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Random genetic drift in the female
germline explains the rapid
segregation of mammalian
mitochondrial DNA

Jack P. Jenuth!3, Alan C. Peterson!?, Katherine Fu'*? & Eric A. Shoubridge!?

Mitochondrial DNA (mtDNA) is maternally inherited in mammals. Despite the high
genome copy number in mature oocytes (10°) and the relatively small number of cell
divisions in the female germline, mtDNA sequence variants segregate rapidly between
generations. To investigate the molecular basis for this apparent paradox we created
lines of heteroplasmic mice carrying two mtDNA genotypes. We show that the pattern of
segregation can be explained by random genetic drift ocurring in early oogenesis, and
that the effective number of segregating units for mtDNA is ~200 in mice. These results
provide the basis for estimating recurrence risks for mitochondrial disease due to
pathogenic mtDNA mutations and for predicting the rate of fixation of neutral mtDNA

mutations in maternal lineages.

Mammalian mtDNA is a 16.5 kb circular molecule
which contains genes encoding 13 polypeptides involved
in oxidative phosphorylation, and a minimal compli-
ment of 22 tRNAs and 2 rRNAs used by the mitochon-
drial translation machinery. All other components for
the function and maintainance of mitochondria are
encoded by nuclear genes. The rate of nucleotide sub-
stitution in the mammalian mitochondrial genome is
five to ten times faster than in the nuclear genome!>,
As a consequence, mtDNA is highly polymorphic. How-
ever, most genetic variance within a species exists
between individuals and the occurrence of more than
one mtDNA sequence variant in an individual (hetero-
plasmy) is rare. Pedigree analysis of a heteroplasmic D-
loop sequence variant in Holstein cows has
demonstrated a return to homoplasmy within two gen-
erations®%, and in some maternal lineages, complete
allele switching has been observed in a single genera-
tion, without a heteroplasmic intermediate’. Analysis
of human pedigrees segregating pathogenic mtDNA
point mutations also shows large differences in the pro-
portion of mutant mtDNAs among siblings and
between generations®1°,

To account for the rapid segregation of mtDNA
sequence variants a genetic bottleneck for mtDNA in the
female germline or early embrvo has been proposed.
Tivo molecular mechanisms have been hypothesized: 1)
During maturation of the primary oocyte the number
of mtDNA molecules increases 100-fold from approxi-
mately 10* to 107 (ref. 11 and unpublished results).
Selection and subsequent replication of a small sub-
population of DNA templates during this process could
produce rapid shifts in mtDNA genotype frequencics in

a single generation®. 2) Preimplantation embryos under-
go several cell divisions prior to initiating mtDNA repli-
cation'!. At the early blastocyst stage a small number of
cells (10-20) (ref. 12), each containing ~10* mtDNAs,
contribute to the inner cell mass that gives rise to all
three germ layers of the embryo, while the other cells in
the blastocyst give rise to extraembryonic tissues.
Unequal partitioning of mtDNAs to the inner mass cells
at this stage of embryogenesis could also contribute to
rapid segregation of mtDNA genotypes™*>.

We tested these hypotheses using lines of heteroplas-
mic mice carrying two mtDNA genotypes and show that
neither are correct in these mice. Rather, we show that
segregation of mtDNA occurs by random genetic drift
in early oogenesis in the small population of mtDNAs
present in oogonia (the precursors of primary oocytes),
and that the effective number of segregating units is
approximately 200. Analysis of several human pedigrees
segregating pathogenic mtDNA point mutations sug-
gest that the process is substantially similar in humans.

Segregation of mtDNA in heteroplasmic mice

We produced embryos carrying two mtDNA genotypes
by electrofusing cytoplasts recovered from NZB/Bin]
(NZB) or BALB/cBy] (BALB) derived zygotes to recip-
ient one-cell embryvos of the other type. They were
maintained in culture and transplanted as two-cell
embryos into pseudopregnant B6C3F1 females to com-
plete development. \We identified five female and nine
male animals carryving mtDNA of both genotypes by
analvsis of mtDNA {rom tai] biopsies. All five founder
females, carrying from 3.1-7.1% of the donor mtDNA
genotype, were mated to BALB males and the resulting
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Table 1 Segregation of mtDNA in the offspring of founder and F1 females

