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Mitochondrial DNA Heteroplasmy

REFERENCE: Melton T: Mitochondrial DNA heteroplasmy; Forensic Sci Rev 16:1; 2004.

ABSTRACT: Heteroplasmy, the presence of more than one type of mitochondrial DNA (mtDNA) in an individual,
holds implications for forensic analysis of specimens such as blood, hair, and skeletal material. That is, what can
we conclude about the likelihood that heteroplasmic specimens could or could not be from known individuals?
Originally believed to be quite rare in healthy individuals, we now know that heteroplasmy exists at some level in
all tissues on a predominantly homoplasmic background. A substantial body of general literature covers the
biological origins of heteroplasmy, especially its transmission to new offspring and during life, the methodology for
its detection, and its distribution in different tissues. In addition, the forensic community has contributed many
observations on the characteristic appearance of heteroplasmy in relevant regions of the mtDNA control region and
its appropriate treatment in forensic science. As a result of this growing understanding of a relatively simple
biological phenomenon, we conclude that heteroplasmy can be expected to play a role in forensic interpretation on
aregular basis, and that knowledge of its biological underpinnings contribute to just, conservative, and scientifically

appropriate interpretational guidelines.
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INTRODUCTION

Heteroplasmy is defined as the presence of two or
more types of mitochondrial DNA (mtDNA) within an
individual. In forensic analysis, the presence of
heteroplasmy impacts the interpretation of mtDNA matches
between evidentiary materials and individuals or their
maternal relatives. It is important, therefore, that the
mtDNA practitioner have a thorough understanding of the
biological underpinnings of heteroplasmy, its frequency,
methods of detection, and appropriate interpretational
guidelines.

The biology of heteroplasmy has been investigated
most often to clarify the origins of serious human
mitochondrial DNA disease. A thorough review of mtDNA
diseases, which are often characterized by heteroplasmy
that affects the functioning of mtDNA products in certain
tissues, is beyond our scope and will be covered only
peripherally, as their characteristics reveal general
biological mechanisms (for more information on
heteroplasmy in disease, see [39,161,162]). Instead, the
focus of this review will be on heteroplasmy in forensic
science.

The baseline state of mitochondrial DNA composition
in humans, with the exception of individuals with tissue-
specific mitochondrial diseases, is homoplasmy. That is,
the overwhelming majority of mtDNA-containing cells
within an individual contain the same approximately
16569 base pair mtDNA molecule throughout. The
exception to this dominant state of uniformity is the
frequent occurrence of length heteroplasmy in certain
control region homopolymeric C-stretches which changes
the length of the molecule. Having stated that homoplasmy
is the dominant state of an individual, however, it is also

certain that some degree of heteroplasmy exists in all
individuals as well. Precisely how detectable and abundant
it is becomes the focus of the forensic DNA practitioner’s
concern.

L. BIOLOGY OF HETEROPLASMY
A. HISTORY OF OBSERVATIONS

The mammalian mitochondrial genome is a tightly
constructed circular molecule of approximately 16
kilobases encoding genes for 13 polypeptides involved in
cellular respiration, 22 transfer RNAs, and two ribosomal
RNAs [2,42,148]. New variation in this small double
helix, while constrained to protect against deleterious
effects on the organism’s survival (via reproductive fitness),
is generated by the natural process of mutational change,
that is, nucleotide substitution, insertion, and deletion. In
fact, this mutational change is the process that generates
abundant interindividual mtDNA variation, a characteristic
that makes mtDNA a very useful forensic tool. Unlike
nuclear DNA, mitochondrial DNA is not wrapped around
histone proteins for protection, and the location of the
molecule near regions of oxidative phosphorylation
exposes it to high levels of mutation-generating oxygen
free radicals. The mutation rate in mtDNA is about 10
times faster than that of nuclear DNA, and replication
errors such as nucleotide mismatches are much less likely
to be repaired [19,96]. Therein lie the basic origins of
heteroplasmy. The persistence or loss of heteroplasmy is
then determined by forces of natural selection and drift
acting on the total population of mtDNA molecules in the
individual.
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Mitochondrial DNA heteroplasmy has been known to
exist in mammalian species for about two decades. In
cattle [67], the observation of a rapid shift in mtDNA
haplotypes between members of a single maternal lineage
led to the investigation and discovery of tissue-specific
heteroplasmy in this same species [68]. Subsequently,
wild mice were discovered to have a coding region deletion
heteroplasmy in liver, kidney, and spleen [21]. Although
little recognized, the earliest report of heteroplasmy in
humans was in 1983 [60] at the time that the two
hypervariable regions of the noncoding D-loop were
described through cloning of mtDNA in 11 human
placentas. In this report, the authors noted that restriction
enzyme cleavage patterns differed among two mtDNA
extractions from the same placenta, leading to speculation
that heteroplasmy might be present. Previously, restriction
studies dating back to the 1970s had indicated that
homoplasmy was the rule [124]. Heteroplasmy has also
been described in other mammals, from rats and rabbits
[13,23] to, more recently, bats [122], opossums [122], and
dogs [131].

A comprehensive overview of mtDNA as a forensic
tool in humans in 1990 stated that the existence of
heteroplasmy could not be ruled out due to observations of
heteroplasmy in at least one disease at the time [24].
Originally believed to be quite rare in healthy individuals
[110,111], length heteroplasmy and sequence or “site”
heteroplasmy in humans have increasingly been both
reported as anecdotal observations and studied in depth
since a 1995 case report of a single individual with
heteroplasmy at positions 16293 and 16311 [43]. An
additional study about this time also suggested that certain
human tissues, such as the brain, might contain higher
levels of nondisease-related heteroplasmy than previously
observed [88]. It is now widely believed that due to
enormous increases in sensitivity in sequencing
methodologies over the last decade, and the generally high
quality of sequence data, heteroplasmy will be observed
from time to time in routine forensic casework. In addition,
a number of studies to examine the mtDNA mutation rate
have specifically counted germline heteroplasmy
observations in mother-child transmissions.

The most well-known forensic germline heteroplasmy
observation was that of the two Romanov brothers, Czar
Nicholas and Grand Duke Georgij, who shared
heteroplasmic position 16169, thereby strengthening the
putative identification of the czar’s remains [58,84).
Beyond this kind of simple case reporting of individual
heteroplasmy was the more comprehensive study of a
mother, daughter, and son trio with heteroplasmy at position
16355 in hair, blood, and buccal samples in a forensic
context [168]. Anecdotal reports of individuals with

multiple sequence heteroplasmies have appeared in the
literature [1,8,9,12,28,155], while a report of high levels
of multiple sequence heteroplasmies in hair has been
extensively challenged [25,26,49,61]. Interpretationally
relevant heteroplasmy in forensic analyses is usually
observed at a single nucleotide site in the region analyzed,
where the appearance of two alternative nucleotides
indicates that two different populations of mtDNA
molecules co-amplified from the sample that was tested.

B. GERMLINE HETEROPLASMY AND INHERI-
TANCE

Complex mathematical population genetics models
for haploid organellar genetic systems (mitochondria and
chloroplasts) have evaluated the effect of such variables as
gene diversity, number of germ cell line divisions, effective
number of segregating genomes, degree of paternal
transmission, selection, and mutation rate [15,16,41].
These variables are different according to the mode of
inheritance, and in a practical sense we need consider only
two forms of transmission of mtDNA. Inheritance of
beteroplasmy can be at the level of the germline, where
different populations of mtDNA molecules are passed
from mother to offspring, or at the level of somatic cells
such as blood, hair, bone, muscle, or epithelium, where
mtDNA replication and cellular mitosis disseminate
heteroplasmy during growth or maintenance of tissues. In
both cases, sampling effects determine the ultimate
proportion of the different populations of molecules in the
tissues that are forensically analyzed, and therefore impact
the likelihood of forensic detection.

Mutational change is the obvious generator of new
mtDNA variation in humans, and selectively neutral
heteroplasmy can be thought of as the transitional state
between fixed homoplasmic states. The simplest models
of germline transmission of heteroplasmy assume that
random drift but not selection is acting on the new variant,
while many disease models, of necessity, must weigh
selective effects because observed large-scale deletions
and nonsilent substitutions negatively affect the functioning
of the mtDNA molecule. Germline transmission of hetero-
plasmy has now been observed in a number of human
pedigrees that are not specifically disease-associated [8,59,
78,102,121,168]; the list of disease-linked mitochondrial
pedigrees is lengthy and beyond the scope of this paper.

In Hauswirth and Laipis’s 1982 study of Holstein
cattle, a rapid shift between genotypes differing at a single
nucleotide was observed to occur within two generations,
creating offspring that were homoplasmic for a new
haplotype [67] (see also [5,94,121]). Because the number
of mtDNA molecules in the mature bovine oocyte is large
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(100,000; 100-fold greater than in somatic cells), a
“bottleneck” was proposed, or an intermediate stage in
oocyte development where the number of segregating
molecules must be reduced to some very small number to
probabilistically segregate the new variant, presumably
present at low frequency after a single mutational event,
into a nearly fixed homoplasmic state (see also [106]). In
this sampling scenario, the replication of this small number
of partitioned molecules containing the new variant would
repopulate the new organism with a high proportion of the
new variant. Genetic drift would then soon fix the new
variant in subsequent offspring. This mechanism appeared
consistent with relatively rapid replacement of an old
variant with a new variant, with a complete change within
two or three generations. In fact, using the Wright/Solignac
model of genetic drift [138,170], the number of segregating
units (mtDNA molecules) at the bottleneck in cattle was
estimated at between 20 and 100 [5].

Studies of the so-called “bottleneck” in mtDNA
inheritance are complicated by the fact that heteroplasmic
pedigrees have been examined from somatic tissue samples,
and oocyte development cannot easily be studied in humans
[125]). The number of germline cell divisions is also
critical to estimates of the bottleneck size, but in mammals
has been only estimated at between 10 and 50 [5,158].
However, a study in mice has shed light on possible
mechanisms of germline heteroplasmy transmission [89].
Heteroplasmic mouse oocytes were quantitatively
genotyped for their heteroplasmic variants at all stages of
development, from primordial germ cells through mature
ova. When the variances between the cells were compared,
the lowest intercellular variance in haplotype copy number
was observed among the primordial germ cells, the
progenitors of oogonia, and the highest variance was
observed among the primary oocytes and mature oocytes
within an individual. This suggested that the segregation
of heteroplasmic variants must be occurring during a
period of low copy number during the development of
primordial germ cells in the mouse embryo and prior to the
overwhelming increase in mtDNAs that occurs during
oocyte maturation. The mature human oocyte contains
approximately 100,000 mtDNA genomes [32], while mice
have about the same number [123], and, using the same
Wright/Solignac genetic drift equation applied to cattle,
approximately 200 mtDNA molecules have been estimated
to be present at the bottleneck in a mouse oogonium [89].
It is still unclear whether mouse models are a good starting
point for speculation about what happens in human mtDNA
inheritance. A study of mature human oocytes showed a
highly skewed distribution of two variants in seven oocytes,
with one oocyte containing only the wild-type variant, and
the other six being heteroplasmic for the wild-type and

mutant variants, with a 95% mutant load [17]. This
suggested a bottleneck at some stage with >20 mtDNA
genomes. However, generalizing to all mammalian species,
a bottleneck as low as a single molecule may be required
to explain some observations [94].

These models, however, are predicated on rapid
replacement of haplotypes within a few generations, with
aresulting transitory heteroplasmic state [38,98]. Persistent
heteroplasmy has been observed in human pedigrees that
would not be consistent with small bottlenecks or dramatic
genetic drift [78]. A silent substitution in the ND6 gene
persisted in a family spanning three generations and eight
individuals, while the proportions of the two variants
changed little between generations. This slow segregation
phenomenon needs a more complex model to explain it,
perhaps one invoking the actual organizational structure
of the cell. Here, in theory, clusters of membrane-bound
mtDNA molecules called nucleoids [86,130] segregate as
an organellar unit, rather than as a panmictic, independently
segregating population within the whole cell [78].
However, the overall intracellular organization of mtDNAs
is unresolved, as more recent studies suggest that because
transcomplementarity appears to be occurring
intracellularly for some heteroplasmy diseases, extensive
intermixing of wild-type and mutant mtDNAs is the norm,
as highlighted by histochemical staining techniques [69,
156].

