
Abstract The presence of multiple mitochondrial geno-
types (heteroplasmy) has been studied in normal individ-
uals. Six multigenerational normal families were screened
for heteroplasmy by PCR of the mitochondrial control re-
gion and the cytochrome c oxidase intergenic regions. Two
individuals from different families exhibited multiple
length polymorphisms in a homopolymeric tract at posi-
tions 16 184–16193 and a grandmother in a third family
was heteroplasmic for both cytosine and thymidine at po-
sition 15945. Although the 15945 T variant comprised
28% of the grandmother’s mitochondrial DNA, this se-
quence was not present in any of her descendants. Hetero-
plasmy was detected in 2.5% of the 96 mother-offspring
pairs, consistent with the possibility that it may not be
rare.

Introduction

Studies of human mitochondrial DNA (mtDNA) transmis-
sion in families with mitochondrial encephalomyopathies
(Wallace 1992) have revealed that multiple mtDNA geno-
types (heteroplasmy) may be present in the same individ-
ual (Blok et al. 1997; Ghosh et al. 1996; Goto et al. 1992;
Howell et al. 1996; Larsson et al. 1990; Poulton et al.
1991). The level of heteroplasmy can vary among family
members and among different tissues within the same in-
dividual. Unbiased mtDNA transmission cannot be stud-
ied in these kindreds, since the mutations themselves have
the potential to alter the degree of heteroplasmy by affect-

ing oxidative phosphorylation and, as a consequence, cell
viability (Shoubridge et al. 1990). The proportions of the
heteroplasmic mtDNA forms may also be altered by dif-
ferences in the efficiency of DNA replication of the mutant
and normal genomes (Yoneda et al. 1992).

The present study attempts to remove bias in germ-line
mtDNA segregation by analyzing neutral mtDNA substi-
tutions in kindreds unaffected by mitochondrial disease.
Rare examples of multiple mtDNA types (heteroplasmy)
within normal individuals have been identified (Comas et
al. 1995; Gill et al. 1994; Jazin et al. 1996; Monnat et al.
1985; Monnat and Reay 1986; Mumm et al. 1997; Wilson
et al. 1997) although length heterogeneity of two imper-
fect homopolymeric stretches has been noted repeatedly
(Bendall and Sykes 1995; Hauswirth and Clayton 1985;
Marchington et al. 1997). Since normal humans have been
assumed to be homoplasmic (Laipis 1996), we and others
(Gocke et al. 1994; Bendall et al. 1996; Parsons et al.
1997) have studied the incidence and segregation of
mtDNA heteroplasmy in maternally related individuals.

Materials and methods

Pedigrees

We have screened highly polymorphic segments of the mitochon-
drial genome in six multigenerational families to identify mtDNA
heteroplasmy. DNA was extracted from lymphoblast cell lines of
CEPH pedigrees 1340, 1329 and 1331 (Dausset et al. 1990; BIOS
Laboratories, New Haven, Conn.) and leukocytes from a single
two-generation family (T) and two four-generation families (L and
H). Differences in maternal and offspring genotypes were exam-
ined in 6 maternal-offspring pairs in CEPH 1340, 35 pairs in
CEPH 1329, 9 pairs in CEPH 1331, 22 pairs in family L, 19 pairs
in family H, and 2 pairs in family T. The entire study group com-
prised 119 individuals from 25 maternal lineages, with 1 (unre-
lated male spouse) to 21 individuals in each lineage.

Amplification and detection of heteroplasmy

mtDNA was amplified with seven different sets of (32P) end-la-
beled oligonucleotide primers that span the highly polymorphic
mtDNA control region (D-loop) and intergenic regions adjacent to
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the cytochrome c oxidase genes, which together comprise 11% of
the mitochondrial genome (Table 1; Horai and Hayasaka 1990;
Vigilant et al. 1989). Total cellular DNA (10 ng) was amplified for
30 cycles in 10-µL PCR reactions at the calculated annealing tem-
perature for these primers. Single-strand conformational polymor-
phism analysis, which has been used to detect mtDNA sequence
variation among different individuals (Jaksch et al. 1995; Kim et
al. 1995), was performed on 5% polyacrylamide gels containing
10% glycerol, run at 300–400 V for 6–22 h at either room temper-
ature or 6°C. At least 5% of a heteroplasmic population of mtDNA
was detectable in mixtures containing two different genotypes
(Gocke et al. 1994; results not shown). Selected variant conform-
ers were isolated and cloned into pGEM-T (Promega, Madison,
Wis.). The DNA sequences of 4–8 clones were determined for
each PCR product and at least four clones with the same variant
sequence were identified. The proportion of the variant mtDNA
species was determined using a previously published method
(Tanno et al. 1991).