mtDNA genotype); other offspring

contained as much as 29.6% of the

F 2 2 o .
emae n?%‘,\?;\ Pbd0) 1 polx10%) range ov N donor genotype (Table 1). This is
genotype reflected in the large variance of
F1 offspring genotype frequencies observed
455 BALB 31 35 48 0216 54 76  2mongst the progeny derived from
511 NZB 5.0 28 6.7 0-29.6 1.08 126 individual females (Table 1). To
515 BALB 3.2 48 5.1 0-186 096 185  allow comparison of the offspring
17 BALB 63 43 76 0-220 08 193  from females carrying different
506 NzB 7 37 74 ¢-260 063 449 mean frequencies of the donor geno-
BC1 offspring type these data are shown as the
531 BALB  17.2 18 291 146516 o039 155  coefficient of variation. Similar
539 NZB 7.6 34 47 0-17.4 0.98 480 results were observed in the proge-
527 BALB 7.1 20 8.2 2.1-18.1 060 394  ny from six females in the first back-
530 BALB 3.1 48 58 0-248 119 87 cross generation (BCI, F1 females X
611 NzZB 44 31 6.9 0-26.5 1.00 125 BALB males) (Table 1). These d
603 NZB 568 25 2.0 0-111 149 867 males) ( 1able 1). These data

demonstrate that germline segrega-

P, and P,, frequency of the donor mtDNA genotype in the mother and the mean fre-
quency in her offspring. n, number of pups. Range, range in the frequency of the
donor mtDNA genotype (><102 ) present in individual offspring. CV, coefficient of varia-
tion in the frequency of mMtDNA genotypes. N, the effective number of segregating

units for mtDNA.

F1 progeny were genotyped. The proportion of donor
mtDNA genotype in a given female was similar to the
mean proportion in all her offspring (Table 1). How-
ever, in individual offspring substantial shifts in the pro-
portion of the two mtDNA genotypes were observed
(Table 1, Fig. 1a). This was true when either NZB or
BALB was used as the donor mtDNA genotype. The
donor genotype was undetectable in some offspring
from all founder females (fixation of the recipient

tion of the mtDNA genotypes used
here is a stochastic process and
establish the suitability of the mark-
er for studies of mitochondrial
inheritance.

Molecular basis for rapid segregation of mtDNA
To determine the molecular basis for the rapid segrega-
tion of mtDNA genotypes in the offspring of hetero-
plasmic females we used single-cell PCR techniques to
measure the proportions of the two mtDNA genotypes
at different stages of oogenesis. We compared the vari-
ance in the frequency of mtDNA genotypes at each stage
of oogenesis to that in somatic tissues in the offspring.
To test whether segregation of mtDNA occurred at
any stage of post-fertilization devel-

10 opment we compared the distribu-
: “ Mouse 515 OMatire soeytes tion of mtDNA genotypes in mature
W Offspring oocytes and F1 offspring from the

71 T same founder females. We observed
E 6 1 no significant difference in the range
2 51 of donor mtDNA propottions or in
& 41 the coefficient of variation in the

34 proportion of mtDNA genotypes in

2 these two populations (Fig 14, Table

14 II[I 2). Thus, unequal partitioning of
o JLIRIN, ;": i I I ﬂﬂlﬂ ﬂ NI mtDNAs into the inner cell mass
g 8 3 8 8 = ﬁ_ T e g N Y 9 2 8 o during early cleavage of the zygote*?

°© e ° 8 9 8 o S 9 ©° S 6 © © © 9 does not contribute significantly to
BALB Genome (pr°p°m°n) segregation of mtDNA genotypes

between generations. The relative

proportions of the two mtDNA

10 genotypes in an individual must

8 Mouse 517 _ therefore be determined at an earli-

8 O Mature oocytes er stage of development.

70 W Offspring If only a small number of tem-
g6 plates were used during the 100-fold
g g mtDNA amplification that occurs
g, during oocyte maturation one would
- expect to observe a large increase in

’ genetic variance in the population of

2 mature oocytes compared to that in

! { "I Il l‘l d "I H ﬂ immature oocytes. To test this

0 hypothesis we first compared the

° § § § g d § § f 3 i E % variance in the frequency of mtDNA

BALB Genome (proportion)

Fig. 1 Frequency histogram of the distribution of mtDNA genotypes in individual F1 off-

spring and mature oocytes from two founder females.
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genotypes in primary oocytes from
immature (postnaml day 2-3) het-
eroplasmic mice to that in mature
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Table2 Segregation of mtDNA in the female germ line

the rounds of synchronous mitotic

divisions that occur in the popula-

Mother n?%‘ﬁ; poix10%  n p(x102) range cv tion of oogonia as they differentiate
genotype into primary oocytes. Two mecha-
nisms contribute to mitotic segrega-
Mature oocyles tion of mtDNA: relaxed conﬁ'ofgof

