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1. Introduction

Mitochondrial DNA (mtDNA) analysis is widely used in
forensic analysis. This paper considers nomenclature and
interpretation issues further to the guidelines from the DNA
Commission of the International Society for Forensic Genet-
ics [1]. Since the technique is very sensitive to low levels of
DNA, laboratory conditions must be arranged to minimise
the possibility of contamination. Accordingly, we consider
working practice; provided that good laboratory practice is
followed, reliable results will be achieved. Additionally,
standardisation of nomenclature is important.

MtDNA has a much higher mutation rate than nuclear
DNA; mutations and heteroplasmy are relatively common
occurrences. This means that the evidential and reference
samples may legitimately contain differences even when the
two are in reality from the same individual or lineage. If two
samples do not match, yet are purported to have the same
origin, the strength of the evidence is reduced, but how best
to report such an example?

1.1. Characteristics of mitochondrial DNA

MtDNA is a double stranded closed circular molecule of
16,569 base pairs in length. The proportions of the four
nucleotides are unequal; in addition, one strand contains
more guanine and adenosine bases (the heavy strand or H-
strand) whilst the other strand (the light strand or L-strand) is
rich in cytosines and thymines.

The control region of human mtDNA, which is the region
most commonly analysed for forensic purposes, does not

% On behalf of the European DNA profiling (EDNAP) group.
* Corresponding author. Tel.: +44-121-329-5431;

fax: +44-121-622-2051.

E-mail address: gtu@fss.org.uk (G. Tully).

code for proteins, tRNAs or rRNAs. However, it contains the
L- and H-strand promotors, transcriptional regulatory ele-
ments, binding sites for mitochondrial transcription factors,
the origin of H-strand replication, and the termination
associated sequence (TAS) [2-14]. These elements would
be expected to be under greater selective pressure than areas
with no function.

The most common type of mutation within the control
region is the single base substitution, and transitions out-
number transversions by approximately 40:1. Small inser-
tions and deletions are common in the two homopolymeric
regions (poly(C) regions between 302 and 310 and between
16,183 and 16,194); the chance of observing insertions and
deletions at homopolymeric regions increases as the length
of the uninterrupted homopolymer stretch increases.

Over evolutionary timescales, some base positions appear
to be very stable while others are highly mutable [15-22].
Furthermore, some body tissues, such as hairs, tend to show
more variability in their mtDNA sequence. This could be due
to differential segregation of pre-existing heteroplasmic
variants, to accumulation of new somatic mutations or to
a combination of both phenomena.

MtDNA is primarily maternally inherited. Although
recent and somewhat controversial papers have suggested
that there may be some transfer of paternal mtDNA into the
fertilised egg, with recombination leading to hybrid mtDNA
molecules [23,24], the effect, if it occurs, appears to be
minimal in the control region on time scales relevant to
forensic comparisons [25].

These characteristics are important for the interpretation
of mtDNA results.

With interpretation, there will be several different meth-
ods that could be used. Research continues to improve our
understanding of the mutation and population genetics
issues, hence these considerations will need to be expanded
at a later date.
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2. Working practice and quality assurance

In order to minimise the occurrence of contamination, and
to ensure that contamination does not cause erroneous
results to be reported, a strict anti-contamination practice
must be in place. We consider the following to be important:

e Pre- and post-PCR areas should be separated.

e Crime and reference samples should be analysed sepa-
rately. In smaller laboratories, where space is limited and
crime and reference samples cannot be analysed in sepa-
rate rooms, analysis of crime samples should be carried
out prior to analysis of reference samples.

e Positive displacement pipettes or aerosol-resistant tips
should be used for all pre-PCR manipulations.

e To the extent possible, plasticware used for pre-PCR
operations should be rendered DNA-free before use,
preferably by UV cross-linking. Such treatment is good
practice even when the manufacturers supply their pro-
ducts as DNA-free, since studies have shown that con-
taminating DNA can still be detected [26].

o To the extent possible, solutions used for pre-PCR opera-
tions should be rendered DNA-free before use, by UV
cross-linking where applicable.

e Negative controls should be included for extraction and
PCR stages, and these controls should be carried through
the sequencing process.

e A positive control should be introduced at the PCR stage,
and should be carried through the sequencing process.

e Where sufficient sample is available, duplicate extraction
and analysis should be performed; such repetition may
take the form of analysis of two sections of a single hair, or
analysis of two different hairs from a single item, if the
assumption that these hairs have a common donor can be
made. Furthermore, analysis of both strands of the
mtDNA is considered to be the best standard for ensuring
that the sequence determination is accurate. It is the
opinion of this group that in the event of duplication
failing, or where insufficient sample is present, the report
should clearly state the limitations of an unconfirmed
result. It is possible to have apparently clear negative
controls and yet to obtain an erroneous result due to
contamination. This has been demonstrated in studies
of non-human samples undertaken as part of validation
exercises for mtDNA [27,28].

e The sequences of laboratory personnel should be deter-
mined. It is likely that in a proportion of cases, the
sequence of the operator will match that of the questioned
sample; this does not invalidate the result if the analysis
has been duplicated, but alerts the scientist to the possi-
bility of contamination. Ideally, different operators should
carry out the duplicate extractions, but this may not be
feasible for small laboratories.

e Competency testing of operators and proficiency testing
programmes to test the efficacy of the procedures in place
are highly desirable.

These procedures will not completely eliminate the
occurrence of contamination, but will minimise its occur-
rence and, more importantly, the policy of duplication will
ensure that erroneous results are not reported.