Results

The majority of individuals studied exhibited homo-
plasmy (97.5%). Members of CEPH 1331, L, H, or T fam-
ilies did not demonstrate heteroplasmy or discordant ma-
ternal-offspring genotypes. Several mother-offspring pairs
demonstrated more than one mtDNA genotype, however.
The analysis of a total of 96 maternal-offspring pairs (which
included a comparison among three siblings whose mother
was unavailable) identified three distinct examples of het-
eroplasmy, two of which were length polymorphisms. In
one family, heteroplasmy resulted in discordant mtDNA
genotypes between a mother and three of her offspring.

DNA sequence analysis revealed that one of the grand-
mothers in CEPH 1329 (UP-072) was heteroplasmic at
position 15945 for C (the reference sequence) and T
(Gocke et al. 1994; results not shown). Since the 15 945 T
variant destroyed a StyI restriction site, the relative quan-
tities of the reference and variant populations were com-
pared (Tanno et al. 1991). The 15945 T variant was a
prominent grandmaternal mtDNA type (28%), but was
undetectable in three of her children and six grandchildren
(Fig. 1). These discordant maternal-offspring genotypes in
this family suggest that heteroplasmy may segregate to

homoplasmy in a single generation in the absence of any
obvious replicative advantage for either mitochondrial
variant. Segregation of a presumably neutral heteroplas-
mic allele in fewer than five generations has been reported
(Ivanov et al. 1996).

The 15945 T variant noted in UP-072 lies within the
coding region for tRNAThr at the base of the TψC loop
stem. This base change disrupts a G-C base pair, but still
permits non-Watson-Crick G-U pairing. The G-U pair is
common in tRNA of lower eukaryotic mitochondrial 
tRNAs, and it is particularly frequent at the base of the
stem of the TψC loop (Clark 1978). The 5-base stem ad-
jacent to TψC of tRNAThr is present in other organisms
with a G-U pair at the corresponding position and in
bovine tRNAThr, this stem is only 4 bp in length (Sprinzl
et al. 1989). This sequence variant does not significantly
alter predictions of the cloverleaf form of the molecule
based on an energy maximization algorithm (Zuker 1989).
By contrast, a pathologic mutation in the TψC loop at the
analogous position of tRNALys (Silvestri et al. 1992) is
predicted to markedly alter the secondary structure. It is
unlikely that the 15 945 T variant would be deleterious in
this normal CEPH kindred.

Two males who married into family L and CEPH 1340
exhibited heteroplasmy in the D loop region (Fig. 2). UP-
031 (Fig. 2C; CEPH 1340) displayed length variants in
the imperfect homopolymeric C tract at 16 184–16193
ranging from 11 to 13 bp (Fig.2D; the reference sequence
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Fig.1 PCR-RFLP analysis of a mtDNA single nucleotide variant
found in CEPH 1329. Total lymphoblast DNA was amplified by
PCR with primers D1–D4 for 30 cycles with (32P)-labeled D1
added at the final cycle (Tanno et al. 1991). The products were di-
gested with the restriction enzyme StyI and subjected to elec-
trophoresis on a 2% agarose gel that was dried and autoradi-
ographed. The 15 945 T variant in UP-072 destroys a restriction
site at position 15945, releasing a labeled 484-bp fragment. The
484-bp band represents 28% of the background-corrected total in-
tensity. This site is completely cleaved in UP-073, UP074 and UP-
130, indicating that this variant is not detected in her offspring 
(< 5%)

Table 1 List of mtDNA
oligonuclotide primers used
(coordinates according to An-
derson et al. 1981)