517 BALB 6.3 26 9.4 0-50.5 1.16 C . .
541 BALB 10.0 o4 10.0 0-17.9 0.39 mtDNA replication permitting a sin-
515 BALB 32 39 47 0-32.4 1.71 gle mtDNA molecule to replicate
603A3 NZB 14 49 0.9 0-5.2 1.51 more than once or not at all during
60382 NzB 4.0 31 3.1 0-12.9 1.01 a single cell cycle, and random par-
Primary oocytes titioning of‘mitochopdri'a 1té)lg_iaugh-
527A BALB =3 o Y] Ty 059 ter cells during cytgkmesxs 16, T}}us
531A BALB 172 37 257 131-467 0.33 the rate of segregation of mtDNA is a
531B  BALB 38.9 35 370 17.1-56.9 0.26 function of the mtDNA copy num-
783at BALB 3.8 35 46 0-16.8 0.89 ber in individual cells, the number of
783a3  BALB 4.2 34 5.3 0-13.8 0.81 mtDNAs that are used as templates
gggé m%g 13 ig ;; g:;g 1(3;13 for replication and the number of
mitotic divisions in the lineage.
Primordial germ cells Human and other mammalian oogo-
819¢ NZB 46 12 49 2283 0.01 nia have a sparse population of mito-
791a1 BALB 38.6 4 403  33.4-450 0.11 chondria!’. For the mouse we
791a3  BALB 26.6 3 309 - 27.6-327 0.09 estimate that oogonia contain only

791a5 BALB 34.9 5 39.3 31.7-41.8 0.11

about 40 mitochondria. This num-

Symbols are the same as in Table 1, except that n refers to the number of individual cells.

aMature oocytes recovered from the transplanted ovary.

oocytes from adult mice. The coefficient of variation was
similar in these two populations (Table 2). Second, in
order to directly compare mtDNA genotypes in prima-
ry and mature oocytes from the same heteroplasmic ani-
mal, we obtained immature oocytes from one ovary on
postnatal day 2 and mature oocytes from the other ovary
after it was transplanted and allowed to mature in the
ovarian capsule of a nude mouse. The coefficient of vari-
ation was virtually identical in primary and mature
oocytes derived from the same animal (Table 2). These
results demonstrate that the variance in the primary
oocyte population is sufficient to explain the variance
in mtDNA genotype frequencies in adults of the next
generation. Segregation of mtDNAs must therefore
occur even earlier in oogenesis, prior to differentiation of
the primary oocyte population.

Before the the primary oocyte population is estab-
lished the germ cell lineage consists of approximately 50
primordial germ cells (PGCs) located at the base of the
allantois in postcoitum 7.5 day mouse embryos. These
cells can be identified using histochemical techniques
by virtue of their high alkaline phosphatase activity!*.
The PGCs replicate and migrate to the genital ridge
where in females they give rise to the population of
oogonia. The oogonia undergo a series of synchronous
mitotic divisions differentiating into approximately
25,000 primary oocytes'*. In sharp contrast to results
obtained in primary and mature oocytes, our analysis
of the mtDNA genotype in PGCs showed that the coef-
ficient of variation in these cells was very small (Table
2). Thus, segregation of mtDNA sequence variants must
occur during expansion of the oogonial population.

Discussion

The results of this study demonstrate, contrary to cur-
rent hypotheses, that the rapid segregation of mtDNA
occurs during early oogenesis and is essentially complete
by the time the primary oocyte population has differ-
entiated. It is most likely that segregation occurs during

ber was calculated from data in
Nagawa et al.'® using the numbers of
mitochondria determined on cross-
sections of oogonia, assuming the cell to be a sphere and
the mitochondria uniformly distributed. While the pre-
cise number of mtDNAs/organelle in oogonia is not
known, in somatic cells it averages five copies per
organelle!®. Based on these estimates oogonia would
have roughly 200 mtDNAs, which is low relative to that
determined in several other cell types?**!.

