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Persistent Heteroplasmy of a Mutation in the Human mtDNA Control
Region: Hypermutation as an Apparent Consequence of Simple-Repeat
Expansion/Contraction
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In the genealogical and phylogenetic analyses that are reported here, we obtained evidence for an unusual pattern
of mutation/reversion in the human mitochondrial genome. The cumulative results indicate that, when there is a
T—-C polymorphism at nt 16189 and a C—T substitution at nt 16192, there is an extremely high rate of reversion
(hypermutation) at the latter site. The apparent reversion rate is sufficiently high that there is persistent heteroplasmy
at nt 16192 in maternal lineages and at the phylogenetic level, a situation that is similar to that observed for the
rapid expansion/contraction of simple repeats within the control region. This is the first specific instance in which
the mutation frequency at one site in the D-loop is markedly influenced by the local sequence “context.” The 16189
T-C polymorphism lengthens a (C:G), simple repeat, which then undergoes expansion and contraction, probably
through replication slippage. This proclivity toward expansion/contraction is more pronounced when there is a C
residue, rather than a T, at nt 16192. The high T—C reversion frequency at nt 16192 apparently is the result of
polymerase misincorporation or slippage during replication, the same mechanism that also causes the expansion/
contraction of this simple-repeat sequence. In addition to the first analysis of this mitochondrial hypermutation
process, these results also yield mechanistic insights into the expansion/contraction of simple-repeat sequences in

mtDNA.

Introduction

The human mitochondrial genome (mtDNA) evolves
rapidly, particularly so within the 1.1-kb noncoding con-
trol region or D-loop (Kocher and Wilson 1991). There
is great uncertainty about both the overall rate of di-
vergence within the control region and whether there is
a simple mtDNA evolutionary “clock” (Horai et al.
1995; Bendall et al. 1996; Howell et al. 1996; Howell
and Mackey 1997; Macauley et al. 1997; Parsons et al.
1997). An important phenomenon that limits the anal-
ysis of these problems is the marked site variability in
the rate of mtDNA substitution. At one extreme, most
of the sites within the control region do not vary among
humans, but other sites are apparent “hotspots” at the
other extreme of the mutational spectrum (Kocher and
Wilson 1991; Hasegawa et al. 1993; Wakeley 1993; Ex-
coffier and Yang 1999; Meyer et al. 1999). In addition
to the controversy over rate, there also remains much
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uncertainty about other properties of the evolution of
mtDNA, including an understanding of why certain nu-
cleotides—but not others—have high divergence rates,
the relationship between mutation/reversion at the mo-
lecular level and sequence divergence at the phylogenetic
level (that is, the process of fixation and the role of
selection in this process), and whether mutation or di-
vergence rates at one site are influenced by other sites
within the mtDNA.

The “standard” pathway of mtDNA evolution begins
with a mutation in a single germline mtDNA molecule,
a segregational stage during which the mutation is het-
eroplasmic within the mtDNA gene pool of a maternal
lineage, establishment of the mutation in the homo-
plasmic state at the level of the individual and then
within the lineage, and—perhaps—eventual fixation at
the level of the population. There are numerous points
in this pathway at which the newly arisen mutation can
be “lost.” For example, there is considerable interest in
a developmental bottleneck (Lightowlers et al. 1997) in
which the effective number of mtDNA transmission
units is sharply reduced relative to the number of
mtDNA molecules in either uninucleate somatic cells
(thousands) or in the mature oocyte (=100,000). At
each generation, as a result of the bottleneck, there can
be rapid shifts in the proportion of mtDNA molecules
that carry the mutation. Overall, the bottleneck should
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reduce the number of mutations that become homo-
plasmic but increase the rate at which the homoplasmic
state is reached (Howell et al. 1996).

We report here an unusual and complex departure
from this typical pathway in which there is persistent
heteroplasmy—at both the pedigree and phylogenetic
levels—of a polymorphism within the mtDNA noncod-
ing control region. On the basis of the experimental
results, a mechanism is proposed that involves an ex-
tremely rapid rate of mutation at the molecular level
(hypermutation) and that is mechanistically related to
expansion/contraction of the surrounding simple-repeat
sequence.

Experimental Procedures

DNA was isolated from the white blood cell (WBC)/
platelet fraction of venous blood samples, obtained with
informed consent, with standard procedures of SDS/pro-
teinase K digestion, phenol extraction (followed by ex-
traction with chloroform/isoamyl alcohol), and ethanol
precipitation. DNA was pelleted by centrifugation,
washed with 70% ethanol, and resuspended in buffer
that contains 10 mM Tris-HCl and 1 mM EDTA (pH
7.5).

The mtDNA control region was amplified as four
overlapping fragments of ~350 bp in length that span
the following nucleotide positions: 15,909-16,276;
16,216-16,569; 1-339; and 278-657 (Howell et al.
1995, 1996). With the exception of two experiments,
described in the Results section, the PCR amplifications
were carried out with Tag polymerase. In those two
experiments, the amplifications were carried out with
Pfu polymerase that has a proofreading exonuclease ac-
tivity and, thus, a much lower error rate than does Tag
polymerase.