Primers Coordinates

D 1 15882–15905
D 2 16280–16260
D 3 16271–16291
D 4 151– 129
D 6 668– 646
D 7 401– 421
D 9 16133–16111
D10 16034–16054
D11 16521–16502
D12 16459–16478
CO3 8108– 8127
CO4 8598– 8577
CO5 8379– 8399
CO6 8380– 8359



of Anderson et al. 1981 has an imperfect homopolymer 10
bp in length). The male spouse in family L (III-1; Fig. 2A)
exhibited multiple length variants in the same tract rang-
ing from 10 to 13 bp (Fig.2B). Both individuals also ex-
hibited loss of one adenine in the homopolymeric A tract
at 16 180–16183. These results independently confirm the
previously reported length variant (Bendall and Sykes
1995), in which shorter polyadenosine tracts were also
observed. There was no paternal leakage of mtDNA in the
offspring of these two males or any other family members,
as expected (Hutchinson et al. 1974).

Discussion

Differences in the efficiency of replication of the normal
and mutant mtDNA genomes may result in significantly
different proportions of mutant mtDNA among related in-
dividuals harboring the same mutation (Yoneda et al.
1992). A marked shift in genotype may also be explained
by a “genetic bottleneck” due to transmission of only a
few mtDNA species during meiosis (Ashley et al. 1989;
Hauswirth and Laipis 1982; Howell et al. 1992). In stud-
ies of single human oocytes from in vitro fertilization pro-
cedures, we and others have noted such shifts in mtDNA
(Gocke et al. 1994; Blok et al. 1997; Marchington et al.
1997). Twins and their first-degree relatives similarly can
exhibit variable mtDNA inheritance patterns (Bendall et
al. 1996). Although the mechanism of segregation in hu-

mans is unknown, yeast mutants defective in mitochondr-
ial resolvase exhibit nonrandom mtDNA transmission due
to aggregation of these molecules (Lockshon et al. 1995).

The marked genotype shift in the offspring of UP-072
can be simulated using the Wright-Fisher model of ran-
dom segregation (in contrast to a Bayesian approach;
Bendall et al. 1996). In this model, loss of a variant from
a single heteroplasmic cell lineage is analogous to extinc-
tion of a monogenic trait in a population undergoing ran-
dom genetic drift (Hartl and Clark 1989). Like Bendall et
al. (1996), we assume that one genetic bottleneck oc-
curred, that mtDNA replication after the bottleneck was
faithful, and that somatic and germ-line levels of hetero-
plasmy were similar. To determine Ne, the effective popu-
lation size or segregating unit of mtDNA molecules, we
estimate that 500–1000 cell divisions have occurred since
the variant was lost. This is based on the number of
elapsed generations since the mature maternal leukocytes
and oocytes developed from the conceptus (assuming an
average mammalian mitotic cycle of 30 days (Young and
Hay 1995). Applying the Wright-Fisher model (Kimura
and Ohta 1969), Ne ranges from 252 to 505 in each of
these three individuals. This value is consistent with data
from the mouse model (Jenuth et al. 1976; 76 < Ne < 867),
but exceeds other estimates for humans (Bendall et al.
1996; Parsons et al. 1997). If fewer than 500 cell divisions
take place prior to fixation of the mtDNA genotype, how-
ever, Ne is less than 252. Therefore, the marked shift in
mtDNA genotype seen in CEPH 1329 either occurred
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Fig.2 A–D Length variants in
the mtDNA control region in
CEPH 1340 and pedigree L.
SSCP analysis of individuals
III-1 from pedigree L (A) and
UP-31 from CEPH 1340 
(C) reveals multiple conform-
ers using the D2–D10 primer
pair. DNA sequencing of inde-
pendent cloned PCR products
from these individuals demon-
strates expansions of the im-
perfect homopolymer at coor-
dinates 16184–16193 (based
on the reference sequence of
Anderson et al. 1981). Se-
quencing was performed with
primer D10; only G lanes are
shown. In individual III-1 
(B), the length of the homo-
polymer ranges from 10 bp
(third lane from right) to 13 bp
(left two lanes). In individual
UP-031 (D), this sequence
ranges from 11 bp (third lane
from right) to 13 bp (second
lane from right). A strong
polymerase pause at position
16189 has prevented determin-
ing whether a T→C transition
previously noted at this posi-
tion (Bendall and Sykes 1995)
is present



nonrandomly (the result of selective amplification of cer-
tain mtDNA variants) or was the result of segregation of a
limited maternal subpopulation of mtDNA. mtDNA stud-
ies in oocytes (Blok et al. 1997) indicate that the latter ex-
planation is more likely.