The segregation of mitochondrial and chloroplast
genomes in cells and organisms has been modelled pre-
viously using population genetic theory*>*?. By mea-
suring the change in variance of mtDNA genotype
frequencies between generations one can estimate the
effective number mtDNAs that are sampled at each gen-
eration from a large pool, assuming that segregation
occurs by genetic drift. We calculated the effective num-
ber of segregating units (N) for mtDNA using such a
model which relates the variance (V) in the nth gener-
ation to the initial frequency of one of the mtDNA geno-
types (p,) taking account of the number of cell divisions
in the female germline (g) as follows:

n
Vn = pn( 1_[’0) []_(l_fl\j)g ]

About 15 cell divisions would be necessary to produce
the population of primary oocytes in the mouse even if
we consider this lineage to arise from a single founder
cell. Using g=15 and the data on genotype frequencies
and variance in Table 1, the median effective number of
segregating units (N) for mtDNA in mice, calculated
from the five F1 and six BC1 litters, is 185 (range,
76-867) (Table 1) which is close to the estimated
mtDNA copy number in oogonia'®!”. As N'is only a sta-
tistical estimate of effective sample size, this close cor-
respondence may be fortuitous and does not imply that
mtDNAs in oogonia segregate as independent units.
Nonetheless, our analysis strongly suggests that the rapid
stochastic segregation of mtDNA genotypes is primari-
ly due the relatively small number of mtDNA templates
in oogonia, before they mature into primary oocytes.

The concept of a genetic bottleneck for mammalian
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association with a heterogeneous

— Mouse 603a
| 1 Primary oocytes| group of disorders referred to as
20 - ‘!Masu[ggogy}gsj mitochondrial ~ encephalomy-
opathies?>. Analysis of human pedi-
g s grees s'egrega.ting pathogenic pqint
8 mutations in mtDNA coding
g 10 sequences demonstrates that com-
plete segregation of mild mutations
;| (homoplasmy), and large shifts in the
proportion of mutant mtDNAs asso-
l ‘ ciated with severe phenotypes
0 E‘L"*J*Lm dé—* AP ! (always heteroplasmic), can occur in
= S g 2 g g2 g z some m.dlv1duals in as little as 3-4
NZB Genome (proportion) generations®~1%, Although homo-
plasmy for a severe pathogenic
14 1 mtDNA mutation has never been
N Mouse 603b observed in any individual, presum-
K YDPrlmaryoocytes| res .
2o ‘ g 3 ably because the condition is lethal,
: | W Mature oocytes op 2 B .
01 Sl ' the proportion of mutant mtDNAs
- ' in a heteroplasmic individual must
g s { j | generally exceed 85-90% before a
z biochemical or clinical phenotype is
[ - .
& © expressed?®?”. Below this threshold

mutant mtDNAs should be invisible
to selection and would likely segre-
gate randomly. This hypothesis can
be tested by calculating N, as above,
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Fig. 2 Frequency histograms of the distribution of mtDNA genotypes in primary and
mature oocytes from the same animals. Results of two experiments are shown. The inset
in the bottom panel shows control data from DNA extracted from tail biopsies of homo-
plasmic animals and three duplicate samples from primary oocytes.

011 _

from completely genotyped pedi-
grees with few affected individuals.
In humans an estimated 6 million
primary oocytes are produced?®
which would require ~24 mitotic
divisions from a single founder cell.
Data from human pedigrees must,

mtDNA was developed from segregation analysis of
mtDNA sequence polymorphisms in Holstein cows>->,
However, estimates of N, based on the segregation of a
D-loop sequence variant, are at least five times lower (at
equivalent g) than what we calculate for the mouse. Fur-
ther, in one such study many mother offspring pairs were
shown to be homoplasmic for alternate mtDNA geno-
types, implying complete segregation in a single gener-
ation without a heteroplasmic intermediate, and leading
to the suggestion that the size of the segregating unit
may be as small as a single mtDNA molecule’. The D-
loop sequence variant examined in all of the cow studies
is adjacent to a homopolymeric tract of G’s and because
the length of the tract of G’s is variable, the polymor-
phism could be interpreted as a G-C transversion or a
C insertion. The discrepancy between results obtained
in the cow and mouse could be due to a species differ-
ence in the mechanism of mtDNA transmission or, alter-
natively, it could reflect a high mutation rate or genetic
instability in this region of the D-loop. In support of the
latter notion, heteroplasmy, which is generally rare, has
been observed at this site in a large number of indepen-
dent maternal Holstein lineages*%7 and somatic cell
mosaicism for length variants has been reported in the
tract of Gs24. Although heteroplasmy has not been
observed directly for any other sequence variant in
mtDNA in cows, pedigree analysis indicates that fixa-
tion of a polymorphism in a coding sequence in a mater-
nal lineage requires three or more generations®.