The PCR primers were designed to contain Sau3A
restriction sites, and the amplified fragments—after iso-
lation and restriction enzyme cleavage—were ligated
into BamH1-cleaved M13 sequencing vectors. After
bacterial transformation, the nucleotide sequence of
cloned inserts in the recombinant vectors was deter-
mined using the standard (“manual”) dideoxy chain
termination method (Howell et al. 1995). The DNA
sequence of both strands could be determined for the
control-region fragment that spans nt 16189, and sim-
ilar tract lengths were obtained irrespective of which
mtDNA strand was sequenced. All nucleotide positions
are numbered according to the revised Cambridge Ref-
erence Sequence (rCRS) (Anderson et al. 1981; Andrews
et al. 1999). It is conventional that the human mtDNA
sequence refers to that of the L-strand. To maintain
consistency, therefore, we describe simple repeat se-
quences as those in the L-strand and we describe their
length in terms of “residues.” It should be kept in mind,
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however, that a C repeat of 6 residues is a repeat of 6
C:G base pairs within the mtDNA.

Results

Control-Region Heteroplasmy in an 11778 LHON
Family

We elsewhere described (Howell et al. 1994) a mat-
rilineal pedigree that was affected with Leber hereditary
optic neuropathy (LHON), a late-onset form of bilateral
optic atrophy in which the primary etiological event is
a mutation in the mitochondrial genome (Howell 1999).
The members of this pedigree were heteroplasmic in the
WBC/platelet fraction of whole blood for the pathogenic
LHON mutation at nt 11778. That is, there were two
populations of mtDNA molecules in these individuals,
one that carried the wild-type allele at nt 11778 and the
other that harbored the mutant allele. The 11778 mu-
tation load in this mixed cell population increases in a
fairly uniform manner through the three generations,
averaging 92% for the nine members of generation III
(fig. 1 of Howell et al. 1994).

Subsequent analyses revealed that these family mem-
bers are also heteroplasmic at nt 16192 of the control
region (fig. 1). Among the different pedigree members,
0%-20% of the mtDNA molecules carried a C residue
at this site, whereas the majority carried a T residue.
The former is the wild-type nucleotide, as defined by its
presence in the rCRS (Anderson et al. 1981; Andrews
et al. 1999). This is the first instance known to us in
which individuals are heteroplasmic at sites both in the
coding region and in the control region. Our initial sup-
position was that either the mtDNA in this lineage had
undergone a T~C mutation at nt 16192 that had not
yet segregated to the homoplasmic state or that the ho-
moplasmic 16192T polymorphism had recently under-
gone reversion. As will be shown below, however, the
actual situation is much more complex than these “stan-
dard” mitochondrial genetic phenomena.

The heteroplasmy at nt 16192 is complicated by the
simultaneous presence of a T=C polymorphism at nt
16189 in the mtDNA of this LHON pedigree. In the
rCRS, there is a CCCCCTCCCC polypyrimidine tract
that spans nt 16184-16193 of the L-strand (fig. 2). The
length of this tract is stable; however, the length of the
homopolymeric tract generally becomes unstable when
the T:A base pair at nucleotide position 16189 is re-
placed by a C:G base pair. Individuals who carry this
polymorphism are usually heteroplasmic and display
tract lengths of 8-14 residues (Bendall and Sykes 1993;
Marchington et al. 1997; and see “16192T/C Hetero-
plasmy in Other 16189C mtDNAs” below).

The 16189 polymorphism and the 16192 hetero-
plasmy in the mtDNA of this LHON matrilineal pedi-
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Matrilineal pedigree of the heteroplasmic 11778 LHON family. The first number for each family member is the proportion of

the mutant allele at nt 11778, and the second number is the proportion of the mtDNA molecules with a C at nt 16192. Filled symbols represent
family members that are visually affected. NT = not tested. A more complete pedigree, in terms of the analysis of the 11778 pathogenic mutation,
was published in Howell et al. (1994), but there has been no change in the designations for individual family members.

gree should produce tract sequences of CCCCCCCCCC
(16192 wild type) and CCCCCCCCTC (16192 poly-
morphism), but we observed that tract length was var-
iable for both 16192 allelic variants. We analyzed a large
number of clones from family member II-1 (DNA sample
0204), and the distribution of tract lengths is summa-
rized in table 1. Tract length was variable in both the
16192C and 16192T mtDNA molecules, with modal
lengths of 11 residues and 10 residues, respectively. Sim-
ilar results were obtained for other pedigree members
(table 1). All of the 16189C/16192T clones were of the
type (C),TC; that is, the T at nt 16192 and the C at
16193 were invariant and length variation was limited
to the C-tract. As will be discussed in “16192T/C Het-
eroplasmy in Other 16189C mtDNAs” below, tract
length was less variable in the 16189C/16192T allelic
variant than in 16189C/16192C mtDNA:s.