Based on the results of this and previous studies, het-
eroplasmy in normal individuals may not be rare (Table
2). Our finding of 2.5% heteroplasmy is probably conser-
vative, since only a portion of the mitochondrial genome
was surveyed (11%) and the SSCP technique may not re-
veal all of the nucleotide mismatches that may be present.
The frequency of heteroplasmy and segregation to homo-
plasmy was 3.1% in another set of normal pedigrees (Par-
sons et al. 1997).

Undetected mtDNA genotype shifts and heteroplasmy
may conceivably impact the interpretation of mtDNA geno-
types in population studies, in forensic analyses, and in
counseling for mitochondrial disorders. Complete shifts
in genotype would affect determination of genetic related-

ness at the individual or population level. We and others
(Parsons et al. 1997) suggest that a single mtDNA se-
quence difference should not be used to exclude related-
ness between individuals.

Acknowledgements We thank Dr. Andrew Clark for critical re-
view of the manuscript. This work was supported by grants from
the Four Diamonds Pediatric Cancer Research Fund (C.D.G. and
P.K.R.), the American Cancer Society (P.K.R.), and the Leukemia
Research Foundation (P.K.R.).

References

Anderson S, Bankier AT, Barrell BG, Bruijn M de, Coulson AR,
Drouin J, Eperon IC, Nierlich DP, Roe BA, Sanger F, Schreier
PH, Smith AJ, Staden R, Young IG (1981) Sequence and orga-
nization of the human mitochondrial genome. Nature 290 :
457–465

Ashley MV, Laipis PJ, Hauswirth WW (1989) Rapid segregation
of heteroplasmic bovine mitochondria. Nucleic Acids Res 17 :
7325–7331

185

Table 2 Putative neutral, 
heteroplasmic mtDNA variants
in humans without evidence of
mitochondrial disease

Reference Heteroplasmic site Number of individuals Comment

Wilson et al. 1997 16355 C + T 3 Percentage varied
among tissues and
individuals

Comas et al. 1995 16293 A + G, 1
16311 T + C

Gill et al. 1994; 19169 T + C 2
Ivanov et al. 1996

Bendall et al. 1996 16262 C + T and 1 (a twin from pair 1 16184–16193 also
16293 A + G (twin pair was homoplasmic); heteroplasmic in twin
1); 16192 C + T (twin 2 (twin pair 2); 11 (a pair 2; total of 473
pair 2); 16222 C + T twin from pair 3 was unrelated individuals
(twin pair 3); homoplasmic); 10 (a screened for hetero-
16239 C + T (twin pair son of a twin from plasmy
4); 16189 T + C; pair 4 was homoplas-
16192 C + T; mic); 1; 1; 1
16256 C + T;
16311 T + C

Parsons et al. 1997 16092 C + T; 2; 1; 2 327 “generational
16256 T + C; 309.1 C events” screened

Jazin et al. 1996 37 positions, multiple 3 Age-related somatic
substitutions substitutions

Marchington et al. 303–315 2 (multiple tissues), Length polymorphism;
1997 5 (multiple oocytes) suggests 16184–16193

length polymorphism
is regenerated in each
individual

Bendall and Sykes 16184–16193 ~300 Length polymorphism
1995

Hauswirth and 303–315 1 Cell line
Clayton 1985

Mumm et al. 1997 295 A + G 18

Monnat et al. 1985 9731–9732 C(del), 1 Leukemia cells
9727–9732 CT(del)

Monnat and Reay 94 G + A 1 Liver
1986

Current study 16184–16193; 2; 1 Length polymorphism

15945 C + T 96 mother-offspring
pairs screened



Bendall KE, Sykes BC (1995) Length heteroplasmy in the first hy-
pervariable segment of the human mtDNA control region. Am
J Hum Genet 57 :248–256

Bendall KE, Macaulay VA, Baker JR, Sykes BC (1996) Hetero-
plasmic point mutations in the human mtDNA control region.
Am J Hum Genet 59 :1276–1287

Blok RB, Gook DA, Thorburn DR, Dahl HH (1997) Skewed seg-
regation of the mtDNA nt 8993 (T→G) mutation in human
oocytes. Am J Hum Genet 60 :1495–1501