MtDNA heteroplasmy in humans has been found in

nature genetics volume 14 october 1996

however, be evaluated with caution
for several reasons. First, the pedigree size is usually small
and therefore the estimate of the variance in the fre-
quency of different genotypes is poor. Second, because of
an ascertainment bias, the data is skewed to include
pedigrees with clinically affected individuals which will
tend to exaggerate the apparent rate of segregation. The
bias will also tend to increase the frequency of the
mutant mtDNA in later generations and, when this is
severe, to preclude calculation of N using the random
drift model for obvious reasons. Finally, the mtDNA
genotype is often only available from analysis of blood,
which may not be representative of the overall level of
heteroplasmy in the individual. With these constraints
in mind we have estimated N from several published
pedigrees. In individuals with the A8344G tRNAY muta-
tion associated with the myoclonus epilepsy and ragged-
red fibre syndrome (MERRF) the proportion of mutant
mtDNAs in blood correlates well with that in other tis-
sues®®. Using the data from two branches of a very large
MERREF pedigree we calculate N's of 140, 349, and, from
another independent pedigree, 135 (ref. 8). The rela-
tionship between the level of heteroplasmy in blood and
other tissues is less clear in families segregating muta-
tions associated with Lebers hereditary optic neuropa-
thy (LHON) or the neuropathy, ataxia, retinitis
pigmentosa syndrome (NARP). Nonetheless, using data
from three LHON (G11778A) pedigrees we calculate N
to be 164 (ref. 30), 110 (ref. 31) and 316 (ref. 32), from
one NARP (T8993G) pedigree to be 24 (ref. 10) and
from one small family with a silent polymorphism
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(G14560A) to be 89 (ref. 33). In spite of the potential
biases in the data, these estimates are within or near the
range predicted from the mouse model, making it like-
ly that segregation of germline-transmitted pathogenic
mtDNA mutations in humans is also largely due to ran-
dom genetic drift.

Our study suggests that the probability of inheriting
one of two mtDNA genotypes can be modelled as a
binomial sampling process. Based on the analysis of
human pedigrees, it seems unlikely that strong posi-
tive or negative selection for pathogenic mtDNAs
occurs in the oocyte or in early embryogenesis below
the threshold for expression of a biochemical pheno-
type. It should thus be possible to predict recurrence
risks of mitochondrial disease from the proportion of
mutant mtDNA in a female carrier. Further, it should
be possible to provide preimplantation diagnosis based
on the mtDNA genotype determined from a single
blastomere.

The random drift model can also be used to predict
the rate of fixation or loss of new mtDNA mutations in
a maternal lineage. Using 185 as an estimate for N in
humans the mean time to fixation of a new mutation
in a maternal lineage is approximately 370 cell genera-
tions or about 15 sexual generations??. The rate of fix-
ation of a neutral mtDNA allele in a population is a
function of the number of females. It is thought that
the effective human population size has not been lower
than 5,000 females in the past 1Myr34, which predicts
fixation of a neutral allele in approximately 10,000 gen-
erations. The mean rate of return to homoplasmy for
any new allele is thus very rapid compared to the rate
of fixation of the mutation in human populations,
explaining why polymorphism is common, but hetero-
plasmy is rare.

Methods

Generation of heteroplasmic animals. Embryos carrying two
mtDNA genotypes were produced using methods analagous to
those developed for pronuclear transfer®®, The zona pellucidae
were removed from one-cell embryos with 0.5% pronase for 3
min at 37 °C. The embryos were washed twice with Brinster’s
BMOC medium, then incubated in 5 pg/ml cytochalasin B and
0.1 ug/ml actinomycin D for 30 min. Cytoplasts were produced
by drawing up and pinching off cytoplasm surrounded by the
plasma membrane in a 15-20 pm glass pipette. Donor cyto-
plasts were injected under the zona pellucida of recipient one-
cell embryos which had been treated with 5 pug/ml cytochalasin
B and 0.1 pug/ml colcemid for 30 min. To form the cybrid (cyto-
plasmic hvbrid) embryos cytoplasts were electrofused to
zygotes with 2 x 50 ms square wave pulses at 2-4 kV/cm in
BMOC medium in a chamber with a 0.2 mm gap. The embryos
were cultured overnight at 37 °C, 5% CO, in BMOC medium
and transplanted as two cell embryos into the fallopian tubes of
B6C3F1 females on day 1 of pseudopregnancy, induced by mat-
ing with a vasectomized males. Because NZB mice have poor
reproductive performance and develop autoimmune disease we
generated NZB BALB F1 mice carrying the NZB mtDNA geno-
tvpe (female NZB x male Balb). These F1 mice were back-
crossed to BALB males and zvgotes from animals in the BCI to
BC3 generations were used in all studies. Thus the average NZB
nuclear background would vary from 6.25-23% in mice with
the NZB mtDNA genotvype.