The results in figure 1 indicate that the heteroplasmy
at nt 16192 persisted through the three generations of
this matrilineal pedigree, as did that at nt 11778. The
16192 allele proportions were not tightly correlated with
those at nt 11778, however, as would be expected if
both substitutions were simple mtDNA mutations that
had arisen in single mtDNA molecules and were now
showing segregation in the heteroplasmic state. For ex-
ample, the proportion of the 11778 mutant allele was
33% in family member I-1, and the proportion of the
16192 C allele was 9% (fig. 1 and table 1). In contrast,
the proportions in her daughter were 90% and 10%,
respectively.

Bendall et al. (1996) have reported a similar obser-
vation to ours, although they did not recognize the com-
plexities of the situation. They analyzed monozygotic
twins who were homoplasmic for the 16189C poly-

morphism and heteroplasmic for the 16192T/C poly-
morphism; the polypyrimidine tract length was also var-
iable for both allelic variants (see their fig. 3). It is highly
unlikely that their subjects were maternal relatives of
our 11778 LHON family, and we thus suspected that
the heteroplasmy at nt 16192 signaled an unusual
mtDNA mutational and/or segregational process. There
are multiple explanations for such discordant segrega-
tion (including the possibility of intermolecular mtDNA
recombination), and additional data were sought that
would clarify this departure from the expected segre-
gation pattern.

We have obtained control-region sequences for ~300
European mtDNAs. Although we have sequenced nu-
merous mtDNAs that carried the 16189T/16192C
(rCRS), 16189T/16192T, or 16189C/16192C combi-
nations of alleles, we have not observed heteroplasmy
atnt 16192 in any of these mtDNAs (see “Heteroplasmy
and Tract-Length Variance in Other 16189C mtDNAs”
below). Therefore, our first approach was to assay for
heteroplasmy in other mtDNAs that carried the 16189C/
16192T combination of polymorphisms.

16192T/C Heteroplasmy in Other 16189C mtDNAs

Nucleotide sequencing of segments of the mtDNA
coding region, which total ~3 kbp, is routinely used in
this laboratory to determine the presence of primary and
secondary LHON mutations (reviewed in Howell 1999).
Such sequence analysis of the mtDNA from this 11778
LHON pedigree revealed the presence of three infor-
mative polymorphisms: an A—G transition at nt 4732
that results in the substitution of serine for the aspara-
gine at amino acid position 88 of the ND2 protein (ND2/
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Genotype Exp / Cont 16192 Mutation
16187 16|192
CCCCCTCCCC No ? Rel. Rapid
CCCCCCCC(:?C Very Rapid ? Rel. Rapid
ccceeccecre Rapid Hypermutation
Figure 2 Expansion/contraction and hypermutation in a poly-

pyrimidine tract in the noncoding control region (D-loop). “Exp/Cont”
refers to expansion/contraction of the tract as a function of the ge-
notype. Tract length is stable when there is a T at nt 16189, but it is
unstable when there is a C. The C at nt 16192 has a higher-than-
average substitution rate (Meyer et al. 1999). When there is a C at nt
16189 and a T at nt 16192, however, the rate of reversion is so rapid
(hypermutation) that there is persistent heteroplasmy in individuals
and maternal lineages, and which also persists at the phylogenetic level.

N88S); a T—C transition at nt 13617 (NDS5/isoleucine
427 unchanged); and an A—G transition at nt 13637
(ND5/Q434R). Analysis of complete mtDNA sequences
from 60 Europeans indicates that these polymorphisms
occur in a subgroup of European haplogroup U mtDNAs
(R. M. Andrews, P. F. Chinnery, D. M. Turnbull, N.
Howell, unpublished data).