Clark BFC (1978) General features and implications of primary,
secondary, and tertiary structure. In: Altman S (ed) Transfer
RNA. MIT Press, Cambridge, pp 14–47

Comas D, Pääbo S, Bertranpetit J (1995) Heteroplasmy in the control
region of human mitochondrial DNA. Genome Res 5 :89–90

Dausset J, Cann H, Cohen D, Lathrop M, Lalouel JM, White R
(1990) Centre d’etude du polymorphisme humain (CEPH): col-
laborative genetic mapping of the human genome. Genomics 6 :
575–577

Ghosh SS, Fahy E, Bodis-Wollner I, Sherman J, Howell N (1996)
Longitudinal study of a heteroplasmic 3460 Leber hereditary
optic neuropathy family by multiplexed primer-extension analy-
sis and nucleotide sequencing. Am J Hum Genet 58 :325–334

Gill P, Ivanov PL, Kimpton C, Piercy R, Benson N, Tully G, Evett
I, Hagelberg E, Sullivan K (1994) Identification of the remains
of the Romanov family by DNA analysis. Nat Genet 6 :130–135

Gocke CD, Dodson WC, Benko FA, Seip JR, Rogan PK (1994)
Patterns of human mitochondrial DNA transmission in oocytes
and extended families. Am J Hum Genet 55 :A152

Goto Y, Horai S, Matsuoka T, Koga Y, Nihei K, Kobayashi M,
Nonaka I (1992) Mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke-like episodes (MELAS): a correla-
tive study of the clinical features and mitochondrial DNA mu-
tation. Neurology 42 :545–550

Hartl DL, Clark AG (1989) Principles of population genetics, 2nd
edn. Sinauer Associates, Sunderland, Mass.

Hauswirth WW, Clayton DA (1985) Length heterogeneity of a
conserved displacement-loop sequence in human mitochondr-
ial DNA. Nucleic Acids Res 13 :8093–8104

Hauswirth WW, Laipis PJ (1982) Mitochondrial DNA polymor-
phism in a maternal lineage of Holstein cows. Proc Natl Acad
Sci USA 79 :4686–4690

Horai S, Hayasaka K (1990) Intraspecific nucleotide sequence dif-
ferences in the major noncoding region of human mitochondr-
ial DNA. Am J Hum Genet 46 :828-842

Howell N, Halvorson S, Kubacka I, McCullough DA, Bindoff LA,
Turnbull DM (1992) Mitochondrial gene segregation in mammals:
is the bottleneck always narrow? Hum Genet 90 :117–120

Howell N, Kubacka I, Mackey DA (1996) How rapidly does the
human mitochondrial genome evolve? Am J Hum Genet 59 :
501–509

Hutchinson CA III, Newbold JE, Potter SE, Edgell MH (1974)
Maternal inheritance of mammalian mitochondrial DNA. Na-
ture 251 :536–538

Ivanov P, Wadhams M, Roby R, Holland M, Weedn V, Parsons T
(1996) Mitochondrial DNA sequence heteroplasmy in the Grand
Duke of Russia Georgij Romanov establishes the authenticity
of the remains of Tsar Nicholas II. Nat Genet 12 :417–420

Jaksch M, Gerbitz KD, Kilger C (1995) Screening for mitochondr-
ial DNA (mtDNA) point mutations using nonradioactive single
strand conformation polymorphism (SSCP) analysis. Clin
Biochem 28 :503–509

Jazin EE, Cavelier L, Eriksson I, Oreland L, Gyllensten U (1996)
Human brain contains high levels of heteroplasmy in the non-
coding regions of mitochondrial DNA. Proc Natl Acad Sci
USA 93 :12382–12387

Jenuth JP, Peterson AC, Fu K, Shoubridge EA (1996) Random ge-
netic drift in the female germline explains the rapid segregation
of mammalian mitochondrial DNA. Nat Genet 14 :146–151

Kim YL, Brown MD, Wallace DC (1995) Single-strand conforma-
tion polymorphism analysis for the detection of point muta-
tions in the mitochondrial DNA. Anal Biochem 224 :608–611

Kimura M, Ohta T (1969) The average number of generations until
fixation of a mutant gene in a finite population. Genetics 61 :
763–771