Persistent heteroplasmy is often found in families
harboring mitochondrial DNA diseases [34,38]. In most
of these diseases, the mutant deleterious form of the
molecule tags along through growth and development
because enough wild-type or normal molecules preserve
adequate cellular functioning [148]. The severity of the
disease phenotype is associated with the dose of mutant
molecule inherited by the affected individual, and positive
or negative selection may operate at the level of the
affected tissues to either increase or decrease the mutation
load during the individual’s lifetime [38]. What is currently
not clear is whether selection is operating on these
phenotypes during oocyte development, because affected
individuals and their matrilines have only been studied at
the level of blood sampling. However, the simplest
deleterious mutations usually take the form of single site
changes that alter the transcribed gene products involved
in oxidative metabolism. DiMauro [50] notes that the
“morbidity map” of mtDNA, that is, known mutational
changes responsible for disease, has grown from one point
mutation described in 1988 [163] to 115 point mutations
by 2001, which are associated with a panoply of sometimes
serious human diseases. Of these, it is rare to observe one
originating in the noncoding region (but see [7]), although
certain haplogroups, or groups of similar mitochondrial
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control region profiles, have been correlated with disease
phenotypes in some populations [134,162]. In addition to
point mutations and single-site deletions, numerous larger-
scale deletions and rearrangements are associated with
mtDNA diseases; the first of such disease phenotypes
related to this form of mutation was reported in 1988 [76).
While deleted molecules are not usually passed from
clinically affected women to their children [35],
duplications or other rearrangements may be inherited [6].

A recent report on an individual with lifelong severe
exercise intolerance who was heteroplasmic for both
paternal and maternal forms of mtDNA was a startling
example of heteroplasmy in disease ([132], and also see
[140]). The phenomenon of strict maternal inheritance of
mitochondrial DNA, which is due to the ubiquitination of
paternal mtDNAs and their subsequent destruction after
fertilization, is still, however, believed to be the norm
among mammalian species [145,146]. In a disease state
such as the one described above, heteroplasmy might be
evident in some tissues but not all, as in this case, where
a minor maternal component was observed on the
background of the father’s haplotype in muscle, but blood,
hair, and cultured fibroblasts were maternal in origin.

Despite the frequency of mutational change in mtDNA,
homoplasmy remains the baseline state for individuals
and tissues throughout life, and researchers are trying to
find out why this is true. Population genetics predicts the
steady accumulation of deleterious mutations in haploid
genetic systems where there is no recombination, which
could in theory result in the demise of a species (“Muller’s
rachet”, [116]). However, mitochondria may have evolved
the bottleneck as a protective mechanism to restore
homoplasmy in the germline [11]; this mechanism may
then be enhanced by a phenomenon known as germ cell
atresia. In this process, female mammalian germ cell
populations are drastically reduced through programmed
cell death during gestation and neonatal life; some authors
believe these measurable events to be evidence of deliberate
reduction of poorly functioning mtDNAs [95]. Between
atresia and the bottleneck, mitochondrial numbers are
reduced to a level that reveals the functioning of each cell
[128] and propels outstanding performers to the next stage
of development: full oocyte maturation.

C. SOMATIC HETEROPLASMY AND TISSUE
SPECIFICITY

Beyond germline inheritance, mtDNA heteroplasmy
has been closely examined in somatic tissues. A distinction
must be made here between somatic heteroplasmy that has
been present since birth and may or may not be partitioned
into various tissues during early embryogenesis, and

heteroplasmy that arises spontaneously at any time during
an individual’s life within one or more tissues. Both kinds
of heteroplasmy hold implications for forensic analysis.
At a basic level, the former impacts estimates of the
mtDNA mutation rate as it relates to human evolutionary
studies and studies of maternal pedigrees, and may be
particularly relevant in forensic casework that involves
comparison between individuals of a maternal lineage.
The latter has more relevance in studies of intraindividual
forensic comparisons, for example, comparison of different
kinds of tissue samples taken from the same person.

Studies of somatic tissue heteroplasmy in mitochon-
drial diseases cannot be considered strictly illustrative of
the biology at play in forensic heteroplasmy evaluation.
Obviously, mutations that severely impact the phenotype
of a tissue may be operating under directional selection;
there is evidence that some deleterious point mutations or
deletions may even result in a replicative advantage for
those mtDNAs carrying them [115,171]. Research in this
area has been examining whether, after maternal inheritance
has occurred, subsequent distribution of deleteriously
mutated mtDNA into different tissues in the offspring is
random or not [48,75]. Studies of pathological tissue have
given clues to the dynamics of all tissue heteroplasmy and
its distribution. Within five individuals with the 3242
point mutation that is responsible for MELAS (mitochon-
drial encephalopathy with lactic acidosis and strokelike
episodes), Chinnery et al. [40] reported the highest level of
mutant DNA in skeletal muscle, followed by hair follicles
and buccal mucosa, and the lowest levels in blood. Because
this precise pattern of distribution was also then observed
in an unaffected individual with low mutation loads
throughout these same tissues, the authors suggested that
this nonrandom dosage hierarchy is correlated with the
rate of cell turnover in different tissues, with the cells
having the highest rate of turnover having the lowest
levels of heteroplasmy. In fact, the lowest levels of
heteroplasmy have consistently been found in blood with
its freely circulating panmictic cell population. This may
be why blood is not usually a satisfactory sentinel tissue
for diagnosis of mitochondrial diseases that most affect
other tissues such as skeletal muscle or the nervous system .
[151].

In addition, in all cell types mtDNA is constantly
being degraded and replaced, even in nondividing cells
such as central neurons and skeletal muscle [37].
Mathematical modeling of this “relaxed replication” [14)
in a neutral-alleles scenario was performed for a two-
haplotype model with a 75:25 haplotype proportion. This
modeling assumed that the number of mtDNAs remained
fairly constant over the life of the cell, that each mtDNA
was copied only one time when it replicated, and that no
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cell partitioning was operating [36]. While the individual
cells’ proportions of the two haplotypes varied widely
over the 20-year simulation period, with loss or fixation of
haplotypes in some cells, the overall proportions of each
haplotype in the group of cells remained highly constant.
These results suggested that sampling large numbers of
cells at multiple, distant points in time (longitudinally)
would be better at uncovering the mechanisms of
heteroplasmy distribution than sampling small numbers
of cells at single points of time. In this same study, among
other observations, the mean time to fixation of an allele
was proportional to the number of mtDNAs in the cell, and
the proportion of cells that became fixed for an allele was
equal to the initial allele frequency. Because mtDNA copy
number is so closely related to probability of fixation of an
allele, the authors of this study propose that human cells
contain high numbers of mtDNAs for protection against
accumulation of mutations during long life (Muller’s
rachet). This, in turn, may explain why short-lived cells
such as sperm and leukocytes [3,172] have vastly smaller
numbers of mtDNAs than cells with long life spans such
as skeletal muscle, neurons, and oocytes [98]. A related
hypothesis is that cells with high energy demands, such as
brain and skeletal muscle, have more mtDNAs to provide
for larger cellular respiratory needs, and these cells are
exposed to high levels of free radicals, leading to higher
mutation rates and therefore higher levels of heteroplasmy
[63,74,135].

A study by Jenuth et al. [90] of genetically engineered
heteroplasmic mice with two mtDNA genomes differing
by 0.6% (neutral polymorphisms) gave a mixed picture of
the forces that may be operating on tissue-specific
heteroplasmy. These authors first genotyped cells from
the mouse colonic crypts, where cells are constantly
replenished from a small population of stem cells at the
base of each crypt. These groupings of clonal cells would
be highly analogous to hair shafts, a similarly generated
tissue. Here, the observed proportions of the two
heteroplasmic variants were consistent with a random
genetic drift model of mtDNA segregation acting
throughout the life of the animal. However, liver, kidney,
spleen, and blood in one-month-old mice showed
significantly different proportions of genotypes. In all the
mice, the two genotypes segregated in opposite directions
as blood/spleen vs. liver/kidney, and the rate of segregation
was faster in liver and spleen than in kidney. In contrast to
the crypt experiment, this result was highly consistent
with selection acting on the different tissues, either because
of replicative advantage, advantageous respiratory chain
function, or enhanced cell turnover rate due to one of the
genotypes. In addition, because two different nuclear
backgrounds were operational in conjunction with the

heteroplasmy as a part of the study design, resulting in
different rates of cell turnover in the liver, the authors
proposed that nuclear-mitochondrial interactions might
be playing a large role in regulating the heteroplasmy
genotypes (see also [51]). Hence, tissue-specific hetero-
plasmy may be determined by very complex, and as yet
not well understood mechanisms.

Whether mitochondrial DNA mutation, and by
extension, heteroplasmy, increases with age is currently
being debated. This is part of a larger debate on the role of
mitochondria in senescence, cancer, and disease [4,37,
99]. While some groups have not observed age-related
mutational change [118], others have [44,45,93]. The so-
called “common deletion”, often found in patients with
Kearns-Sayres syndrome and progressive external
opthalmoplegia, or mtDNA#?77, was also observed to
increase with age as a heteroplasmic fraction in heart and
brain tissue in individuals without any known disease
([46,107], but see [159)), and the variation in deletion
level between the same tissues in different persons of
similar age appeared to be less than the variation among
tissues within an individual [47]. This same pattern of
tissue variability and age-related change was observed in
a study of the noncoding hypervariable region 2 (HV2)
from heart, skeletal muscle, brain, and blood from autopsy
cases [28]. Using sequence-specific oligonucleotide (SSO)
probes, sequence heteroplasmy was detected in 11.6% of
the sample (5 of 43 individuals) and the highest frequency
of heteroplasmy was found in skeletal muscle of individuals
over 60 years of age. These authors suggested that the age
of an individual might need to be considered in making
forensic comparisons and that skeletal muscle should
perhaps be avoided where possible when doing forensic
testing. Both inherited and novel somatic heteroplasmies
were observed in the sampled individuals. The examination
of multiple tissue types allowed speculation about origins:
where the heteroplasmy was pervasive among several
tissues, a maternal source was postulated. Using cloning,
Jazin et al. [88] also noted age-related increases in
heteroplasmy in brain tissue of older individuals typed for
the noncoding control region.

Estimates of the frequency of point-mutation
heteroplasmy in different tissues, also known as sequence
heteroplasmy, in nonpathological states have been offered
by different groups. The following reports do not include
evaluations of length heteroplasmy, which will be covered
in another section. Using SSO typing, Calloway et al. [28]
observed HV2 sequence heteroplasmy in muscle tissue in
9.3%, in blood in 4.7%, in brain in 4.7%, and in heart in 4.
7% of individuals. In addition, sequence heteroplasmy at
additional positions in the control region in the muscle
tissue of several of these individuals was detected by
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sequencing. Using sequencing, Melton and Nelson [108]
reported frequencies of 8.6% in muscle tissue, bone, or
organ tissue, 1.7% in whole blood, and 9.7% in hairs in a
review of 105 forensic cases that analyzed 336 samples.
Attempts to estimate the mitochondrial DNA control
region mutation rate have led to fairly numerous and
consistent estimates of the frequency of heteroplasmy in
blood, at least with sequencing methods currently used in
forensic laboratories. A direct sequencing study of cloned
DNAs from blood samples from 180 twin pairs revealed
that 1.7% of the twins were heteroplasmic; two twin pairs
shared their heteroplasmic positions, while in two other
pairs, one twin was heteroplasmic and the other was not
[8]. In an examination of blood from mother-child pairs by
direct sequencing, four of the children were observed to
have sequence heteroplasmy (2.6%) [81]. A sequencing
study of blood designed to estimate the mutation rate in the
control region that also was specifically looking for
heteroplasmy confirmed sequence heteroplasmy in three
of 357 individuals (0.84%), and could not rule it out in
“several other lineages” where electropherograms were
suggestive of low levels of heteroplasmy [121]. Four of
162 unrelated Japanese individuals sampled by sequencing
for a database were noted to have sequence heteroplasmy
in blood (2.5%) [83]. Using single-strand conformation
polymorphism (SSCP) screening, a frequency of 2.5%
was reported in samples from CEPH lymphoblast cell
lines or blood from 119 individuals [59]. Using SSO
typing on blood samples, Reynolds et al. [127] reported a
frequency of 0.73% and observed no additional
heteroplasmic positions in these individuals after HV2
region sequencing. Taken as a group, these studies appear
to indicate that heteroplasmy in blood is a relatively
uncommon phenomenon, but most of these studies relied
on direct sequencing as a detection method, where the
level of sensitivity for detection of proportion of a second
variant of a sequence has been estimated to be about 20%
in mixture studies [ 167]. This consensus could be contrasted
with a DGGE (denaturing gradient gel electrophoresis)
study of blood samples from 253 individuals showing an
overall level of 13.8% heteroplasmy; this method is capable
of detecting sequence heteroplasmy at levels of 1% [155].
Three of the 37 heteroplasmic positions in this study were
detectable via direct sequencing, but most of the other
heteroplasmic positions were found at very low levels.
In contrast to measures of frequency in blood, the
level of sequence heteroplasmy in hairs, a frequently used
forensic tissue, appears to be higher with current forensic
detection methods, although there have been conflicting
reports. Hiihne et al. [82] observed no heteroplasmy in 150
hair shafts sequenced from 10 unrelated individuals, and
no intraindividual differences, while Melton and Nelson

have reported a frequency of 9.7% in hairs from casework
[108]. A report by Grzybowski [61] reported 24 different
heteroplasmic positions in 100 hair roots from 35
individuals, some in combinations of up to six sites in a
single individual, but this report was challenged and
debated on the basis of methodology, especially an
excessively high number of PCR cycles, and faulty data
[25,26,49,154]. A subsequent re-examination by the
original author [62] using 38 cycles of direct PCR instead
of nested PCR showed that none of the 13 hairs in question
exhibited more than two heteroplasmic positions.