With this information, we reviewed our mtDNA da-
tabase of ~300 normal controls and patients with known
or suspected mitochondrial disorders to identify other
lineages whose mtDNA harbored the 16189C/16192T
combination of control-region polymorphisms or who
are members of this haplogroup U subgroup. We iden-
tified three normal controls (DNA samples 0217, 0318,
and 0805), a second 11778 LHON pedigree (represented
by samples 0284, 0285, and 0286), and a 14484 LHON
patient (DNA sample 0803) who is also affected with
spondyloepiphyseal dysplasia (N. Howell, I. Kubacka,
B. McDonough, A. B. Hodess, D. H. Harter, unpub-
lished data). All of the mtDNAs from these individuals
carried the 16189C/16192T control-region polymor-
phisms. With the exception of the 0217 mtDNA, all of
these mtDNAs were members of haplogroup U on the
basis of polymorphisms in the coding region (data not
shown). The 0217 mtDNA, in contrast, was African in
origin (data not shown), and thus one may be confident
that the two control-region polymorphisms arose inde-
pendently in this mtDNA. Finally, we included mtDNA
samples from a MERRF family (myoclonic epilepsy with
ragged red fibers) that carries the pathogenic mutation
at nt 8344 (represented by sample 0159 in fig. 3). The
mtDNA from this pedigree belongs to the haplogroup
U subgroup, but the initial D-loop sequencing analysis
showed the presence of the 16189C/16192C allele com-
bination. We included this pedigree for studies that are
described later.
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The assays of 16192T/C heteroplasmy for these
mtDNAs are summarized in table 2. The results, though
complex, indicate the following. All three individuals in
the second 11778 LHON family (0284, 0285, and
0286), the 14484 LHON patient (0803), and the normal
control (0318) were clearly heteroplasmic at nt 16192
with the proportion of 16192C clones ranging from 6%
to 29% of the total. The results for mtDNAs 0805 and
0217/African were different. For individual 0805, we
were able to obtain DNA from both the WBC/platelet
fraction of whole blood and from a skeletal-muscle bi-
opsy. Among >200 clones, only one was 16192C. In a
similar fashion, no 16192C clones were detected among
the >100 that were analyzed from individual 0217’s
mtDNA.

These results indicate that 16192T/C heteroplasmy is
not an invariant phenomenon among 16189C/16189T
mtDNAs, but there are two noteworthy features of the
“low” heteroplasmy mtDNAs. In the first place, the mo-
dal length of the simple-repeat sequence was 10 residues,
rather than the 11 residues of the “high frequency of
heteroplasmy” mtDNAs. Second, it also appeared that
tract length instability was greater in the latter mtDNAs.
Both properties are reflected in the mean and SD values

Table 1

Polypyrimidine Tract Lengths among Members of the
Heteroplasmic 11778 LHON Family

MEMBER? MEAN

NoO. ofF CLONES OF TRACT

AND . TRACT ToTAaL
L LENGTH (IN RESIDUES) . .

ALLELE LENGTH CLONES
STATUS <9 10 11 12 =13 + SDY (%)
I-1:

16192T 1 85 11 3 0 10.2 = .5 100 (91)

16192C 1 7 0 1 1 ND 10 (9)
1I-1:

16192T 3 67 72 10 2 10.6 + .7 154 (90)

16192C 2 13 3 1 0 ND 19 (10)
1I-2:

16192T 0 14 16 2 0 10.6 = .6 32 (94)

16192C 0 1 1 0 0 ND 2 (6)
1I-3:

16192T 1 18 4 2 0 10.3 +.7 25 (81

16192 C 0 4 2 0 0 ND 6 (19)
1I-1:

16192T 0 18 79 6 0 10.9 = .5 103 (95)

16192C 0 2 3 0 0 ND 5(5)
111-2:

16192T 0 4 59 11 2 11.1 = .5 76 (100)

16192C 0 0 0 0 0 ND 0 (0)
1I-3:

16192T O 4 20 3 1 11.0 + .6 28 (97)

16192C 0 1 0 0 0 ND 1(3)
1I-4:

16192T 0 13 88 8 0 11.0 + .4 109 (99)

16192 C 1 0 0 0 0 ND 1(1)

* The family members are designated as shown in figure 1.
> ND = not determined.
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150 16261, 16304, 491
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CRS

Figure 3

Cladogram of control-region sequences. The numbers beneath the lines indicate the nucleotide positions at which control-region

sequence changes have occurred, relative to the rCRS. DNA sample 0204 was obtained from family member II-1 of the pedigree shown in
figure 1. The notation 16270(rev) for mtDNA 0204 indicates that this nucleotide has apparently reverted back to the rCRS. Solely on the basis
of the control-region sequences, there are multiple most parsimonious trees, but the use of coding region polymorphisms reduces the ambiguity
and yields the phylogenetic tree shown here. Thus, mtDNAs 0204, 0284, and 0318 share polymorphisms at nt 4732, 13617, and 13637; mtDNA
0159 carries only the 13617 and 13637 polymorphisms, and mtDNA 0803 carries only the 13617 polymorphism.

(table 2). Thus, the mean tract length for the 0217
mtDNA was 10.0, whereas it varied from 10.2 to 11.1
for the mtDNAs with relatively high levels of 16192
heteroplasmy. The reduced variability in tract length is
indicated by the smaller SD: 0.2 for the 0217 mtDNA,
but 0.4-0.7 for the 16192 heteroplasmic mtDNAs. The
use of these statistical parameters is justified, because the
repeat-length distributions for the 16189C/16192T
mtDNAs can be fit to simple Gaussian distributions
(data not shown). As will be described further in the
Discussion, we believe that the relationship between
tract length variability and 16192 heteroplasmy reflects
the same molecular mechanism.

