% 
2 0.25% 

>3 <0.01% 
 
Multiple selection (repeated binomial samplings) 
 

nm g Prob. of disease  
20 20 1.8%
100 20 <0.01%
200 20 <0.01%

 
 
Supplementary tables 3 and 4 

Probability of disease using single and multiple selection models in patient 1  

 

Alternative approach using the probability distribution model: David Samuels 
 
An alternative to the simple binomial model is the Kimura probability distribution 
model2.  For this approach we need the average mutant load in the sampled oocytes, 
which we take to be 5%, and the heteroplasmy variance in the sampled oocytes.  The two 
non-separated oocytes complicate the measurement of the heteroplasmy variance.  These 
two oocytes had an average heteroplasmy of 40%, and the most conservative assumption 
(meaning the assumption leading to the highest recurrence estimate) is that this pair of 
oocytes consisted of one oocyte with 80% heteroplasmy and the other with 0% 
heteroplasmy.  This assumption gives a heteroplasmy variance of 0.035.  Based on the 
heteroplasmy mean and variance, the probability distribution for the oocyte heteroplasmy 
values from 0 to 1 can be calculated as described in Wonnapinij and Samuels 2 .  A KS 
test comparing the observed heteroplasmies in the 18 oocytes to the Kimura distribution 
yielded a p-value of 0.82, indicating that the measured values are consistent with the 
Kimura distribution model.  
 
The recurrence probability was estimated by integrating the Kimura probability 
distribution from a threshold of 80% to 100%.  The calculated recurrence probability was 
3%, consistent with the largest recurrence estimates from the binomial model, and 
consistent with the observation of 1 in 18 sampled oocytes with a heteroplasmy of 80%. 
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Conclusion 

In order to counsel the patient, we quoted the result as �“risk  5%�”, the range because we 
were computing �“model-based�” estimates of risk (i.e. they depend on how we model the 
bottleneck).  Confidence intervals in this context are not appropriate.   
 
 
B Detailed Methods: analysis of oocytes 
 
Oocytes were collected following a single course of gonadotrophin stimulation (20 for 
case 1 and 17 for case 2).  The oocytes were washed 3 times in sterile PBS (phosphate 
buffered saline) and placed in individual 500 l tubes in 1-3 l  PBS. 20 l of Gene 
Releaser (Cambio Ltd) was added and the tubes were microwaved for 4 min 45 sec in a 
900W microwave to release DNA. Prior to PCR amplification, the tubes were heated at 
80oC for 10 min and 1 l aliquots removed for PCR amplification using ABgene PCR 
Mastermix with 1.5 mM MgCl2.  Five pmoles of primer were used in a 50 l reaction 
volume. Amplifications were performed for 40 cycles (1 min each at 94oC, 55oC, 72oC, 
with an initial denaturing step of 4 min at 94oC and a final extension of 10 min at 72oC).   

 
The 9176T>C mutation can be detected by restriction digestion because it introduces a 
novel ScrF I restriction site 3. After PCR amplification, 5 l of fresh mastermix and 27 
nmoles of 32P radiolabelled dCTP were added and a further cycle of PCR amplification 
was performed with an extension step of 10 min.  Ten microlitre aliquots were incubated 
overnight with 5 units of ScrF I restriction enzyme in 5 l 1x digest buffer and 6 l 
aliquots were electrophoresed on 6% acrylamide TBE gels.  Radioactive bands were 
quantitated by Phosphorimager analysis.  As little as 0.1% 9176T>C mtDNA could be 
detected on a wild type background (results not shown).  This detection limit was 
determined by serial dilutions of DNA from the affected child into wild type DNA prior 
to PCR. 
 
For the rearrangement, the PCR products were end-labelled and electrophoresed as for 
the point mutation samples.  The sensitivity of the method was again high ( 1% could be 
detected).   
 

C Preliminary study of human blastomeres 

To study mtDNA segregation in preimplantation embryos and placentas we used 
naturally occurring polymorphic variants, because deriving sufficient clinical material 
from families with mtDNA disease would be a formidable task.  Following our studies of 
mtDNA segregation in human oocytes 4, this approach has now been used to investigate 
early embryos5 and placenta6.  Inferences from all these studies are consistent with data 
on pathogenic variants 7-9.   
 
Blastomere donors 

Approval was obtained from the Oxford Research Ethics Committee and the UK Human 
Fertility and Embryology Authority (HFEA) to obtain, with informed consent, spare 
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embryos from women undergoing IVF, 26 embryos plus 1 unfertilised egg and 1 
parthenogenetically activated egg from 5 patients were available for analysis (6, 13, 1, 2 
and 6 eggs/embryos respectively from controls 1Bla-5Bla respectively).   
 