Reynolds and Calloway have carried out several
unpublished studies on heteroplasmy in hairs (personal
communications, R. Reynolds). Sequencing of mtDNA
from over 500 hairs from 24 different individuals showed
that 37.5% (n = 9) of these individuals had sequence
heteroplasmy in one or more hairs. The frequency of
heteroplasmic hairs observed within those heteroplasmic
individuals varied from 2 to 28% but usually was less than
10%. These authors also have observed that the variant
proportions of a heteroplasmic site may shift along the
length of the hair shaft. Similarly, 2 collaborative project
organized by the Spanish and Portuguese working group
of the International Society for Forensic Genetics (GEP-
ISFG) to study hair heteroplasmy in a single donor [1]
observed the same phenomenon. In this study, the variation
in proportions of the two sequence alternatives along
fragments of a single hair shaft was similar to that observed
in different hairs. As always, frequency estimates of
heteroplasmy in any tissue are reliant on the methods used
for detection.

The mechanisms for the development of heteroplasmy
in hair may be more complex than those in other tissues
[100], and invoke some degree of preliminary segregation
of mtDNA types during tissue differentiation of the embryo
followed by a secondary bottleneck at the hair shaft
development stage. Although the exact number of precursor
stem cells in this ectoderm-derived tissue that gives rise to
the single keratinized hair shaft is not known, it is presumed
to be small [114], and the number of mtDNAs in a hair
stem cell is really not known but is not presumed to be
different from the number in other stem cells. However,
interesting microscopic observations of mitochondria in
hairs are found in Montagna [113]. This author notes that
the number of mitochondria in hairs is never as high as that
seen in cells of the surface epidermis, and that for a rapidly
proliferating tissue, the number of mitochondria is
surprisingly small. This observation may raise questions
about the potential size of the bottleneck in hair
development.

Generalized heteroplasmy that has been inherited
from the mother may result in all or most of an offspring’s
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hairs, as well as other tissues, being heteroplasmic for her
variants. Bendall et al. [9] studied an individual with
sequence heteroplasmy at nucleotide position 16256 in
hair, blood, and buccal tissue. Additional members of this
subject’s maternal lineage also displayed heteroplasmy at
the same position in hair, blood, and buccal cells, indicating
that the heteroplasmy was pervasive and maternal in
origin. Although the proportions of the two variants
remained approximately the same in blood and buccal
samples of the subject, the proportions differed widely in
individual hair roots with the wild-type variant ranging
from 9 to > 99% of the total; this is a good example of
inherited heteroplasmy followed by segregation of
haplotypes in hairs that have undergone a secondary
bottleneck. In addition, hairs from adjacent follicles showed
equally variable proportions of the variants as did hairs
from different locations on the body, indicating that the
segregation of variants in the bairs may have been following
random drift models in all locations. Similar resuits were
observed in a study by Wilson et al. [168] where a
heteroplasmic site in hairs of three family members
demonstrated widely varying proportions of the two
pyrimidines C and T.

In a follicle’s germinal bulb matrix, cells leaving to
become the hair shaft never divide again, but differentiate
to become cuticle cells, meduliary cells, and cortical cells.
Heteroplasmy that arises at any stage of a single hair’s
development will be present in only that hair, and the
variant may not be observed in any other ceil population
in that individual. It follows then that different hairs from
the same individual also may have different heteroplasmic
variants. However, with an empirical observation rate of
under 10% [108], heteroplasmy does not appear to be
present in a majority of hairs sampled for forensic testing.
The higher observed rate of heteroplasmy in hair is due to
the peculiar sampling strategy of hair analysis: a single
hair from a clonal precursor population that has passed
through a small bottleneck. This may be contrasted with
the observed low levels in blood from sequencing, which
has been sampled from a large panmictic population of
peripheral blood cells derived from many stem cell sources.
Interestingly, based on the DGGE blood study by Tully et
al. [155] it seems possible that the level of heteroplasmy
may actually be similar in blood but is less detectable due
to sampling strategy and detection methods.

D. MUTATION RATE AND POLYMORPHIC
HOTSPOTS

Estimation of the mutation rate in the mitochondrial
DNA molecule, particularly the noncoding control region,
has been covered extensively elsewhere (in addition to

this volume, among others see [80,109,1 17,121,136,150]).
What is clear is that not all polymorphisms behave the
same way biologically: certain nucleotide positions mutate
more frequently than others [52,65,87,109,143,160].
Statistical analyses by Malyarchuk et al. [105] on
mutational spectra of HV1 and HV2 suggest that sequence
contexts, particularly neighboring polytracts, play an active
role in the frequency of mutagenesis at these polymorphic
“hot spots” during replication events [see also 77].
Whatever the mechanism, some of these substitutions
have also been observed to appear more often as
heteroplasmic sites in noncoding control region studies,
which would be expected since heteroplasmy is the
transitional state between fixed homoplasmic states.

Those positions mentioned as frequently heteroplasmic
have been positions 16093 and 16129 in hypervariable
region 1[74,108,155] and 73, 152, and 189 in hypervariable
region 2 [28] aithough other positions have been observed
by these and other authors at lower frequencies.
Heteroplasmy at position 16093 was observed 13 times in
35 heteroplasmic individuals in one study [155]; in all but
two cases the T was the minority component whereas C,
the majority component, is the variant from CRS (6%
frequency in population databases). To these authors, this
phenomenon suggested strong directionality of this
mutation from T to C with a return to the T repeatedly
occurring during a bottleneck. Of 13 observations of
sequence heteroplasmy in forensic casework in one lab
[108], six were at position 16093, with one each at positions
72,152, 189, 207, 279, 16166, and 16286. Meyer et al.
[109] point out that sites 16093, 152, 189, and 207, among
others, have been observed as substitutions within family
lineages [80,121] and also have some of the highest
relative mutation rates in the control region. These authors
report that the proportion of nonmutating sites is quite low
(54% in HV1 and 28% in HV2), so in fact it would be
possible to observe heteroplasmy at virtually any site
within these regions. For example, Hiihne et al. [81] report
sequence heteroplasmy at positions 16205 and 16309,
only one of which (16309) is on the lists of fast sites {109,
160] and Parsons et al. [121] report 16092, 94, and 234, all
of which have relatively low rates of mutation [109].
Therefore, even if a position has never previously been
categorized as a “fast site”, heteroplasmy may well be
observed in that location.

Because hot spots for mutational change are well
acknowledged in the scientific literature, there has been
speculation about the susceptibility of human tissues to
mutational change when exposed to external environmental
mutagens, such as ultraviolet light or radioactivity. Early
studies on retinal tissue, which was suspected to be a likely
target for mutation because of a lifetime of light exposure,
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did not show a high rate of mutational change or evidence
of heteroplasmy, and in fact was one of the earliest
indications that homoplasmy was the baseline state of
mtDNA in tissues [18]. This study was carried out using
the older, less-sensitive manual sequencing method using
radioactive labeling, which could have missed
heteroplasmy. A recent study of buccal swabs from a
coastal Indian population of Kerala, a geographic region
exposed to the world’s highest levels of naturally occurring
radioactivity, showed significantly higher numbers of
germline point mutations than in a control population
[55]. A total of 22 heteroplasmic mutations was observed
in 595 mother-offspring high-radioactivity transmissions,
whereas only one was observed in the low-radioactivity
population (200 transmissions), suggesting that the
mutation rate might be higher in individuals experiencing
unusual exposure to radioactivity. The most common sites
for heteroplasmy in this study included 152 (n=3),215 (n
=3), 16189 (n = 3), and 16093 (n = 2), with a number of
other sites observed one time each; some of these sites are
clearly recognizable mutational hot spots. This quite
interesting study raises questions about the forensic
implications of testing populations such as those exposed
to Chernobyl fallout, even though a recent study indicates
that mice exposed to the low-level radioactive Chernobyl
environment had no increased levels of heteroplasmy
[164]. As previously noted, the “4977 common deletion”
has been observed by some authors to increase (and be
heteroplasmic) in aging tissues. Recently, a study of

smokers noted that the incidence of this deletion was also ’

significantly higher in hair follicles of those subjects who
had smoking indices of greater than 5 pack-years [101].
As a known mutagen, tobacco should be further studied as
a causative factor in sequence heteroplasmy in hairs of
smokers versus nonsmokers.

Mitochondrial DNA mutational hot spots are also
those sites most likely to undergo postmortem damage, at
least in ancient skeletal remains over several centuries old
[56,57]. These damaged sites are observed in individual
clones on the homoplasmic background of the sample
(since they are not replicated after death). These changes
could in theory be detected in very old or environmentally
compromised forensic samples where amplification of a
molecule with a postmortem mutation occurs during the
earliest rounds of PCR, yielding a high proportion of the
variant type in sequencing. In this sense, an analysis
detecting a postmortem-generated heteroplasmy in this
way would not be different from an analysis detecting one
generated during life. A byproduct of the aforementioned
ancient DNA studies is that there appears to be high
fidelity of the tag polymerase enzymes used for PCR
amplification, indicating that sequence heteroplasmy is

unlikely to be a byproduct of nucleotide misincorporation
during PCR amplification in the laboratory.

E. LENGTH HETEROPLASMY

The most common form of heteroplasmy observed in
the mitochondrial DNA control region is length
heteroplasmy. An individual with this condition has
multiple species of the mtDNA genome that differ in
length by single nucleotides, usually cytosine (C) residues
in homopolymeric tracts (as characterized by determination
on the light strand; the heavy strand would be characterized
by the complementary base). Depending on its extent,
length heteroplasmy may result in an inability to read or
interpret sequence data downstream and must be
compensated for with alternative sequencing strategies
when severe [126,147]. Length heteroplasmy is observed
primarily in two regions, each of which has been studied
in depth. Each is believed to occur because strand slippage
occurs during replication of the molecule, and because
fidelity of the DNA polymerase in reproducing the original
number of C residues declines as the number of Cs
increases beyond eight [66,104]. In addition, a third C-
stretch region has been reported around positions 568-573
that has interesting evolutionary implications due to its
history of expansion and contraction in some populations
[79]. Other infrequent length heteroplasmy has been observed
in the G-stretch downstream from position 66 in HV2 and
at position 249 in HV2 [30,108]; both of these relatively
mild phenomena are caused by a single base-pair deletion
resulting in mtDNA templates that are one base shorter
than the Cambridge Reference Sequence (CRS)[2].