We also determined the complete nucleotide sequence
of the noncoding control region for these mtDNAs.
There were multiple sequence differences among these
different lineages, but a single-most-parsimonious tree
could not be obtained. One possible phylogenetic tree
is shown in figure 3. The principal source of ambiguity,
when only control-region sequences are used, is the num-
ber of times that the 16192T polymorphism has arisen
among these mtDNA members of haplogroup U. For
example, as shown in figure 2, the polymorphism is
shown to have occurred three times among the six
mtDNAs. A single origin in the common ancestor of the
haplogroup U mtDNAs is possible, however, if we in-
clude a reversion event (back to the C allele) in the 0159
mtDNA lineage or the segregational loss of 16192T
mtDNA in a heteroplasmic maternal ancestor of 0159
(presumably at the stage of the developmental bottle-
neck, where segregation is often extremely rapid). We
also considered the possibility that mtDNA 0159 was

actually 16192T/C heteroplasmic but that the initial se-
quencing analyses were not sufficient to “capture” low-
level heteroplasmy. Therefore, we reanalyzed this
mtDNA as well as that from two maternal relatives (ta-
ble 3). Some 300 total clones were sequenced, and all
clones carried the 16192C allele. These additional data
confirm that the 0159 mtDNA lineage is homoplasmic
for the 16192C allele. Strong support for this tree is
provided by the use of coding region polymorphisms (see
fig. 3 legend).

These results illustrate a point we made previously:
namely, there is no 16192 heteroplasmy in 16189C/
16192C mtDNAs (see further discussion in the “Het-
eroplasmy and Tract-Length Variance in Other 16189C
mtDNAs” section). The results in table 3 provide a fur-
ther piece of information worth consideration. The tract
lengths of the simple-repeat are more variable in the
16189C/16192C mtDNAs than are the lengths for the
16189C/16192T mtDNAs. The SDs for the length dis-
tributions for 16189C/16192C mtDNAs ranged from
0.9 to 1.1 (table 3), higher than those found for the
16189C/16192T mtDNAs (tables 1 and 2). This pattern
strongly suggests that the truly homopolymeric sequence
is more prone to expansion and contraction.

There is debate over the overall rate of mtDNA di-
vergence in the control region and whether a single rate
estimate can be used as a molecular clock to time the
evolution and geographic movement of humans (Howell
and Mackey 1997; Macauley et al. 1997; Parsons et al.
1997). Nevertheless, the control-region sequence differ-
ences among the haplogroup U mtDNAs (fig. 2) indicate
that their last common ancestor arose hundreds—if not
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Table 2
Polypyrimidine Tract Lengths in 16189C/16192T Individuals

INDIVIDUAL MEAN

NoO. oF CLONES OF TRACT

AND TrRACT ToTAL
LENGTH (IN RESIDUES)

ALLELE LENGTH CLONES
STATUS <9 10 11 12 =13 + SD (%)
0284:

16192 T 0 9 16 1 1 10.7 £ .7 27 (90)

16192 C 0 1 2 0 0 ND 3 (10)
0285:*

16192 T 0 1 14 2 0 11.1 = 4 17 (71)

16192 C 0 2 0 S 0 ND 7 (29)
0286:*

16192 T 0 6 21 1 1 109 = .6 29 (94)

16192 C 0 2 0 0 0 ND 2 (6)
0318:

16192 T 2 27 14 2 0 10.4 = .6 45 (89)

16192 C 3 S5 0 0 0 ND 8 (15)
0318P:"

16192 T 0 20 21 2 0 10.6 = .6 43 (90)

16192 C 1 3 1 0 0 ND 5 (10)
0803:

16192 T 1 43 29 6 1 10.5 = .7 80 (73)

16192 C 1 3 2 0 0 ND 6 (7)
0805/WBC:©

16192 T 3 144 3 0 0 10.0 £ .2 150 (99)

16192 C 1 o 0 0 0 ND 1(1)
0805/MUS:¢

16192 T 1 64 11 1 0 10.2 = 4 77 (100)

16192 C 0 0O 0 0 0 ND 0 (0)
0217:¢

16192 T 1 113 4 0 0 10.0 £ .2 118 (100)

16192 C 0 o 0 0 0 ND 0 (0)
0217p:*

16192 T 0 66 1 0 0 10.0 £ .1 67 (100)

16192 C 0 0O 0 0 0 ND 0 (0)

* These individuals are maternal nephews of NH0284.

" For 0318 and 0217, independent analyses were carried out using
Pfu polymerase, which has a proofreading 35 exonuclease, rather
than the relatively high-error-rate Tag polymerase which is used for
all other analyses.

¢ For individual 0805, DNA was analyzed from both the WBC/
platelet fraction of whole blood (WBC) and from skeletal muscle
(MUS).

4 The D-loop polymorphisms (see fig. 3) and coding region poly-
morphisms (data not shown) indicate that this is an African mtDNA.
The other mtDNAs all belong to European haplogroup U.

thousands—of generations ago. Therefore, the persistent
heteroplasmy at nt 16192 in these evolutionarily diver-
gent lineages does not fit the standard model of a single
mtDNA mutational event that becomes homoplasmic
within a relatively small number of generations.