Laipis PJ (1996) Construction of heteroplasmic mice containing
two mitochondrial DNA genotypes by micromanipulation of
single-cell embryos. In: Attardi GM, Chomyn A (eds) Mito-
chondrial biogenesis and genetics, vol 264. Academic Press,
San Diego, pp 345–357

Larsson NG, Holme E, Kristiansson B, Oldfors A, Tulinius M
(1990) Progressive increase of the mutated mitochondrial DNA
fraction in Kearns-Sayre syndrome. Pediatr Res 28 :131–136

Lockshon D, Zweifel SG, Freeman-Cook LL, Lorimer HE, Brewer
BJ, Fangman WL (1995) A role for recombination junctions in the
segregation of mitochondrial DNA in yeast. Cell 81 :947–955

Marchington DR, Hartshorne GM, Barlow D, Poulton J (1997)
Homopolymeric tract heteroplasmy in mtDNA from tissues
and single oocytes: support for a genetic bottleneck. Am J Hum
Genet 60 :408–416

Monnat RJ, Reay DT (1986) Nucleotide sequence identity of mito-
chondrial DNA from different human tissues. Gene 43 :205–211

Monnat RJ, Maxwell CL, Loeb LA (1985) Nucleotide sequence
preservation of human leukemic mitochondrial DNA. Cancer
Res 45 :1809–1814

Mumm S, Whyte MP, Thakker RV, Buetow KH, Schlessinger D
(1997) mtDNA analysis shows common ancestry in two kin-
dreds with X-linked recessive hypoparathyroidism and reveals
a heteroplasmic silent mutation. Am J Hum Genet 60 :153–159

Parsons TJ, Muniec DS, Sullivan K, Woodyatt N, Alliston-Greiner R,
Wilson MR, Berry DL, Holland KA, Weedn VW, Gill P, Holland
MM (1997) A high observed substitution rate in the human mito-
chondrial DNA control region. Nat Genet 1 :363–368

Poulton J, Deadman ME, Ramacharan S (1991) Germ-line dele-
tions of mtDNA in mitochondrial myopathy. Am J Hum Genet
48 :649–653

Shoubridge EA, Karpati G, Hastings KE (1990) Deletion muta-
tions are functionally dominant over wild-type mitochondrial
genomes in skeletal muscle fiber segments in mitochondrial
disease. Cell 62 :43–49

Silvestri G, Moraes CT, Shanske S, Oh SJ, DiMauro S (1992) A
new mtDNA mutation in the tRNA (Lys) gene associated with
myoclonic epilepsy and ragged-red fibers (MERRF). Am J
Hum Genet 51 :1213–1217

Sprinzl M, Hartmann T, Weber J, Blank J, Zeidler R (1989) Com-
pilation of tRNA sequences and sequences of tRNA genes. Nu-
cleic Acids Res 17 :1–172

Tanno Y, Yoneda M, Nonaka I, Tanaka K, Miyatake T, Tsuji S
(1991) Quantitation of mitochondrial DNA carrying tRNA Lys
mutation in MERRF patients. Biochem Biophys Res Commun
179 :880–885

Vigilant L, Pennington R, Harpending H, Kocher TD, Wilson AC
(1989) Mitochondrial DNA sequences in single hairs from a
southern African population. Proc Natl Acad Sci USA 86 :
9350–9354

Wallace DC (1992) Diseases of the mitochondrial DNA. Annu
Rev Biochem 61 :1175–1212

Wilson M, Polanskey D, Replogle J, DiZinno J, Budowle B (1997)
A family exhibiting heteroplasmy in the human mitochondrial
DNA control region reveals both somatic mosaicism and pro-
nounced segregation of mitotypes. Hum Genet 100 :167–171

Yoneda M, Chomyn A, Martinuzzi A, Hurko O, Attardi G (1992)
Marked replicative advantage of human mtDNA carrying a
point mutation that causes the MELAS encephalomyopathy.
Proc Natl Acad Sci USA 89 :11164–11168

Young AJ, Hay JB (1995) Rapid turnover of the recirculating lym-
phocyte pool in vivo. Int Immunol 7 :1607–1615

Zuker M (1989) On finding all suboptimal foldings of an RNA
molecule. Science 244 :48–52

186