The first major form of length heteroplasmy is observed
at moderate frequency approximately equal to the
frequency of the 16189 T to C transition (~20%) [74].
Comprehensively described by Bendall and Sykes in 1995
{101, this length heteroplasmy is observed near a
homopolymeric C-stretch containing five Cs (Cs) upstream
and four Cs (C4) downstream of position 16189 in HV1,
which in most individuals is a thymine (T). However, in
individuals where the T has been replaced by a C, the C-
stretch beginning at positions 16182, 16183, or 16184
does not terminate with a finite number of residues, but has
multiple templates such as Cy, Cyg, Cy1, and C;5. If one or
more of the four adenine (A) residues that typically
precede the C-stretch are also substituted to Cs (or deleted;
“substitution” is the conventional description where the
biology may actually be more complex), the number of Cs
in the tract may reach 14. Length heteroplasmy of this A4
tract has also been observed [10]. Interestingly, when
there have been additional substitutions within this C-
stretch, for example, a C to T transition at 16186, the
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length heteroplasmy is usually absent, indicating that a
critical number of Cs, perhaps eight, is necessary to create
the replication slippage. With a DGGE analysis, the
frequency of this length heteroplasmy was reported to be
about 12% in one study [155]. Some individuals with
length heteroplasmy in this region may also have sequence
heteroplasmy at position 16189 (C/T), which results in an
even more complex pattern of heteroplasmy in
electropherogram traces.

Cloned mtDNA from blood of individuals with this
HV1 length heteroplasmy showed that while individuals
in different maternal lineages usually had quite different
proportions of the different length variants, individuals in
the same lineage shared the same proportions of the
different length templates with their maternal relatives,
even those who were distantly related (with only 1/32
nuclear genes shared). Bendall and Sykes [10] observed
that this result is not consistent with a small bottleneck
effect, and speculate that the proportions could be
regenerated de novo in each individual. However, this
would of necessity invoke some maternally inherited
factor that controls the degree of replication slippage
within a particular lineage. A recent study by Malik et al.
reported evidence for de novo regeneration of the site
16189-associated length polymorphism pattern in an
experiment that artificially recreates the mtDNA bottleneck
in cultured fibroblasts [103]. A subsequent study by the
same group showed that nuclear factors do indeed appear
to control the development of consistent patterns of the
different length variants, and suggests that these factors
may belong to nuclear DNA-encoded mtDNA replication
factors [104]. If nuclear factors are not invoked, an
alternative explanation is that lineage-specific intraor-
ganellar-length heteroplasmy exists and is being preserved
in this way in spite of a small bottleneck for the total
number of organelles that are inherited. Regardiess of the
precise mechanism, Bendall and Sykes suggested that
because there appears to be a limit on the overall length of
this region in HV1 to about 14 or 15 nucleotides (As plus
Cs), some selective pressure is preventing its unlimited
expansion.

A second more common length heteroplasmy is found
in a C-stretch tract downstream from nucleotide position
304 in HV2 [60,142]. This region frequently gains or loses
single C residues during replication, resulting in popula-
tions of molecules with 7, 8, 9, 10, or more adjacent Cs
followed by a T and 6 more Cs. While the CRS has C5-T-
Cs, almost all other individuals have C;-T-Cg or Cg-T-Cs,
such that the notation “315.1 C” is found in most haplotypes
where this C is the last nucleotide in the Cg stretch. The
human population is almost equally divided into those
with seven or eight Cs preceding the 310T, but where there

10

are eight, most individuals begin to have some degree of
length heteroplasmy, and it is sometimes observed where
there are seven Cs [30]. Where nine or more Cs precede
the 310T, the heteroplasmy becomes increasingly
pronounced and creates the characteristic difficulty in
sequence interpretation downstream, particularly where
proportions of the different length templates are equal or
similar. Interestingly, although this region has an adenine
stretch immediately preceding the C-stretch, this group of
three A residues is only rarely observed to vary, unlike the
2-4 base adenine group preceding the HV1 C-stretch.
Many complex additional variants in this region have also
been observed, leading to comprehensive nomenclature
guidelines suggested by practitioners in the forensic
community [165,166]. Typically, and most simply, the
dominant number of C insertions exceeding the CRS C;
residues preceding the T is reported as 309.1C (Cg), 309.
2C (Cy), and so on.

Length heteroplasmy in HV?2 is widely recognized as
the most common type of heteroplasmy observed in
casework, and although good frequency statistics are not
available, the frequency could almost certainly estimated
according to the frequency of C insertions at 309.1, 309.
2, or beyond, since it is present to some degree, albeit
minimally, in virtually all individuals with these insertions.
For example, 19 of 101 Austrians have clearly designated
HV2 length heteroplasmy in a population database (19%;
“N”s are present in the data table in this region, indicating
difficulty with data interpretation), while an additional 42
individuals have the 309.1 insertion, indicating that the
total frequency of length heteroplasmy could be as high as
60% in this group even though data interpretation was not
compromised [120]. In formal studies, it was observed at
a frequency of 67% in brain tissue of subjects with
mitochondrial disorders [92], and 12% in blood samples
from normal individuals [126]. A study of this variation
within individuals has shown that hairs, blood, and saliva
within the same individual can have both widely differing
numbers of C residues and proportions of these residues
[142]. This observation has led to general consensus
within the forensic community that this region cannot
generally be used to support an interpretation of exclusion
[142].

The biology of this region is not clearly understood.
Speculation about whether length heteroplasmy could be
an artifact related to tag polymerase errors or other factors
arising from sequencing or cloning methods, and not due
solely to the existence of different intraindividual DNAs,
has been laid to rest by study of a unstable “568” cytosine
repeat similar to the two common types just presented
[79]. In a study of cloned and sequenced blood or buccal
swab samples, Lutz et al. [102] showed that 10 maternally
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related individuals had heteroplasmy in HV2 downstream
from position 304, but the numbers of C residues and their
proportions varied widely among the family members,
unlike the pattern seen for the 16189 heteroplasmic region
in HV1 reported by Bendall and Sykes [10]. However, a
longitudinal study of cervical cells from four women over
one or two decades, using solid-phase minisequencing,
showed highly stable proportions of the length variants in
this HV2 region over time, as well as stability for the
16189 HV1 length heteroplasmy [97], so there is a mixed
picture of both slow and fast segregation depending on the
research project [see also 30]. Also of interest in this study
was an observation that one of the women had heteroplasmy
in both the HV1 and HV2 C-stretches, in equal proportions
(97%:97% for 16189T/309T, and 3%:3% for 16189C/
309C), suggesting that the linkage phase was consistent
for each variant.

II. DETECTABILITY AND INTERPRETATION

The definition of heteroplasmy as the existence of two
types of mitochondrial DNA within an individual can be
refined to account for the in vitro detectability of this in
vivo biological state. It is known that the sensitivity of
heteroplasmy detection is method-dependent when the
same samples are evaluated using different instrumentation
and chemistries [28,73,155]. The most fundamental
approach to sampling the individual mtDNA molecules
present in an individual’s cells would be cloning, where
single molecules are selected, amplified, and sequenced.
With a large enough sample size (in theory, every mtDNA
in the body), the cloned population of mtDNAs would
represent the distribution of mtDNA variation within
every cell or tissue, the proportions of each variant could
be quantitated, and the linkage phase of every minor
substitution variant could be mapped on its sequence
background. However, because cloning is itself nothing
more than a sampling of the different mtDNA variants
within an individual, this selection is vulnerable to
stochastic sampling processes just as forensic sampling is.

In the preceding sections, we have seen that the
observed frequencies of heteroplasmy may be correlated
with type of tissue, due to the existence of “more clonal”
tissues (hair, muscle, bone) versus “more panmictic”
tissues (blood, saliva, scraped buccal cells). The evaluation
of overall heteroplasmy may therefore not be best accom-
plished by cloning of any particular tissue, unless there is
particular interest in that tissue for research purposes.
DNA sequencing of tissues such as blood, saliva, or
buccal cells, besides identifying the homoplasmic baseline
state, may detect cases of maternally inherited, pervasive
heteroplasmy, where the minority component is at least
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. 20% of the total population of cells. The homoplasmic

mitochondrial DNA type of an individual establishes the
baseline from which heteroplasmic variants may then be
distinguished, regardless of the type of forensic sample.
Interestingly, mtDNA forensic evidence most often
includes hairs and bones, i.e., “clonal” samples, and these
will usually be tested prior to the “panmictic”, i.e., reference
or known samples: blood, saliva, and buccal tissues.

Within the forensic community, sequence hetero-
plasmy is usually defined as the presence of distinguishable,
different nucleotides at a single position on both strands of
a sequencing product and in all overlapping PCR fragments
containing that amplified site in a single sample [29,153].
In sequence heteroplasmy, most commonly transition
pairs are observed simultaneously, such as A with G, or T
with C. Pyrimidine heteroplasmy is more common than
purine heteroplasmy. Transversion heteroplasmy is only
rarely observed; this follows from the fact that transitions
are more common mutations than transversions [27].
Notation for these observations can be given as the
International Union of Applied and Pure Chemistry
(IUPAC) designation, for example, when both a T and a C
are observed, the notation is Y. Alternative notations for
this pair have been given as T > C or T~C [153].

Heteroplasmy at two positions simultaneously, known
as “triplasmy” [ 12], is expected at much lower frequencies,
and, if suspected, should be evaluated to rule out the
presence of a mixture of two or more mitochondrial DNAs
from different sources (e.g., see [129]. Determination of
the presence of a mixture can sometimes be accomplished
by carefully inspecting all nucleotide positions in the
sequence data to determine if mixed bases, no matter how
minimal, are present in any of those locations. If numerous
positions are observed to have two bases, then a mixture
rather than heteroplasmy is the most likely explanation.
However, for samples where the proportion of the minor
type is less than 20%, the level at which sequencing
detects mixed bases, the complete profile of the minor
type may not be apparent in the sequenced product [127].
More research into the most appropriate handling of
mixtures is clearly needed.

Also mentioned as a potential confounding artifact in
forensic testing is the possibility of co-amplifying nuclear-
origin (mitochondrial) pseudogenes with mtDNA, which
then might be confused with heteroplasmy [119]. To date,
no pseudogenes with homology to HV2 have been
identified, but two pseudogenes with homology to HV1
have been described [152,173,174]. However, each of
these has at least 20 nucleotide differences compared to
the mtDNA HV1 sequences of modern humans. Therefore,
heteroplasmy could not easily be confused with co-
amplification of a pseudogene [28].
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Length heteroplasmy is readily defined by the
appearance of overlapping bases, or “out of sync” ripples
that begin immediately 3’ to the inserted or deleted base in
the sequenced product and can progress to the end of the
electropherogram. The level of difficulty in reading this
sequence is correlated with the proportions of the variants;
for example, a 90:10 ratio of Cg to Co in HV2 will mean
that the downstream base calls will be relatively easy,
whereas a 50:50 mixture will be very difficult to evaluate
and may require resequencing the PCR product with an
additional primer that anneals 3’ to or within the
homopolymeric stretch on each strand. One form of
notation for the heteroplasmic HV2 C-stretch is to report
the dominant number of Cs as, for example, 309.1C (Cs)
or 309.2 (Cy), and to note as well the presence of length
heteroplasmy.

As previously mentioned, DNA sequencing captures
the overall homoplasmic genotype of an individual and
detects heteroplasmic variants when they are present at or
above the level of about 20% of the sequencing product
[167]. With this method, detection is dependent on the
overall quality of sequence data and is enhanced by the
absence of sequencing artifacts such as background “noise”
above the baseline [108]. Several groups have used methods
other than direct sequencing that detect lower levels of
heteroplasmy; some of these methods grew out of a need
to evaluate the mutation load of defective mtDNAs in
patients with mitochondrial diseases. These methods
include primer extension [53,85], temporal temperature
gradient gel electrophoresis (TTGE) [20,31,169], real-
time PCR [70,159], solid-phase minisequencing {91,144],
restriction fragment analysis [54], and single-stranded
conformation polymorphism analysis (SSCP) [133]. In
addition, some applications that have evaluated
heteroplasmy at more neutral sites, including the mtDNA
control region, include sequence-specific oligonucleotide
(SSO) typing [28], denaturing high-performance liquid
chromatography (DHPLC/nuclear loci) [157}, and
denaturing gradient-gel electrophoresis (DGGE) [64,155)].
These methods detect and sometimes quantitate
heteroplasmy, even at levels as low as 1%, and can in
theory detect any mismatched molecules within a sample
(therefore being useful for detecting introduced or
inadvertent mixtures or contaminants), but are not intended
to capture complete mitochondrial DNA sequence data.