Heteroplasmy and Tract-Length Variance in Other
16189C mtDNAs

We have obtained preliminary data for other 16189C
mtDNAs to determine whether heteroplasmy occurs at
other sites within this simple-repeat tract. More than
100 total clones have been sequenced for six individuals
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whose mtDNA carries the 16189C/16186T combination
of D-loop polymorphisms and the same number for five
individuals whose mtDNA carries the 16189C/16187T
combination. For both genotypes, there was no evidence
of heteroplasmy at nt 16186 or nt 16187. All of the
16189C/16187T clones had the same tract length of 10
bp. Tract length, however, showed a low level of vari-
ability among the 16189C/16186T clones: one clone had
a length of 9 bp, and one had a length of 11 bp. These
results further support a relationship between hetero-
plasmy at nt 16192 and tract length expansion/
contraction.

In addition to the results for the mtDNA from 0159
and her maternal relatives (table 3), we have obtained
sequence for ~300 16189C/16192C clones from 17 un-
related individuals. Although there was tract length var-
iation, none of these clones carried the 16192T allele.
Taken together, the sequence analysis of >600 clones
yields no evidence that the 16189C polymorphism—and
the accompanying tract-length variation—measurably
increases the C—T mutation frequency at nt 16192.

There is one other result from these analyses that mer-
its brief mention. In the rCRS, the nt 16184-16193 po-
lypyrimidine repeat is immediately preceded by a stretch
of 4 A residues (nt 16180-16183). Our results indicate
that the length of this A repeat also varies as a conse-
quence of the 16189C polymorphism, and the length of
this short repeat is—as a first approximation—related
to the length of the polypyrimidine tract. Thus, in in-
dividual 0082, the modal length of the C repeat is 10
bp, and there are 4 As in all clones. In individuals 0078
and 0119, however, the model length is 11 or 12 Cs,
and all clones (>70) have 3 As. Finally, in individual
0066, the modal length is 13 Cs, and all clones (>30)
have 2 As. It thus appears that the overall length of the

Table 3

Polypyrimidine Tract Lengths in Individual 0159 and Her Offspring
FAaMILY

MEMBER MEAN

No. oF CLONES OF TRACT

AND TRACT ToOTAL
LENGTH (IN RESIDUES)
ALLELE LENGTH CLONES
STATUS <9 10 11 12 =13 + SD (%)
0159:
16192 T O 0 0 0 0 ND 0 (0)
16192C 5 15 9 6 3 10.7 = 1.1 38 (100)
0129:°
16192T O 0 0 0 0 ND 0 (0)
16192C 13 68 30 19 2 10.5 £ .9 132 (100)
0283:><
16192 T O 0 0 0 0 ND 0 (0)
16192C 24 §7 19 10 § 10.3 £ 1.0 115 (100)

* Daughter of NH0159.

® Data from WBC/platelet DNA and from fibroblasts have been
pooled.

¢ Son of NH0159.
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A+C repeat sequence is under some selective constraint.
The same results were obtained by Bendall and Sykes
(1995).

Sequence Analysis of 16189C Subclones

It is difficult to determine the true mutation frequency
of an mtDNA site, in large part because of the large
number of mtDNA molecules per cell. We thus at-
tempted to obtain further information on the hetero-
plasmy at nt 16192 through the analysis of subclones.
Single M13 clonal populations were used for subclone
isolation after one passage in a bacterial host. The re-
sulting subclones were then used for sequence analysis
of the appropriate D-loop region (table 4). Two 16189C/
16192C clones in which the tract length was 10 residues
were analyzed. No C—T mutations were observed, al-
though one of the clones gave rise to a low frequency
of subclones in which a single-base pair contraction had
occurred. A 16189C/16192T clone showed neither re-
version at nt 16192 nor expansion/contraction of tract
length; however, a clone of the same genotype but of
greater tract length (13 residues) gave rise to both ex-
panded and contracted subclones. (Again, there were no
reversion events.)