mtDNA genotype analysis. An Rsal site at position 3961 in the
ND2 gene present in BALB but absent in NZB mice was used to

genotype individual animals®®. The mtDNA genotype was

determined on a PCR-amplified fragment encompassing the
polymorphic site. Genomic DNA was amplified using standard
conditions and the following primers: forward, nt 35713591,
5'-GAGCATCTTATCCACGCTTCC-3'; reverse, nt 4079-4059,
5'-CTGCTTCAGTTGATCGTGGGT-3' as follows: 94 °C, 30 s;
55 °C, 30 s; 72 °C, 30 s for 30 cycles. In the last cycle 1.5 pCi of
[e32]P-dCTP was added to the reaction to radiolabel the PCR
product. A 15 pl sample of this reaction was cut with 10 U Rsal
overnight and run on a 10% nondenaturing polyacrylamide gel
(Inset Fig. 2). Gels were analysed on a Fuji 1000 phosphorim-
ager. The proportion of the donor mtDNA genotype in founder
and F1 mothers was determined from the mean of at least five
non-mitotic tissues and was not significantly different from
that determined on tail biopsy specimens. The mtDNA geno-
type was determined from tail biopsies in all offspring.

Oocyte and PGC isolation. Mature and primary oocytes were
isolated as described. Primary oocytes were collected from
post-natal day 2-4 animals and mature oocytes from ovaries in
mature animals. Oocytes were extracted for PCR analysis as
decribed?®, Of the final volume, 40% was used to amplify the
mtDNA from mature and primary oocytes. A nested PCR
approach was used to amplify the mitochondrial DNA from the
primary oocytes. The following primers were used for the first
round: forward, nt 3509-3529, 5'-TCTACTCAAC-
TAACTTCATAA-3'; reverse, nt 4194—4174, 5-GGATAAGAC-
CGTTTGTTTGTT-3', using the conditions described earlier
and cycled for 15 cycles as follows: 94 °C, 30's; 48 °C, 30 s; 72°C
1 min. A 0.5 pl aliquot was used for the second round amplifi-
cation using primers and conditions described earlier. To
ensure that genotype frequencies in the PCR-amplified product
reflected those in the population of DNA templates, DNA from
mature oocytes was extracted from each founder strain, mixed
and PCR carried out on serial dilutions. Duplicate samples
from serial dilutions were analysed and significant differences
between duplicates were not seen until less than ~100 mtDNA
copies were amplified. Primary oocytes from several animals
(6037, 603B and 527A) were analysed in duplicate to control
for accidental loss of template DNA during transfer and extrac-
tion, and an average of the two determinations was used in the
analysis (Inset Fig. 2). Data were included in the analysis if
duplicate values were within +10% of the mean using an esti-
mated absolute measurment error of £2%; 94% of primary
oocvtes were within this range.

Primordial germ cells (PGC’s) were isolated from embryon-
ic day 8.5 animals. Tissue dissected from the posterior third of
the embryo was dispersed into a cell suspension while staining
in 1 ml of 0.5 M tris-maleate pH 9.0, 0.4 mg/ml o-napthyl
phosphate, 1 mg/ml Fast-Red TR salt for 5-10 min'®. The reac-
tion was stopped with 1 ml of 100% ethanol. The PGC’s were
retrieved by virtue of dark staining due to high alkaline phos-
phatase activity. Single PGC’s were extracted as above and the
mtDNA genotype was determined in duplicate samples using
nested PCR.

Ovarian transplant. Both ovaries from P2-3 females were
removed and one was transplanted into the ovarian capsule of
an oophorectomized transplant tolerant nude (nu/nu) mouse.
The transplanted ovary was recovered after 1 month and
oocvtes greater than 70 um were isolated. Primary oocytes were
collected from the non-transplanted ovary.