Tully et al. presented a comprehensive examination of
HV1 heteroplasmy by DGGE [155]. They noted that the
level of sensitivity of heteroplasmy detection of this assay
is 5%, and several samples with levels of less than 5%
were also identified. In this study, three of 37 heteroplasmic
positions that were detected by DGGE were revealed by
sequencing; the proportions of these three variants were
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estimated by SYBR green labeling (Molecular Probes) to
be 48%, 23%, and 16% of the total amount of DNA at
those positions. Of the remaining variants, 30 were at/or
estimated to be below 22% of the total, while four were in
the range of 25-41%. This is somewhat consistent with
observations that sequencing detects variants above 20%
of the total, but as noted, four above this level were not
detected. It was also interesting that although both strands
of heteroplasmic samples were sequenced, the relative
peak heights of the variants on light and heavy strands
were not necessarily the same, a phenomenon that has
been noted by others [127,167]. Repeat DGGE analysis of
each blood sample gave reproducible results of both the
proportions of heteroplasmy and each individual’s overall
dominant, homoplasmic genotype.

Interpretational guidelines for heteroplasmy in the
application of forensic testing have been clearly stated in
several peer-reviewed publications and are uniform [29,
74,153]. Because individuals may have heteroplasmy in
some tissues and not in others, where a heteroplasmic
questioned sample also has the mitochondrial DNA profile
of the known sample — that is, the mitochondrial DNA
sequences share a common nucleotide at the heteroplasmic
position as well as all other sequenced nucleotide bases —
the sample cannot be excluded as having come from the
known individual. When both the questioned and known
samples have an identical heteroplasmic position, the
match is strengthened by some unknown factor that cannot
currently be quantified but is related to the frequency of
mutation at that site. A likelihood ratio (LR) calculation
for this situation was described in detail for the case of
Czar Nicholas, brother of Grand Duke Georgij, both of the
Russian royal family. Skeletal remains of both individuals
displayed sequence heteroplasmy at HV1 site 16169; the
LR calculation allowed for the statement that the total
DNA results were 1.3 x 108 times more likely if the
remains were from the Romanov family than if they were
an unrelated family (including the DNA results from the
maternal lineage of the czarina) [84]. Situations such as
this have led to the recommendation that cases be
interpreted on an individual basis as needed [74].

A situation in which multiple samples in a case have
the identical sequence heteroplasmy may not be rare; in 4
out of 13 forensic cases where the questioned sample
displayed sequence heteroplasmy, the known sample or
other questioned samnples in the case had that identical site
heteroplasmy [108]. Currently, the approach to searching
a forensic database such as the SWGDAM mtDNA
population database used by practitioners {112] for a
profile with a sequence heteroplasmy is to designate the
heteroplasmic base an ambiguous base. This allows the
most conservative and inclusive statistical estimates of
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upper bound frequencies of these types using the sampling
equations found in the Holland and Parsons 1999 mtDNA
review paper [74]. Itis, however, not impossible to envision
a time when the relative rarity of each mutational change
can be estimated for use in a calculation to be applied in
these “double heteroplasmy” cases, and this will be a
welcome addition to the current applications.

Some authors have suggested that additional testing
be undertaken when heteroplasmy is observed in some
forensic samples in a case and not in others [29,74]. Even
if such testing is not undertaken, or in some cases, cannot
be undertaken due to limited evidence or known sample,
the results from the original analysis must be considered
valid because a particular heteroplasmy may be observed
in only some samples and tissues from an individual. Of
course, additional known hairs could be tested in order to
look for the sequence heteroplasmy to attempt to strengthen
the forensic failure to exclude, as in the situation with the
Romanov family remains. Nevertheless, where doubt
remains, repeat testing from the stages of DNA extraction,
amplification, or sequencing is available in many cases to
solidify the analytic conclusions.

HI. CONCLUSIONS AND FUTURE DIRECTIONS

The scientific literature on heteroplasmy in humans
has grown substantially since a 1995 observation suggested
that heteroplasmy in normal individuals may not be a rare
biological state [43]. In fact, we now know that limited
sequence heteroplasmy is the norm, albeit more apparent
in some tissues than others, and that this heteroplasmy is
superimposed on a dominant homoplasmic state. Studies
using the most sensitive methodologies for sequence
heteroplasmy detection, such as DGGE, show that most
control region heteroplasmic variants exist at low
proportions compared to the wild-type variant [155]. In
forensic settings where sequencing is the standard method
of detection, this predominantly “minor component”
phenomenon explains why the homoplasmic baseline
type or wild-type is captured overwhelmingly, with only
occasional observations of heteroplasmy. It also explains
why it is rare to observe (1) complete single site changes
between mother and offspring, and (2) a forensic case
where any of the analyzed samples have a single
nonheteroplasmic nucleotide difference between them.
The latter phenomenon is related to the fact that randomly
selected individuals from any population group will have
on average 10.6 = 4.9 mtDNA control region nucleotide
differences between them [27]. The fact that it is rare to see
single-site differences between samples (mother-offspring
or within a single case) tells us that most novel mutations
do notrise sufficiently in frequency to become replacement
nucleotides, and most heteroplasmy does not result in
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single-site differences. Aside from the situation where all
or most of an individual’s tissues contain the novel variant
in a heteroplasmic state because of maternal inheritance,
this picture argues strongly for the homoplasmic type
being preferentially maintained, with low-level hetero-
plasmic variants occasionally being generated and then
removed via drift or selection. The former case, maternally
inherited, pervasive heteroplasmy, seems to be the most
advantageous type of heteroplasmy in forensic testing, as
comparisons between different hairs, or between hair and
blood, are likely to show heteroplasmy in both samples
(and even between individuals in maternal lineage
comparisons). In a case of this type, the forensic “match”
is strengthened as in the case of the Romanovs.
Interestingly, our dominant homoplasmy is maintained
throughout life, despite ongoing exposure of mtDNA to
mutagens, the continual destruction and replenishing of
mtDNA in most tissues, and at least some evidence that
heteroplasmy increases with age.

From the rich body of literature covered here, we have
a good understanding of the mechanisms leading to
heteroplasmy, its frequency in various tissues, and its
characteristic appearance at specific locations in mtDNA.
One forensic mtDNA laboratory reports that the overali
frequency of sequence heteroplasmy in high-quality DNA
sequence data, where a level of 20% heteroplasmy is
detectable, is about 10% or less, depending on the tissue
being examined. Given the additional observation that
mitochondrial DNA forensic analyses result in a “failure
to exclude” approximately 50% of the time [108], we can
calculate that sequence heteroplasmy would be expected
to play a role in forensic analysis and interpretation in
about 5% of cases.

Of some interest to the forensic practitioner might be
the implications of “brave new world” technologies, certain
to increase as scientists tinker with reproductive biology
and medical treatments. Although still controversial, the
transfer of ooplasm from donor oocytes into human oocytes
suspected to lack some required cytoplasmic factor has
resulted in a number of healthy pregnancies [141]. The
embryos, amniocytes, fetal placentas, and cord blood of
these pregnancies showed heteroplasmy of both donor
and recipient mtDNA types, something to consider in the
next generation of forensic testing [22]. Similar results
have been observed in nuclear transfer experiments to
produce bovine offspring [149]; cloning may therefore
impact nuclear-mitochondrial interactions and traits of
economic importance, such as milk-fat yield and fertility
[71,72,137]. As human cloning debates continue, we
should look for discussions on the mitochondrial DNA
heteroplasmy that may ultimately present as a result of
new reproductive technologies.
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In the medical community, in vitro experiments have
been examining whether disease-related heteroplasmy
could be therapeutically altered with a genetically
engineered restriction endonuclease [139]. Chinnery [33]
points out that recent work in mouse models of
mitochondrial disease will delineate the many factors
regulating mutation load, and this knowledge will lead to
treatments for controlling heteroplasmy, perhaps raising
the levels of wild-type normal molecules and decreasing
mutant molecules. Lightowlers et al. [98] states that in
patients with mitochondrial myopathy, their satellite cells,
or muscle cell precursors, lack the mutant mtDNAs found
in the muscle cells, and in theory could be stimulated to
replace the defective tissues. Although decades away, it
appears that gene therapy also has implications for the
generation, maintenance, and eradication of heteroplasmy.

We have seen that maternally inberited and pervasive
heteroplasmy may be advantageous in forensic science
because of the likelihood of its appearance in multiple
tissues from the same individual and consequent
significance. However, the question remains whether
sporadically observed heteroplasmy, with no evidence for
or likelihood of matches to other samples in a case with the
same phenomenon, is problematic when it arises in
casework. We can consider several different scenarios
mvolving a forensic casework sample, such as a shed hair
with a single-site heteroplasmy being compared to a
known sample that lacks this heteroplasmy. In the first
scenario, the hair has the common 16093 C/T heteroplasmy
while the known blood has either the CRS T or the
substitution C; both samples have a background haplotype
with additional rare substitutions that place the haplotype
into a category containing one or only a few matches in the
forensic database. Certainly there should be no doubt that
this heteroplasmy, occurring at a known hot spot, has been
well characterized in the literature, and that the conclusion
would be a failure to exclude these two samples as being
from the same maternal lineage. In the second scenario,
the heteroplasmy in the hair is at a site previously
undescribed as being a hot spot, the known has a nucleotide
substitution with respect to the CRS at that position, and
the background haplotype is “rare”. Again, there seems to
be no biological justification for doubting a common
maternal lineage in this case; the rare haplotype and
nucleotide substitution in the known would seem to be
strengthening factors. In a third scenario, the heteroplasmy
is at a hot spot on a common background (say, the 263G,
315.1C type). Again, knowing the site in question is a
well-described hot spot means there is no doubt that this
may be observed from time to time; we are actually more
concerned that the common haplotype rather than the
heteroplasmy may result in a false perception of the
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significance of the “match”. Finally, in a fourth scenario,
the hair heteroplasmy occurs at a site not previously
described as hypermutable, on a common haplotype
background. Here, more testing of different samples could
be undertaken, if available, to attempt to clarify the situation.
But as before, we are logically more concerned about the
common haplotype than the heteroplasmy because we
know that mutation, and therefore, heteroplasmy, can
occur at virtually any site. In all four scenarios, there
would be a scientifically supported failure to exclude.
Obviously, in a scenario where a complete single site
difference was observed between questioned and known
samples, we would report an inconclusive test, and
undertake more testing if possible.

The preceding four scenarios display a continuum of
possibilities involving heteroplasmy that may arise in
mtDNA forensic casework, some more challenging than
others. Obviously, many other possible scenarios may
come to mind. With the conservative interpretational
guidelines that are currently being applied, which account
for biological mechanisms in mitochondrial DNA, it is
clear that two samples that share all nucleotide bases, even
if heteroplasmy is present in one of the two samples,
cannot be excluded as having come from the same maternal
lineage [29]. This interpretation is clearly supported by all
published and peer-reviewed scientific knowledge to date.

ACKNOWLEDGMENTS

I thank Becky Reynolds and Sandy Calloway for
many enlightening and interesting discussions about
heteroplasmy over the years. The work of Kate Bendall, to
which I was personally introduced in 1996, has been
crucial to the evolution of understanding of heteroplasmy,
and I appreciate this body of work greatly. Thanks also to
all the forensic scientists who rose to the challenge of
understanding this biological phenomenon as it impacts
forensic mitochondrial DNA analysis, especially Lois
Tully and Mark Wilson. The clarifying modifications
suggested by two anonymous reviewers of this manuscript
were greatly appreciated. Finally, I thank my staff at
Mitotyping Technologies, Kim Nelson, Gloria Dimick,
Bonnie Higgins, and Lynn Lindstrom, who bring
heteroplasmy to the fore in everyday casework.

REFERENCES

1. Alonso A, Salas A, Albarran C, Arroyo E, Castro A,
Crespillo M, di Lonardo AM, Lareu MV, Lépez Cubria C,
Lépez Soto M, Lorente JA, Montesino Semper M, Palacio
A, Paredes M, Pereira L, Pérez Lezaun A, Pestano Brito J,
Sala A, Conceigao Vide M, Whittle M, Yunis JJ, G6mez J:
Results of the 1999-2000 collaborative exercise and
proficiency testing program on mitochondrial DNA of the
GEP-ISFG: An interlaboratory study of the observed

Forensic Science Review ¢ Volume Sixteen Number One ¢ January 2004

-z



10.