Other Examples of Expansion/Contraction in Human
mtDNA

Our sequencing analyses of the mtDNA control region
have confirmed that there are other simple-repeat se-
quences that undergo expansion/contraction. Among the
~300 control-region sequences (almost entirely from in-
dividuals of European ethnicity) that we have deter-
mined, we have identified the following additional sites
of expansion/contraction. The rCRS contains a
(C,)-T—(C;) polypyrimidine tract starting at nt 303, al-
though the (C;) portion starting at nt 311 is (C,) in all
other control regions that we have analyzed (Andrews
et al. 1999). Both C tracts are stable at those lengths,
but a substantial proportion of individuals (~40%) have
a G, tract at nt 303 that shows intraindividual hetero-
plasmy and expansion to longer tract lengths. In addi-
tion, we have observed one subgroup of haplogroup J
mtDNAs in which there are two types of the nt 303
polypyrimidine tract. In one group of individuals, the
sequence is (Cg)-T—(C,), whereas in the other group, it
is (C,)—(T,)—(Cy). For both repeat types, individuals are
often heteroplasmic for expansion of the subtract start-
ing nt 303, and there is thus no indication that the extra
T residue affects expansion. Second, there is a C, tract
starting at nt 568 in the rCRS. In all mtDNAs of Eu-
ropean haplogroup I, and in a few non-I haplogroup
mtDNAs, the tract length becomes longer and is always
heteroplasmic within an individual (Howell et al. 1998;
N. Howell, unpublished data; see also Torroni et al.
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Table 4

Pyrimidine Tract Lengths of Subclones

No. ofF CLONES OF TRACT
LENGTH (IN RESIDUES)

ALLELE TOTAL
CLONE STATUS 9 10 11 12 13 14 CLONES
1:
Original 16192 T 0 0 0 0 0 0 0
16192 C/10 16192C 3 57 0 0 0 0 60
10:
Original 16192 T 0 59 0 0 0 0 59
16192 T/10 16192 C 0 0 0 0 0 0 0
16:
Original 16192 T 0 60 0 0 0 0 60
16192 T/10 16192 C 0 0 0 0 0 0 0
56:
Original 16192T 0 0O 0 6 52 1 59

16192 T/13 16192C 0 o 0 0 0 0 0

1994). The mean repeat length in individuals is 9-11 bp
with a fairly marked dispersion about the mean. Finally,
there is an rCRS (CA); repeat that starts at nt 514. We
have observed that the number of repeat units is usually
five; it can also be four, six, or seven with intraindividual
heteroplasmy at the longer repeat lengths. We have not
observed that expansion/contraction of any of these sim-
ple repeats is associated with hypermutation at any nu-
cleotide within the repeat (data not shown).

The 16189 T—C polymorphism is one of the most
rapidly occurring single-nucleotide substitutions in the
human mitochondrial genome (Excoffier and Yang
1999; Meyer et al. 1999). Other sequence changes that
generate longer simple-repeat tracts, however, do not
seem to occur with measurable frequency. For example,
a T—C substitution at nt 310 would generate a (C,,)
tract, but we have not observed this polymorphism
among the 200 control-region sequences that we have
determined, even among the hundreds of cloned frag-
ments that have been sequenced (data not shown). In a
similar fashion, a T—C substitution at nt 3572 (ND1
gene) would generate a (C,,) tract, whereas a C—T sub-
stitution at nt 9485 would generate a (T,,) tract in
COX3 gene. We have sequenced these regions from ~70
individuals, and these substitutions have not been de-
tected (R. M. Andrews, P. E. Chinnery, D. M. Turnbull,
N. Howell, unpublished data). Therefore, there is no
general selection during mtDNA evolution for the gen-
eration of longer simple-repeat sequences. Instead, as
would be predicted, they seem to be well tolerated in
the noncoding control region but absent in the coding
region.

Discussion

These results are the first reported example of persistent
heteroplasmy, at both the genealogical and phylogenetic
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levels, for a human mtDNA substitution mutation. To
explain these results, we hypothesize that, when there is
a C residue at nt 16189 and a T residue at nt 16192,
the reversion rate at the latter site is markedly elevated
(hypermutation; see fig. 2). That is, when there is a C
at 16189 and a T at 16192, there is a marked tendency
for the latter nucleotide to “revert” to the C allele, pre-
sumably through nucleotide misincorporation during
replication. The frequency of reversion at nt 16192 is
sufficiently high that the usual pattern of rapid segre-
gation of heteroplasmic mutations to the homoplasmic
state—principally because of the developmental bottle-
neck—is overcome, as is also the case for expansions/
contractions of simple-repeat sequences (for example,
table 3; see also the discussion in Bendall and Sykes
1995). It cannot yet be ascertained whether this hyper-
mutation process occurs only in the germline mtDNA
or whether it also occurs in somatic tissues.

One important concern that must be addressed is the
possibility that our results are an artifact that arises
during PCR amplification and cloning of the mtDNA
fragments. It is widely recognized that Tag polymerase
has a relatively high error rate of both substitutions and
single-bp frameshifts (for example, Tindall and Kunkel
1988); however, this possibility can be rejected for the
following reasons. In the first place, we analyzed
16189C/16192T mtDNAs in which neither expansion/
contraction nor 16192 hypermutation occurred (table
2). If there were some technical artifact, then one would
expect that it would be consistent among all 16189C/
16192T mtDNAs. Second, as noted in the last subsec-
tion of our Results, we do not detect hypermutation of
any nucleotide in other simple-repeat sequences, in-
cluding some that undergo expansion/contraction.
Third, whereas expansion/contraction does occur on
passage of recombinant M13 clones, the frequency of
events is much lower than that among the mtDNA frag-
ments (compare the results in tables 1-3 with those in
table 4). Fourth, and most important, we obtained the
same results after PCR amplification with Pfu poly-
merase, which has a much lower error rate. Both an
mtDNA with a low frequency of hypermutation and
one with a high frequency were tested (table 2).