Acknowledgements

We thank I. Tretjakoff for technical assistance, and K.E.M.
Hastings for contments on the manuscript. This work was
supported in part by grants from the MRC and MDAC to EA.S.
and A.C.P. J.P]. is a PDF of the Canadian Network for Neuronal
Regeneration and Functional Recovery.

Received 14 June; accepted 9 August 1996.

nature genetics volume 14 october 1996



w

S

o

[=2]

~

©

20.

. Brown, WM., George, M. Jr. & Wilson A.C. Rapid evolution of animal

mitochondrial DNA. Proc. Natl. Acad. Sci. USA 76, 1967-1971 (1979).

. Brown, WM., Prager, E., Wang, A. & Wilson A.C. Mitochonodrial DNA

sequences of primates: tempo and mode of evolution. J. Mol. Evol. 18,
225-239(1982).

. Hauswirth, WW. & Laipis, PJ. Mitochondrial DNA polymorphism in a

maternal lineage of Holstein cows. Proc. Natl. Acad. Sci. USA. 79,
4686-4690 (1982).

. Ashley, MV, Laipis, PJ. & Hauswirth, WW. Rapid segregation of

heteroplasmic bovine mitochondria. Nucl. Acids Res. 17, 7325-7331(1989).

. Olivo, PD., Van de Walle, M.J., Laipis, PJ. & Hauswirth, WW. Nucleotide

sequence evidence for rapid genomic shifts in the bovine mitochondrial
DNA D-foop. Nature 306, 400-402 (1983).

. Laipis, PJ., Van de Walle, M.J. & Hauswirth, W.W. Unequal partitioning of

bovine mitochondrial genotypes among siblings. Proc. Natl. Acad. Sci. USA
85,8107-8110(1988).

. Koehler, CM. et al. Replacement of bovine mitochondrial DNA by a

sequence variant within one generation. Genetics 129, 247-255 (1991).

. Larsson, N. et al. Segregation and manifestations of the mtDNA tRNAYS

A-GB* mutation of myoclonus epilipsy and ragged-red fibers (MERRF)
syndrome. Am. J. Hum. Genet. 81, 1201-1212(1992).

. Ghosh, S.8., Fahy, E., Bodis-Wollner, 1., Sherman, J. & Howell, N.

Longitudinal study of a heteroplasmic 3460 hereditary optic neuropathy
family by multiplexed primer-extention analysis and nucleotide sequencing.
Am. J. Hum. Genet. 58, 325-334 (1996).

. Santorelli, FM. et al. A T—C mutaion at nt 8393 of a mitochondrial DNAin a

child with Leigh syndrome. Neurology 44, 972-974 (1994).

. Piké, L. & Taylor, K.D. Amounts of mitochondrial DNA and abundance of

some mitochondrial gene transcripts in early mouse embryos. Dev. Biol.
123, 364-374 (1987).

. Handyside, A. H. & Hunter, S. A rapid procedure for visualizing the inner cell

mass and trophectoderm nuclei of mouse blastocysts in situ using
polynucleotide-specific flourochromes. J. Exp. Zool. 231, 429-434 (1984).

. Ginsburg. M.. Snow, M.H.L. & Mcl.aren, A. Primordial germ cells in the

mouse embryo during gastrulation. Development 110, 521-528 (1990).

. Tam, PPL. & Snow, M.H.L. Proliferation and migration of primordial germ

cells during compensatory growth in mouse embryos. J. Embryol. Exp.
Morph. 64, 133-147 (1981).

. Birky, C.W. Jr. Relaxed and stringent genomes: Why cytoplasmic genes

don't obey Mendel’s laws. J. Hered. 85, 355-365 (1994).

. Clayton, D.A. Replication of animal mitochondrial DNA Celf 28, 693-705

(1982).

. Gondos, B. Comparative studies of normal and neoplastic ovarian germ

cells. Int. J. Gynecol. Path. 6,114-123(1987).

. Nogawa. T, Sung, W.K., Jagiello, G.M. & Bowne, W. A quantitative analysis

of mitochondria during fetal mouse cogenesis. J. Morph. 195, 225-234
(1988).

. Nass, M.M.K. Mitochondrial DNA . Intramitochondrial distribution and

structural relations of single- and double-length circular DNA. J. Mol. Biol.
42,521-528 (1969).