11.

12.

13.

14.

15.

16.

17.

18.

variability in the heteroplasmy level of hair from the same
donor; Forensic Sci Int 125:1; 2002.

Anderson S, Bankier AT, Barrell BG, de Bruijn MHL,
Coulson AR, Drouin J, Eperon IC, Nierlich DP, Roe BA,
Sanger F, Schreier PH, Smith AJH, Staden R, Young IG:
Sequence and organization of the human mitochondrial
genome; Nature 290:457; 1981.

Ankel-Simons F, Cummins JM: Misconceptions about
mitochondria and mammalian fertilization: Implications
for theories on human evolution; Proc Natl Acad Sci USA
93:13859; 1996.

Arnheim N, Cortopassi GA: Deleterious mitochondrial
DNA mutations accumulate in aging human tissues; Mutat
Res 275:157; 1992.

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

Barritt JA, Brenner CA, Cohen J, Matt DW: Mitochondrial
DNA rearrangements in human oocytes and embryos; Mol
Hum Reprod 5:927; 1999.

Bartélémy C, Ogier de Baulny H, Lombés A: D-loop
mutations in mitochondrial DNA: Link with mitochondrial
DNA depletion? Hum Genet 110:479; 2002.

. Bendall KE, Macaulay VA, Baker JR, Sykes BC:

Heteroplasmic point mutations in the human mtDNA
control region; Am J Hum Genet 59:1276; 1996.

Bendall KE, Macaulay VA, Sykes BC: Variable levels of
a heteroplasmic point mutation in individual hair roots; Am
J Hum Genet 61:1303; 1997.

Bendall KE, Sykes BC: Length heteroplasmy in the first
hypervariable segment of the human mtDNA control region;
Am J Hum Genet 57:248; 1995.

Bergstrom CT, Pritchard J: Germline bottlenecks and
evolutionary maintenance of mitochondrial genomes;
Genetics 149:2135; 1998.

Bidooki SK, Johnson MA, Chrzanowska-Lightowlers Z,
Bindoff LA, Lightowlers RN: Intracellular mitochondrial
triplasmy in a patient with two heteroplasmic base changes;
Am J Hum Genet 60:1430; 1997.

Biju-Duval C, Ennafaa H, Dennebouy N, Monnerot M,
Mignotte B, Soriguer RC, El Gaaied A, El Hili A, Mounolou
J-C: Mitochondrial DNA evolution in lagomorphs: Origin
of systematic heteroplasmy and organization of diversity
in European rabbits; J Mol Evol 33:92; 1991.

Birky CW Jr: Relaxed and stringent genomes: Why
cytoplasmic genes don’t obey Mendel’s laws; J Hered 85:
355; 1994,

Birky CW Jr, Fuerst P, Maruyama T: Organelle gene
diversity under migration, mutation, and drift: Equilibrium
expectations, approach to equilibrium, effects of
heteroplasmic cells, and comparison to nuclear genes;
Genetics 121:613; 1989.

Birky CW Jr, Maruyama T, Fuerst P: An approach to
population and evolutionary genetic theory for genes in
mitochondria and chloroplasts, and some results; Genetics
103:513; 1983.

Blok RB, Gook DA, Thorburn DR, Dahl H-HM: Skewed
segregation of the mtDNA nt 8993 (T->G) mutation in
human oocytes; Am J Hum Genet 60:1495; 1997.
Bodenteich A, Mitchell LG, Merril CR: A lifetime of
retinal light exposure does not appear to increase
mitochondrial mutations; Gene 108:305; 1991.

15

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bogenhagen DF: DNA repair *99: Repair of mtDNA in
vertebrates; Am J Hum Genet 64:1276; 1999,

Boles RG, Chaudhari D, Séderkvist J, Podberezin M, Ito
M: Quantification of mitochondrial DNA heteroplasmy by
temporal temperature gradient gel electrophoresis; Clin
Chem 49:198; 2003.

Boursot P, Yonekawa H, Bonhomme F: Heteroplasmy in
mice with deletion of a large coding region of mitochondrial
DNA; Mol Biol Evol 4:46; 1987.

Brenner C, Barritt JA, Willadsen S, Cohen J: Mitochondrial
DNA heteroplasmy after human ooplasmic transplantation;
Fert Ster 74:573; 2000.

Brown GG, Desrosiers LI: Rat mitochondrial DNA
polymorphism: Sequence analysis of a hypervariable site
for insertions/deletions; Nucleic Acids Res 11:6699; 1983.
Budowle B, Adams DE, Comey CC, Merrill CR:
Mitochondrial DNA: A possible genetic material suitable
for forensic analysis; In Lee HC, Gaensslen RE (Eds):
Advances in Forensic Sciences; Year Book Medical
Publishers: Chicago, IL; p 76; 1990.

Budowle B, Aliard MW, Wilson MR: Characterization of
beteroplasmy and hypervariable sites in HV1: Critique of
D’Eustachio’s interpretations; Forensic Sci Int 130:68;
2002.

Budowle B, Allard MW, Wilson MR: Critique of
interpretation of high levels of heteroplasmy in the human
mitochondrial DNA hypervariable region I from hair;
Forensic Sci Int 126:30; 2002.

Budowle B, Wilson MR, DiZinno JA, Stauffer C, Fasano
MA, Holland MM, Monson KL: Mitochondrial DNA
regions HV1 and HVII population data; Forensic Sci Int
103:23; 1999.

Calloway CD, Reynolds RL, Herrin GL Jr, Anderson
WW: The frequency of heteroplasmy in the HVII region of
mtDNA differs across tissue types and increases with age;
Am J Hum Genet 66:1384; 2000.

Carracedo A, Bir W, Lincoln P, Mayr W, Morling N,
Olaisen B, Schneider P, Budowle B, Brinkmann B, Gill P,
Holland M, Tully G, Wilson M: DNA Commission of the
International Society for Forensic Genetics: Guidelines
for mitochondrial DNA typing; Forensic Sci Int 110:79;
2000.

Cavalier L, Jazin E, Jalonen P, Gyllensten U: MtDNA
substitution rate and segregation of heteroplasmy in coding
and noncoding regions; Hum Genet 107:45; 2000.

Chen T-J, Boles RG, Wong L-JC: Detection of mitochon-
drial DNA mutations by temporal temperature gradient gel
electrophoresis; Clin Chem 45:1162; 1999.

Chen X, Prosser R, Simonettj S, Sadlock J, Jagiello G,
Schon EA: Rearranged mitochondrial genomes are present
in human oocytes; Am J Hum Genet 57:239; 1995.
Chinnery PF: Modulating heteroplasmy; Trends Genet 18:
173; 2002.

Chinnery PF, Howell N, Andrews RM, Turnbull DM:
Mitochondrial DNA analysis: Polymorphisms and
pathogenicity; J Med Genet 36:505; 1999.

Chinnery PF, Howell N, Lightowlers RN, Turnbull DM:
Genetic counseling and prenatal diagnosis for mtDNA
disease; Am J Hum Genet 63:1908; 1998.

Chinnery PF, Samuels DC: Relaxed replication of mtDNA:
A model with implications for the expression of disease;
Am J Hum Genet 64:1158; 1999.

Meiton * Mitochondrial DNA Heteroplasmy



37.

38.

39,

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Chinnery PF, Samuels DC, Elson J, Turnbull DM:
Accumulation of mitochondrial DNA mutations in ageing,
cancer, and mitochondrial disease: Is there a common
mechanism? Lancet 360:1323; 2002.

Chinnery PF, Thorburn DR, Samuels DC, White SL, Dahl
H-HM, Turnbull DM, Lightowlers RN, Howell N: The
inheritance of mitochondrial DNA heteroplasmy: Random
drift, selection, or both? Trends Genet 16:500; 2000.
Chinnery PF, Turnbull DM: Mitochondrial DNA and
disease; Lancet 354 (suppl I):17; 1999.

Chinnery PF, Zwijnenburg PIG, Walker M, Howell N,
Taylor RW, Lightowlers RN, Bindoff L, Turnbull DM:
Nonrandom tissue distribution of mutant mtDNA; Am J
Med Genet 85:498; 1999.

Clark AG. Deterministic theory of heteroplasmy; Evolution
42:621; 1988.

Clayton DA: Vertebrate mitochondrial DNA-A circle of
surprises; Exp Cell Res 255:4; 2000.

Comas D, Piibo S, Betranpetit J: Heteroplasmy in the
control region of human mitochondrial DNA; Genome Res
5:89; 1995.

Corral-Debrinski M, Horton T, Lott MT, Shoffner IM,
Beal MF, Wallace DC: Mitochondrial DNA deletions in
human brain: Regional variability and increase with
advanced age; Nat Genet 2:324; 1992.

Corral-Debrinski M, Shoffner JM, Lott MT, Wallace DC:
Association of mitochondrial DNA damage with aging
and coronary atherosclerotic heart disease; Mutat Res 275:
169; 1992.

Cortopassi GA, Arnheim N: Detection of a specific
mitochondrial DNA deletion in tissues of older humans;
Nucleic Acids Res 18:6927; 1990.

Cortopassi GA, Shibata D, Soong N-W, Amheim N: A
pattern of accumulation of a somatic deletion of
mitochondrial DNA in aging human tissues; Proc Natl
Acad Sci USA 89:7370; 1992.

Del BoR, Bordoni A, Boneschi FM, Crimi M, Sciacco M,
Bresolin N, Scarlato G, Comi GP: Evidence and age-
related distribution of mtDNA D-loop point mutations in
skeletal muscle from healthy subjects and mitochondrial
patients; J Neurol Sci 202:85; 2002.

D’Eustachio P: Letter to the editor: High levels of
mitochondrial DNA heteroplasmy in human hairs by
Budowle et al.; Forensic Sci Int 130:63; 2002.

DiMauro S: Mitochondrial DNA: A genetic Pandora’s
box; Funct Neurol 16:103; 2001.

Dunbar DR, Moonie PA, Jacobs HT, Holt 1J: Different
cellular backgrounds confer a marked advantage to either
mutant or wild type mitochondrial genomes; Proc Natl
Acad Sci USA 92:6562; 1995.

Excoffier L, Yang Z: Substitution rate variation among
sites in mitochondrial hypervariable region I of humans
and chimpanzees; Mol Biol Evol 16:1357; 1999.

Fauser S, Wissinger B: Simultaneous detection of multiple
point mutations using flourescence-coupled competitive
primer extension; Biotechniques 22:964; 1997.

Finnili S, Hassinen IE, Majamaa K: Restriction fragment
analysis as a source of error in detection of heteroplasmic
mtDNA mutations; Mutat Res Genom 406:109; 1999.
Forster L, Forster P, Lutz-Bonengel S, Willkomm H,
Brinkmann B: Natural radioactivity and human
mitochondrial DNA mutations; Proc Natl Acad Sci USA

16

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

99:13950; 2002.

Gilbert MTP, Hansen AJ, Willerslev E, Rudbeck L, Barnes
I, Lynnerup N, Cooper A: Characterization of genetic
miscoding lesions caused by postmortem damage; Am J
Hum Genet 72:48; 2003.

Gilbert MTP, Willerslev E, Hansen AJ, Barnes I, Rudbeck
L, Lynnerup N, Cooper A: Distribution patterns of postmor-
tem damage in human mitochondrial DNA; Am J Hum
Genet 72:32; 2003.

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

Gocke CD, Benko FA, Rogan PK: Transmission of mito-
chondrial DNA heteroplasmy in normal pedigrees; Hum
Gener 102:182; 1998.

Greenberg BD, Newbold JE, Sugino A: Intraspecific
nucleotide sequence variability surrounding the origin of
replication in human mitochondrial DNA; Gene 21:33;
1983.

Grzybowski T: Extremely high levels of human
mitochondrial DNA heteroplasmy in single hair roots;
Electrophoresis 21:548; 2000.

Grzybowski T, Malyarchuk B, Czarny J, Miscicka-Sliwka
D, Kotzbach R: High levels of mitochondrial DNA
heteroplasmy in single hair roots: Reanalysis and revision;
Electrophoresis 24:1159; 2003.