Results 
 
We aimed to determine whether mtDNA segregation could be detected in blastomeres 
from normal, healthy women attending an infertility clinic.  It was necessary to identify 
heteroplasmic embryos in order to investigate mtDNA segregation. We therefore adapted 
a previously described 6 assay that detects heteroplasmy at two positions within mtDNA 
for single blastomeres (at bp 16,224 and 16,311). We assayed 26 embryos plus 1 
unfertilised egg and 1 parthenogenetically activated egg from 5 donors (who provided 6, 
13, 1, 2 and 6 eggs/embryos respectively). We then analysed embryos from three donors 
in detail, comparing the variation in level of heteroplasmic variant between runs, between 
embryos and between blastomeres within embryos. 
 

Prevalence of heteroplasmy in the embryos 
 
All of the embryos were homoplasmic at bp 16,311. Embryos from three mothers were 
assayed for heteroplasmy at bp 16,224 and all were found to have at least one embryo 
that was heteroplasmic (table 1).  
 

Heteroplasmy between embryos/oocytes: Control 1Bla (n=6) 
 
Six embryos were analysed from one of the patients with heteroplasmy at bp 16,224 who 
had the lowest overall level of variant mtDNA (range 0-2.8%, average across embryos 
0.54%). In 4/6 embryos only normal type mtDNA was detectable. In one embryo, variant 
mtDNA was only detectable in 1/3 blastomeres, the other 2 had 100% normal mtDNA. 
Only one blastomere was available for analysis from the sixth embryo and this contained 
a low level of variant mtDNA.  
 
Heteroplasmy between embryos/oocytes: Control 2Bla (n=13) 
 
Twelve embryos and one parthenogenetically activated egg were analysed from a second 
patient with heteroplasmy at bp 16,224 (see figure 2). Only one blastomere was available 
for analysis from 3 of these embryos; 2-6 blastomeres per embryo were available from 
the remaining 10 embryos.  
 
Range of mutant levels within single embryos 
 
In all cases the level of heteroplasmic variant was low, with average loads of 1.9% per 
blastocyst (range 0-3.8%) and 2.0% per embryo range (1.7 -3.0%). The variance between 
embryos was slightly greater than that between blastomeres within an embryo, but neither 
reached statistical significance. The parthenogenetically activated egg was the only 
'embryo' from which 6 blastomeres were available (asterisked in figure 2), and this had 
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the widest range of load of polymorphic variant between blastomeres (that is 0 - 2.3%.) 
In most embryos the range between blastomeres was less than 1% (mean range 0.9%).  
 
Heteroplasmy between embryos/oocytes: Control 3Bla (n=1) 
 
Only one embryo was available from the 3rd patient and the levels of variant were similar 
in each of the 5 blastomeres (average 3.0%, range 2.4-3.6%).  
 
  Number of Average Range  
Mother Blastomeres %variant (%) 
Control 
Bla1 3 0.4 0-1.3 
n=6 2 0 0 
  1 2.8   
  1 0   
  1 0   
  1 0   
Control 
Bla3 5 3 2.4-3.6 
n=1        

 
Supplementary Table 5 Load of T16,224C variant mtDNA in 20 embryos or unfertilized 
ooctyes from 3 control women. 
 
 

 
Supplementary figure 1:  Bar chart showing the level and range of heteroplasmy in 

13 embryos from control 2Bla.    
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Similar levels of heteroplasmy at bp 16,224 in 13 embryos from one woman, arranged by 
number of blastomeres successfully amplified by PCR (error bars indicate the range of 
variant level in individual blastomeres, asterisk indicates one parthenogenetic embryo in 
which there was a single blastomere with undetectable mutant). 
 
Conclusion of blastomere study 
 
The use of polymorphic variants to investigate mtDNA segregation in the germline 
enabled us to use the small quantities of human material that are available for study, data 
on pathogenic variants being very scanty.  Levels of heteroplasmy were similar within an 
embryo. 
 

D Supplementary Figure 2:   

No 9176T>C mutant mtDNA was detectable in PCR product from CVS 

The 9176T>C mutant mtDNA generates a new restriction site, so that, in the affected 
child the upper wild type (normal) band is replaced by a lower (mutant) fragment.  The 
child carried  ~99% 9176T>C mutant mtDNA in all tissues examined (marked 
�“affected�”), but none was detectable in the mother�’s blood, oocyte 5 or CVS.  Lane 1 
shows a 0.1% standard, demonstrating a sensitivity of >0.01%.  While on this image, 
there could be a trace of mutant mtDNA in oocyte 5 by eye (but not on quantitative 
analysis), this would have been below 0.1%.  Traces at this level would not affect the 
results of the recurrence risks calculation. 
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E Supplementary Figure 3 
 

 
 
MtDNA mutant load plotted against mtDNA copy number in each of 8 placental 
samples from a woman carring the 3243A>G mutations 
   

The placental samples appear to fall into two groups, in each case the mutant load being 

proportional to mtDNA copy number.  We were unable to identify the basis for the 

apparent separation into the two groups, micro satellite analysis indicating that all 

samples were fetal and not maternal in origin. 
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