Shmookter Reis, R.J. & Goldstein S. Mitochondrial DNA in mortal and
immortal cells. Genome number, integrity, and methylation. J. Biol. Chem.
258, 9078-9085. (1983).

nature genetics volume 14 octccer 1996

21,

22.

23.

24,

25.

26.

217.

28,

29.

30.

31,

32.

33.

35.
36.

ar.

38.

Bogenhagen, D. & Clayton, D. A. The number of mitochondrial
deoxyribonucleic acid genomes in mouse L and human Hela cells. J. Biof.
Chem. 249, 7991-7995 (1974).

Birky, C.W. Jr,, Maruyama, T. & Fuerst, P. An appraoch to population and
evolutionary genetic theory for genes in mitochondria and chloroplasts and
some results. Genetics 103, 513-527. (1983).

Solignac, M., Génermont, J., Monnerot, M. & Mounolou, J. Genetics of
mitochondria in Drosophila: mtDNA inheritance in heteroplasmic strains of
D. mauritiana. Mol. Gen. Genet. 197, 183-188 (1984).

Hauswirth, WW., Van De Walle, M.J. & Laipis, PJ. Heterogeneous
mitochondrial DNA D-loop sequences in bovine tissue. Ceff 37, 1001-1007
(1984).

Wallace, D.C. Mitochondrial DNA mutations in diseases of energy
metabolism. J. Bioenerget. Biomem. 26, 241-250 (1994).

Boulet, L., Karpati, G. & Shoubridge, E.A. Distribution and threshold
expression of the tRNAYS mutaion in skeletal muscle of patients with
myoclonic epilepsy and ragged-red fibers (MERRF) Am. J. Hum. Genet. 51,
1187-1200(1992).

Chomyn, A. et al. MELAS mutation in mtDNA binding site for transcription
termination factor causes defects in protein synthesis and in respiration but
no changes in levels of upstream and downstream mature transcripts. Proc.
Natl. Acad, Sci. USA 89, 42214225 (1992).

Baker, G.T.A. A quantitative and cytological study of germ cells in human
ovaries. Proc. Roy. Soc. 158, 417-423. (1963). in Medical Embryology (ed.
Langman, J.) 11-18 (Williams & Wilkins, Baltimore, 1975).

Larsson, N., Tulinius, M.H., Holme, E., Oldfors, A. Pathogenic aspects of the
A8344G mutation of mitochondrial DNA associated with MERRF syndrome
and multiple symmetric lipomas. Muscle Nerve 3, $102-S106 (1995).
Howell, N., Xu, M., Halvorson, S., Bodis-Wollner, I. & Sherman, J. A
heteroplasmic LHON family: Tissue distribution and transmission of the
11778 mutation. Am. J. Hum. Genet, 55, 203-206 (1994).

Zhu, D., Economou, E.P, Antonarakis, S.E. & Maumenee, |.H. Mitochondrial
DNA mutation and heteroplasmy in type | leber hereditary optic neuropathy.
Am. J. Med. Genet. 42, 173-179(1992).

Howell, N., et.al. Bindoff, L.A., McCullough, D.A., Kubacka, |., Poulton, J.,
Mackey, D., Taylor, L. & Turnbull, D.M. Leber hereditary optic neuropathy:
|dentification of the same mitochondrial ND1 mutation in six pedigrees.Am.
J. Hum. Genet. 49, 939-950 (1991).

Howell, N. et al. Mitochondrial gene segregation in mammals: Is the
bottleneck always narrow? Hum. Genet. 90, 117-120(1992).

. Takahata, N. Allelic geneology and human evolution. Mol. Biol. Evol. 10,

2-22(1993).

McGrath, J. & Solter D. Nuclear transplantation in the mouse embryo by
microsurgery and celi fusion. Science 228, 1300-1302 (1983).

Loveland, B. Wang, C.R,, Yonekawa H., Hermel, E., & Lindahl, K.F.
Maternally transmitted histocompatability antigen of mice: a hydrophobic
peptide of a mitochondrially encoded protein. Celf 60, 971--980 (1990).
Mangia, F. & Epstein C.J. Biochemical studies of growing mouse oocytes:
Preparation of oocytes and analysis of glucose-6-phosphate
dehydrogenase and lactate dehydrogenase and lactate dehydrogenase
activities. Dev. Biol. 45, 211-220 (1975).

Li, H., Cui. X. & Arnheim, N. Analysis of DNA sequence variation in single
cells. in Methods: A Companion to Methods in Enzymology 2, 49-59 (1991).

151