Hamazaki S, Koshiba M, Sugiyama T: Organ distribution
of mutant mitochondrial tRNA(leu(UUR)) gene in a
MELAS patient; Acta Pathol Jpn 43:187; 1993.
Hanekamp JS, Thilly WG, Chaudhry MA: Screening for
human mitochondrial DNA polymorphisms with
denaturing gradient gel electrophoresis; Hum Genet 98:
243; 1996.

Hasegawa M, Di Rienzo A, Kocher TD, Wilson AC:
Toward a more accurate time scale for the human
mitochondrial DNA tree; J Mol Evol 37:347; 1993.
Hauswirth WW, Clayton DA: Length heterogeneity of a
conserved displacement-loop sequence in human
mitochondrial DNA; Nucleic Acids Res 13:8093; 1985.
Hauswirth WW, Laipis PJ: Mitochondrial DNA polymor-
phism in a maternal lineage of Holstein cows; Proc Natl
Acad Sci USA 79:4686; 1982.

Hauswirth WW, Van de Walle MJ, Laipis PJ, Olivo PD:
Heterogeneous mitochondrial D-loop sequences in bovine
tissue; Cell 37:1001; 1984,

Hayashi J, Takamitsu M, Goto Y-I, Nonaka I: Human
mitochondria and mitochondrial genome function as a
single dynamic cellular unit; J Cell Biol 125:43; 2000.
He L, Chinnery PF, Durham SE, Blakely EL, Wardell TM,
Borthwick GM, Taylor RW, Turnbull DM: Detection and
quantification of mitochondrial DNA deletions in individual
cells by real-time PCR; Nucleic Acids Res 30:e68; 2002.
Hiendleder S, Schmutz SM, Erhardt G, Green RD, Plante
Y: Transmitochondrial differences and varying levels of
heteroplasmy in nuclear transfer cloned cattle; Mol Reprod
Dev 54:24; 1999.

Hiendleder S, Zakhartchenko V, Wenigerkind H,
Reichenbach H-D, Briiggerhoff K, Prelle K, Brem G,
Stojkovic M, Wolf E: Heteroplasmy in bovine fetuses
produced by intra- and inter-subspecific somatic cell nuclear
transfer: Neutral segregation of nuclear donor mitochondrial

Forensic Science Review * Volume Sixteen Number One ¢ January 2004

hd)



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

DNA in various tissues and evidence for recipient cow
mitochodria in fetal blood; Biol Reprod 68:159; 2003.
Holland MM: Interlaboratory study on heteroplasmy;
Mitochondrial DNA Workshop, First International
Conference on Forensic Human Identification in the
Millennium; London; 1999.

Holland MM, Parsons TI: Mitochondrial DNA sequence
analysis — Validation and use for forensic casework;
Forensic Sci Rev 11:21; 1999.

Holme E, Tulinius MH, Larsson N-G, Oldfors A:
Inheritance and expression of mitochondrial DNA point
mutations; Biochim Biophys Acta 1271:249; 1995.

Holt IJ, Harding AE, Morgan-Hughes JA: Deletions of
muscle mitochondrial DNA in patients with mitochondrial
myopathies; Nature 331:717; 1988.

Howell N, Bogolin Smejkal C: Persistent heteroplasmy of
a mutation in the human mtDNA control region:
Hypermutation as an apparent consequence of simple-
repeat expansion/contraction; Am J Hum Genet 66:1589;
2000.

Howell N, Halvorson S, Kubacka I, McCullough DA,
Bindoff LA, Tumbull DM: Mitochondrial gene segregation
in mammals: Is the bottleneck always narrow? Hum Genet
90:117; 1992.

Howell N, Hermstadt C, Mackey DA: Different patterns of
expansion/contraction during the evolution of an mtDNA
simple repeat; Mol Biol Evol 18:1593; 2001.

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

Hithne J, Pfeiffer H, Brinkmann B: Heteroplasmic
substitutions in the mitochondrial DNA control region in
mother and child samples; Int J Legal Med 112:27; 1998.
Hiihne J, Pfeiffer H, Waterkamp K, Brinkmann B: Mito-
chondrial DNA in human hair shafts — Existence of intra-
individual differences? Int J Legal Med 112:172; 1999.
Imaizumi K, Parsons TJ, Yoshino M, Holland MM: A new
database of mitochondrial DNA hypervariable regions I
and II sequences from 162 Japanese individuals; Int J Leg
Med 116:68; 2002.

Ivanov PL, Wadhams MJ, Roby RK, Holland MM, Weedn
VW, Parsons TJ: Mitochondrial DNA sequence hetero-
plasmy in the Grand Duke of Russia Georgij Romanov
establishes the authenticity of the remains of Tsar Nicholas
I; Nat Genet 12:417; 1996.

Jacobi FK, Meyer J, Pusch CM, Wissinger B: Quantitation
of heteroplasmy in mitochondrial DNA mutations by primer
extension using VentR® (exo-) DNA polymerase and
RFLP analysis; Mutat Res 478:141; 2001.

Jacobs HT, Lehtinen SK, Spelbrink JN: No sex please,
we’re mitochondria: A hypothesis on the somatic unit of
inheritance of mammalian mtDNA; BioEssays 22:564;
2000.

Jazin E, Soodyall H, Jalonen P, Lindholm E, Stoneking M,
Gyllensten U: Mitochondrial mutation rate revisited: Hot
spots and polymorphism; Nat Gener 18:109; 1998.

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

Jenuth JP, Peterson AC, Fu K, Shoubridge EA: Random
genetic drift in the female germline explains the rapid

17

90.

91

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

105.

106.

segregation of mammalian mitochondrial DNA; Nat Genet
14:146; 1996.

Jenuth JP, Peterson AC, Shoubridge EA: Tissue-specific
selection for different mtDNA genotypes in heteroplasmic
mice; Nat Genet 16:93; 1997.

Juvonen V, Huoponen K, Syvinen A-C, Nikoskelainen
EK, Savontaus M-L: Quantification of point mutations
associated with Leber hereditary optic neuroretinopathy
by solid-phase minisequencing; Hum Genet 93:16; 1994.
Kirches E, Michael M, Warich-Kirches M, Schneider T,
Weis S, Krause G, Mawrin C, Dietzmann K: Heteroge-
neous tissue distribution of a mitochondrial DNA polymor-
phism in heteroplasmic subjects without mitochondrial
disorders; J Med Genet 38:312; 2001.

Kitigawa T, Suganuma N, Nawa A, Kikkawa F, Tanaka
M, Ozawa T, Tomoda Y: Rapid accumulation of deleted
mitochondrial deoxyribonucleic acid in postmenopausal
ovaries; Biol Reprod 49:730; 1993.

Koehler CM, Lindberg GL, Brown DR, Beitz DC, Freeman
AE, Mayfield JE, Myers AM: Replacement of bovine
mitochondrial DNA by a sequence variant within one
generation; Genetics 129:247; 1991.

Krakauer DC, Mira A: Mitochondria and germ-cell death;
Nature 400:125; 1999.

Kunkel TA, Loeb LA: Fidelity of mammalian polymera-
ses; Science 213:765; 1981.

Lagerstrom-Fermér M, Olsson C, Forsgren L, Syviinen
A-C: Heteroplasmy of the human mtDNA control region
remains constant during life; Am J Hum Genet 68:1299;
2001.

Lightowlers RN, Chinnery PF, Turnbull DM, Howell N:
Mammalian mitochondrial genetics: Heredity, hetero-
plasmy and disease; Trends Genet 13:450; 1997.
Lightowlers RN, Jacobs HT, Kajander OA: Mitochondrial
DNA — Al things bad? Trends Gener 15:91; 1999.
Linch CA, Whiting DA, Holland MM: Human hair
histogenesis for the mitochondrial DNA forensic scientist;
J Forensic Sci 46:844; 2001.

Liu C-S, Chen H-W, Li C-K, Tsai C-S, Kuo C-L, Wei Y-
H: Alterations of plasma antioxidants and mitochondrial
DNA mutation in hair follicles of smokers; Envir Mol
Mutag 40:168; 2002.

Lutz S, Weisser H-J, Heizmann J, Pollak S: Mitochondrial
heteroplasmy among maternally related individuals; Int J
Legal Med 113:155; 2000.

Malik S, Sudoyo H, Pramoonjago P, Sukarna T, Darwis
D, Marzuki S: Evidence for the de novo regeneration of
the pattern of length heteroplasmy associated with the
T16189C variant in the control (D-loop) region of
mitochondrial DNA; J Hum Genet 47:122; 2002.

. Malik S, Sudoyo H, Pramoonjago P, Suryadi H, Sukarna

T, Njunting M, Sahiratmadja E, Marzuki S: Nuclear
mitochondrial interplay in the modulation of the
homopolymeric tract length heteroplasmy in the control
(D-loop) region of the mitochondrial DNA; Hum Genet
110:402; 2002.

Malyarchuk BA, Rogozin IB, Berikov VB, Derenko MV:
Analysis of phylogenetically reconstructed mutational
spectra in human mitochondrial DNA control region;
Hum Genet 111:46; 2002.

Marchington DR, Macaulay V, Hartshorne GM, Barlow
D, Poulton J: Evidence from human oocytes for a genetic

Melton * Mitochondrial DNA Heteroplasmy



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

bottleneck in an mtDNA disease; Am J Hum Genet 63:
769; 1998.

MeiBner C, von Wurmb N, Oehmichen M: Detection of
the age-dependent 4977 bp deletion of mitochondrial
DNA: A pilot study; Int J Legal Med 110:288; 1997.
Melton T, Nelson K: Forensic mitochondrial DNA
analysis: Two years of commercial casework experience
in the United States; Croar Med J 42:298; 2001.

Meyer S, Weiss G, von Haeseler A: Pattern of nucleotide
substitution and rate heterogeneity in the hypervariable
regions I and II of human mtDNA; Genetics 152:1103;
1999.

Monnat RJ Jr, Loeb LA: Nucleotide sequence preservation
of human mitochondrial DNA; Proc Natl Acad Sci USA
82:2895; 1985.

Monnat RJ Jr, Reay DT: Nucleotide sequence identity of
mitochondrial DNA from different human tissues; Gene
43:205; 1986.

Monson KL, Miller KWP, Wilson MR, DiZinno JA,
Budowle B: The mtDNA population database: An
integrated software and database resource for forensic
comparison; Forensic Science Communication 4(2); 2002
(www fbi.gov/Library).

Montagna W: The Mitochondria: The Structure and
Function of Skin; Academic Press: New York, NY; p 205;
1956.

Montagna W, Van Scott EJ: The anatomy of the hair
follicle; In Montagna W, Ellis RA (Eds): The Biology of
Hair Growth; Academic Press: New York, NY; p 39;
1958.

Moraes CT: What regulates mitochondrial DNA copy
number in animal cells? Trends Genet 17:199; 2001.
Muller HJ: The relation of recombination to mutational
advance; Mutat Res 1:2; 1964.

Piidbo S: Invited editorial: Mutational hot spots in the
mitochondrial microcosm; Am J Hum Genet 59:493;
1996.

Pallotti F, Chen X, Bonilla E, Schon EA: Evidence that
specific point mutations may not accumulate in skeletal
muscle during normal human aging; Am J Hum Genet 59:
591; 1996.

Parfait B, Rustin P, Munnich A, Rétig A: Coamplification
of nuclear pseudogenes and assessment of heteroplasmy
of mitochondrial DNA mutations; Biochem Biophys Res
Com 247:57; 1998.

Parson W, Parsons TJ, Scheithaver R, Holland MM: Popula-
tion data for 101 Austrian Caucasian mitochondrial DNA
d-loop sequences: Application of mtDNA sequence analysis
to a forensic case; Int J Legal Med 111:124; 1998.
Parsons TJ, Muniec DS, Sullivan K, Woodyatt N, Alliston-
Greiner R, Wilson MR, Berry DL, Holland KA, Weedn
VW, Gill P, Holland MM: A high observed substitution
rate in the human mitochondrial DNA control region; Nat
Genet 15:363; 1997.

Petri B, von Haeseler A, Pidbo S: Extreme sequence
heteroplasmy in bat mitochondrial DNA; Biol Chem 377:
661; 1996.