The 16189C polymorphism generates a 10-bp simple-
repeat sequence that undergoes rapid expansion and
contraction (see also Bendall and Sykes 1995; Mar-
chington et al. 1997). The variation in tract length ap-
parently arises through replication slippage (Hauswirth
et al. 1984), and we propose that this process is also
responsible for the hypermutation at nt 16192. The hy-
permutation process appears to be very specific, and
when there is a C at position 16189, there is no de-
tectable tendency for any of the other C residues in the
tract to mutate to other nucleotides. It is interesting to
note that when there isa C at 16189 and a T at 16186
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or at 16187, there is neither rapid expansion/contrac-
tion of the tract nor hypermutation of the T. In both
cases, 16189C/16187T and 16189C/16186T, the length
of the homopolymeric tract is shorter (by two and one
residues, respectively) than that in 16189C/16192T
mtDNAs.

The sequence analysis of subclones (table 4), although
these results are only preliminary, may provide some
important information on the expansion/contraction of
simple mtDNA repeats. Hauswirth et al. (1984) studied
a different repeat sequence in the bovine mtDNA con-
trol region. They observed that, when a recombinant
clone was “passaged” multiple times in a bacterial host,
length variation was regenerated (see their fig. 4). Our
subclone analyses show a similar phenomenon, al-
though we find that expansion/contraction was more
frequent in a subclone with a “long” starting-length
repeat. One may speculate that each length variant of
the 16189C simple-repeat sequence has its own fre-
quencies of expansion and contraction, with an opti-
mum length, in terms of stability, near 10 residues. That
suggestion would explain the relative stability of tract
length, and the low level of 16192 heteroplasmy, in
some of the individuals analyzed here (for example,
0217 in table 2). At the same time, it must be kept in
mind that the initial 16189 T—C mutation should gen-
erate the most stable repeat sequence and that, as a
result, one would not predict the distribution of tract
lengths that are observed. Although bacterial systems
are unlikely to be perfect mimics of the in situ mito-
chondrial genetic system, they may allow us to analyze
the expansion/contraction process without the con-
founding effects of the developmental bottleneck.

The rapid expansion/contraction of the polypyrimi-
dine tract in 16189C mtDNAs, coupled with the hy-
permutation at nt 16192, appears to constitute a quas-
ispecies. The quasispecies concept has been developed
to explain the complex population genetic behavior of
the rapidly mutating RNA viruses (reviewed by Do-
mingo and Holland [1988] and by Eigen and Biebricher
[1988]). That is, these heteroplasmic mtDNA lineages
(and it is probably safe to assume that the phenomenon
extends to the cellular level) consist of multiple molec-
ular species that are nonidentical but related. In the case
described here, there are two subpopulations defined by
the allele status at 16192 and, within each subpopu-
lation, there are multiple tract-length variants. A key
component of the quasispecies is that selection acts on
the distribution as a whole, with varying selection on
each genotype. Thus, our results (including those in ta-
ble 4) suggest that tract lengths of 10-11 residues are
relatively stable, whereas shorter and longer variants
appear to be more prone to expansion and contraction,
respectively. The relationship of the mtDNA hyper-
mutation process described here to the quasispecies
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model will require further experimental and theoretical
development, but the concept appears to be one that
may be generally applicable to the rapidly evolving mi-
tochondrial genome.

The present results indicate a context-specific hyper-
mutation process in the human mtDNA control region.
Context effects on ultraviolet mutagenesis in repair-de-
ficient human cells have also been described, although
the basis for such effects is not yet clear in that system
(Levy et al. 1996). Expansion/contraction of simple re-
peats associated with hypermutation have also been de-
scribed for the Friederich ataxia X235 (Bidichandani et
al. 1999) and the colorectal cancer APC (Laken et al.
1997) genes. It is not clear that hypermutation is a com-
mon occurrence in the mtDNA, although we have ob-
served what appears to be the same phenomenon at nt
16093 of the coding region, but this hypermutation pro-
cess is not associated with a simple-repeat sequence (N.
Howell, I. Kubacka, D. A. Mackey, unpublished data).

As discussed in the Introduction, site variability in
divergence rates has complicated the analysis of human
mtDNA evolution. Even within the control region, sites
vary from invariant to hypermutable as shown here.
The rapid expansion/contraction of human mtDNA
simple-repeat sequences makes them problematic for
phylogenetic analyses, and they generally are omitted.
Although omission of substitution hypermutable sites
should also be done, the most important ramification
of the present studies is that they further caution against
overreliance on simple models of molecular evolution
that assume independence of mtDNA mutations.
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