Piko L, Taylor KD: Amounts of mitochondrial DNA and
abundance of some mitochondrial gene transcripts in
early mouse embryos; Devel Biol 123:364; 1987.
Potter SS, Newbold JE, Hutchison CA III, Edgell MH:
Specific cleavage analysis of mammalian mitochondrial

18

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

136.

137.

138.

139.

140.

141.

DNA; Proc Natl Acad Sci USA 72:4496; 1975.

Poulton J, Macaulay V, Marchington DR: Mitochondrial
genetics *98: Is the bottleneck cracked? Am J Hum Genet
62:752; 1998.

Rasmussen EM, Sgrensen E, Eriksen B, Larsen HJ,
Morling N: Sequencing strategy of mitochondrial HV1
and HV2 DNA with length heteroplasmy; Forensic Sci
Int 129:209; 2002.

Reynolds R, Walker K, Varlaro I, Allen M, Clark E,
Alaveren M, Erlich H: Detection of sequence variation in
the HVII region of the human mitochondrial genome in
689 individuals using immobilized sequence-specific
oligonucleotide probes; J Forensic Sci 45:1210; 2000.
Saccone C, Gissi C, Lanave C, Larizza A, Pesole G,
Reyes A: Evolution of the mitochondrial genetic system:
An overview; Gene 261:153; 2000.

Salas A, Lareu MV, Carracedo A: Heteroplasmy in
mtDNA and the weight of evidence in forensic mtDNA
analysis: A case report; Int J Legal Med 114:186; 2001.
Satoh M, Kuroiwa T: Organization of multiple nucleoids
and DNA molecules in mitochondria of 2 human cell; Exp
Cell Res 196:137; 1991.

Savolainen P, Arvestad L, Lundeberg J: A novel method
for forensic DNA investigations: Repeat-type sequence
analysis of tandemly repeated mtDNA in domestic dogs;
J Forensic Sci 45:990; 2000.

Schwartz M, Vissing J: Paternal inheritance of mitochon-
drial DNA; New Engl J Med 347:576; 2002.

Sherratt EJ, Thomas AW, Gagg JW, Alcolado JC:
Nonradioactive characterization of low-level hetero-
plasmic mitochondrial DNA mutations by SSCP-PCR
enrichment; Biotechniques 20:430; 1996.

Shin WS, Tanaka M, Suzuki J, Hemmi C, Toyo-oka T: A
povel homoplasmic mutation in mtDNA with a single
evolutionary origin as a risk factor of cardiomyopathy;
Am J Hum Genet 67:1617; 2000.

Shoffner J, Wallace D: Oxidative phosphorylation
diseases; In Scriver C, Beaudet A, Sly W, Valle M (Eds):
The Metabolic and Molecular Bases of Inherited Diseases;
McGraw-Hill: New York, NY; p 1535; 1995.
Sigurdardottir S, Helgason A, Guicher JR, Stefansson K,
Donnelly P: The mutation rate in the human mtDNA
control region; Am J Hum Genet 66:1599; 2000.

Smith LC, Bordignon V, Garcia JM, Meirelles FV:
Mitochondrial genotype segregation and effects during
mammalian development: Applications to biotechnology;
Theriogenology 53:35; 2000.

Solignac M, Génermont J, Monnerot M, Mounolou J-C:
Genetics of mitochondria in Drosophila: mtDNA
inheritance in heteroplasmic strains of D. mauritiana;
Mol Genet 197:183; 1984.

Srivastava C, Moraes CT: Manipulating mitochondrial
DNA heteroplasmy by a mitochondrially targeted
restriction endonuclease; Hum Mol Gener 10:3093; 2001.
St. John J, Sakkas D, Dimitriadi K, Bames A, Maclin V,
Ramey J, Barratt C, De Jonge C: Failure of elimination of
paternal mitochondrial DNA in abnormal embryos; Lancet
355:200; 2000.

St. John JC: Debate-continued: Ooplasm donation in
humans: The need to investigate the transmission of
mitochondrial DNA following cytoplasmic transfer; Hum
Reprod 17:1954; 2002.

Forensic Science Review ¢ Volume Sixteen Number One ¢ January 2004



142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Stewart JEB, Fisher CL, Aagaard PJ, Wilson MR, Isenberg
AR, Polanskey D, Pokorak E, DiZinno JA, Budowle B:
Length variation in HV2 of the human mitochondrial
DNA control region; J Forensic Sci 46:862; 2001.
Stoneking M: Hypervariable sites in the mtDNA control
region are mutational hotspots; Am J Hum Genet 67:
1029; 2000.

Suomalainen A, Syvinen A-C: Quantitative analysis of
human DNA sequences by PCR and solid-phase
minisequencing; Mol Biotech 15:123; 2000.

Sutovsky P, Moreno RD, Ramatho-Santos J, Dominko T,
Simerly C, Schatten G: Ubiquinated sperm mitochondria,
selective proteolysis, and the regulation of mitochondrial
inheritance in mammalian embryos; Biol Reprod 63:582;
2000.

Sutovsky P, Moreno RD, Ramalho-Santos J, Dominko T,
Simerly C, Schatten G: Ubiquitin tag for sperm mitochon-
dria; Nature 402:371; 1999.

Szibor R, Michael M: Correct mitochondrial L-strand
sequencing after C-stretches; Int J Legal Med 112:348;
1999.

Taanman J-W: The mitochondrial genome: Structure,
transcription, translation, and replication; Biochim Biophys
Acta 1410:103; 1999.

Takeda K, Akagi S, Kaneyama K, Kojima T, Takahashi
S, Imai H, Yamanaka M, Onishi A, Hanada H: Proliferation
of donor mitochondrial DNA in nuclear transfer calves
(Bos taurus) derived from cumulus cells; Mol Reprod Dev
64:429; 2003.

Tamura K: On the estimation of the rate of nucleotide
substitution for the control region of human mitochondrial
DNA; Gene 259:189; 2000.

Taylor RW, Taylor GA, Morris CM, Edwardson JM,
Turnbull DM: Diagnosis of mitochondrial disease:
Assessment of mitochondrial DNA heteroplasmy in blood;
Biochem Biophys Res Com 251:883; 1998.

Thomas R, Zischler H, Piibo S, Stoneking M: Novel
mitochondrial DNA insertion polymorphism and its
usefulness for human population studies; Hum Biol 68:
847; 1996.

Tully G, Bér W, Brinkmann B, Carracedo A, Gill P,
Morling N, Parson W, Schneider P: Considerations by the
European DNA profiling (EDNAP) group on the working
practices, nomenclature, and interpretation of mitochon-
drial DNA profiles; Forensic Sci Int 124:83; 2001.
Tully G, Lareu M: Letter to the editor: Controversies over
heteroplasmy; Electrophoresis 22:180; 2001.

Tully LA, Parsons TJ, Steighner RJ, Holland MM, Marino
MA, Prenger VL: A sensitive denaturing gradient-gel
electrophoresis assay reveals a high frequency of
heteroplasmy in hypervariable region 1 of the human
mtDNA control region; Am J Hum Genet 67:432; 2000.
Turnbull DM, Lightowlers RN: Might mammalian
mitochondria merge? Nar Med 7:895; 2001.

Underhill PA, Jin L, Lin AA, Mehdi SQ, Jenkins T,
Vollrath D, Davis RW, Cavalli-Sforza LL, Oefner PJ:
Detection of numerous Y chromosome biallelic
polymorphisms by denaturing high-performance liquid
chromatography; Gernome Res 10:996; 1997.

Upholt WB, Dawid IB: Mapping of mitochondrial DNA
of individual sheep and goats: Rapid evolution in the D-
loop region; Cell 11:571; 1977.

19

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

von Wurmb-Schwark N, Higuchi R, Fenech AP, Elfstroem
C, Meissner C, Oehmichen M, Cortopassi GA: Quantifica-
tion of human mitochondrial DNA in real time PCR;
Forensic Sci Int 126:34; 2002.

Wakeley J: Substitution rate variation among sites in
hypervariable region 1 of human mitochondrial DNA; J
Mol Evol 37:613; 1993.

Wallace DC: Mitochondrial diseases in man and mouse;
Science 283:1482; 1999.

Wallace DC, Brown MD, Lott MT: Mitochondrial DNA
variation in human evolution and disease; Gene 238:211;
1999.

Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG,
Lezza AM, Elsas LJ, Nikoskelainen EK: Mitochondrial
DNA mutation associated with Leber’s hereditary optic
neuropathy; Science 242:1427; 1988.

Wickliffe JK, Rodgers BE, Chesser RK, Phillips CJ,
Gaschak SP, Baker RJ: Mitochondrial DNA heteroplasmy
in laboratory mice experimentally enclosed in the
radioactive Chernobyl environment; Radiar Res 159:
458; 2003.

Wilson MR, Allard MW, Monson K, Miller KWP,
Budowle B: Recommendations for consistent treatment
of length variants in the human mitochondrial DNA
control region; Forensic Sci Int 129:35; 2002.

Wilson MR, Allard MW, Monson KL, Miller KWP,
Budowle B: Further discussion of the consistent treatment
of length variants in the human mitochondrial DNA
control region; Forensic Science Communication 4(4);
2002 (www.fbi.gov/Library).

Wilson MR, Polanskey D, Butler J, DiZinno JA, Replogle
J, Budowle B: Extraction, PCR amplification and
sequencing of mitochondrial DNA from human hair
shafts; Biotechniques 18:662; 1995.

Wilson MR, Polanskey D, Replogie J, DiZinno JA,
Budowle B: A family exhibiting heteroplasmy in the
human mitochondrial DNA control region reveals both
somatic mosaicism and pronounced segregation of
mitotypes; Hum Genet 100:167; 1997.

Wong L-JC, Liang M-H, Kwon H, Park J, Bai R-K, Tan
D-J: Comprehensive scanning of the entire mitochondrial
genome for mutations; Clin Chem 48:1901; 2002.
Wright S: Evolution and the Genetics of Populations, Vol
2; University of Chicago Press: Chicago, IL; 1968.
Yoneda M, Chomyn A, Martinuzzi A, Hurko O, Attardi
G: Marked replicative advantage of human mtDNA
carrying a point mutation that causes the MELAS
encephalomyopathy; Proc Natl Acad Sci USA 89:11164;
1992.

Zhang H, Cooney DA, Sreenath A, Zhan Q, Agbaria R,
Stowe EE, Fornace AJ Jr, Johns DG: Quantitation of
mitochondrial DNA in human lymphoblasts by a
competitive polymerase chain reaction method:
Application to the study of inhibitors of mitochondrial
DNA content; Mol Pharmacol 46:1063; 1994,

Zischler H, Geisert H, Castresana J: A hominoid-specific
nuclear insertion of the mitochondrial D-loop: Implications
for reconstructing ancestral mitochondrial sequences;
Mol Biol Evol 15:463; 1998.

Zischler H, Geisert H, von Haeseler A, Pizibo S: A nuclear
“fossil” of the mitochondrial D-loop and the origin of
modern humans; Nature 378:489; 1995.

Melton * Mitochondrial DNA Heteroplasmy



ABOUT THE AUTHOR

T. Melton

Terry Melton received a B.S. from Wake Forest University (Winston-Salem, NC) and both M.S. and Ph.D. degrees
in genetics from Penn State University (State College, PA). Dr. Meiton is president and CEO of Mitotyping
Technologies, a private company that specializes in performing mitochondrial DNA (mtDNA) analyses for the
criminal justice system throughout North America. Mitotyping Technologies was established in 1998 and has
completed hundreds of forensic cases, some of historic interest.

Dr. Melton has a research background in the study of mtDNA as a forensic typing locus. Her research topics
include an evaluation of the diversity and subpopulation heterogeneity present in the mtDNA of approximately 40
" populations from Europe, North America, Africa, and Asia (Journal of Forensic Science), studies of mtDNA and
nuclear DNA variation in indigenous aboriginal populations from Kenya and Taiwan, and research into the mtDNA
variation associated with Southeast Asian and Polynesian prehistory (American Journal of Human Genetics). She
serves on the editorial board of the Journal of Forensic Science and is an affiliate researcher with the Department
of Anthropology at Pennsylvania State University.

Forensic Science Review * Volume Sixteen Number One * January 2004