3. Nomenclature
3.1. General principles

The universal standard for mtDNA nomenclature is
derived from the first published complete mtDNA sequence
[29]. Each of the bases in the mitochondrial genome was
given a consecutive number beginning near the origin of
heavy strand (H-strand) replication at number 1 and ending
at 16,569. It is referred to simply as the ‘“Anderson
sequence” or as the “Cambridge Reference Sequence
(CRS)”, although it does not originate from a single indi-
vidual. An analysed sample can be reported as a list of
differences from the Anderson sequence. The base on the
cytosine-rich light strand (L-strand) is always quoted. For
example position 280 is C in the Anderson sequence; if the
sequenced base is T then the base difference is denoted and
the nomenclature is 280T. If Anderson base 281 is identical
to that of the sample analysed, then there is no need to record
the fact — i.e. it is implicit that the sequence of the sample is
the same as the Anderson sequence unless noted. Although
the Anderson sequence is not representative of most
sequences (notably at positions 263 and 315.1) and contains
several sections of bovine and HeLa sequence, its use is
considered to be optimal for control region sequence, as a
published and readily available reference. Future use of
mtDNA sequence outside the control region is being devel-
oped for forensic use. As previous cases would be unaffected
and convention is less established outside the control region,
it is the opinion of the authors that the ‘“‘Revised Cambridge
Reference Sequence” [30] would be the optimal reference
sequence for non-control region sequence. The following are
more detailed considerations of this group.

3.2. Insertions and deletions

If deletions are observed relative to the Anderson sequence,
they would be reported as the position deleted (e.g. if the base
between 245 and 247 was deleted, this would be listed as
246d). If an insertion is observed, it would be designated with
a “.1” after the lower numbered base of the two between
which it has inserted (e.g. if an additional adenosine base was
observed between 245 and 246, it would be designated
245.1A). If an insertion occurs within a homopolymeric tract
(i.e. several tandem C bases), the exact location of the
insertion is unknown. The standard generally adopted is to
assume that the insertion has occurred at the highest numbered
end of the stretch. For example, an insertion in the C-stretch
between positions 302 and 310 would be designated 309.1C;
two insertions here would be listed as 309.1C and 309.2C.
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3.3. Heteroplasmy

3.3.1. Point heteroplasmy

If clear heteroplasmy were observed such that two bases
are present at approximately equal intensities, the appro-
priate IUB designation may be used (e.g. C and T at position
152 would be designated 152Y). Alternatively, the designa-
tion T ~ C could be used.

However, distinguishing heteroplasmy from background
‘noise’ or from sequencing artefacts is not always straight-
forward. The optimal way in which to ensure that high
quality sequence is obtained is by sequencing both strands
of the mtDNA. If two bases, clearly above background
levels, are visible on both strands of sequence, the position
can be confirmed as heteroplasmic. If the level of hetero-
plasmy is comparable in the two reactions and one base is at
a substantially higher proportion than the other, notation of
the type C > T may be employed. If the presence of two
bases cannot be confirmed by a second sequencing reaction,
the position would be designated as ambiguous (N) in the
relevant extract.

3.4. Length heteroplasmy

A similar approach could be employed for defining
whether or not length heteroplasmy is present. This is a
particular concern in the polycytosine stretches in both HV'1
(between 16,183 and 16,194) and HV2 (between 302 and
310). If ‘out of register’ sequence (indicating the presence of
more than one length variant) is observed after a C-stretch in
one sequencing reaction, the second sequencing reaction
would confirm the observation. In the case of polycytosine
stretches, the second sequencing reaction would often be of
the same strand as the first because of the commonly
encountered difficulty in sequencing through long polycy-
tosine tracts. If the number of cytosines present can thus be
confirmed, nomenclature of the type 309.1 > 309.2 could be
employed. However, if it were not possible to confirm the
presence of a mixed number of cytosines by two amplifica-
tion and sequencing reactions, the number of cytosine bases
would be reported as ambiguous.

3.5. Alternative approaches

Hiihne et al. [31] have described an approach in which a
specific threshold level for heteroplasmy is defined. How-
ever, setting a realistic threshold which is applicable across
different laboratories employing different sequencing che-
mistries would be extremely difficult due to differences
between sequencing chemistries in their ability to detect
heteroplasmy [32]. We, therefore, favour interpreting each
sequence individually, taking into account the background
‘noise’ over the entire sequence and using all available
knowledge and experience of the characteristics of the
sequencing chemistry in the hands of the individual labora-
tory.

4. Interpretation
4.1. General principles

The role of mtDNA analysis is to provide evidence where
nuclear DNA fails to give a result, or when only maternally
related references are available. Typically, tissues almost
devoid of nuclear DNA are utilised. The evidence types most
commonly analysed are bone and hair. Evidential material
(Q) is compared with a known sample (K). As a rule, mtDNA
is maternally inherited without recombination, which means
that the donors of Q and K may be different individuals, e.g.
mother and son. This type of analysis is often used to identify
decomposed bodies. Several generations may have passed
between the originator of Q and the donor of the reference
sample (K). Although leakage of paternal mtDNA into the
egg and recombination with maternal mtDNA may occur
[23,24], maternal passage of mtDNA has been demonstrated
through multiple extended lineages with no evidence of
paternal contribution, e.g. [33]. For practical purposes in
identification cases, therefore, maternal inheritance can be
assumed. The second kind of analysis is to determine
whether or not there is evidence of association between
material recovered from a crime scene and reference mate-
rial from a suspect. In this case, the donor of K is the putative
donor of Q.

The aim of a mtDNA analysis is to provide evidence to
support one of two alternative propositions:

1. the contention that the evidential sample (Q) originates
from the suspect (the donor of K) or a maternally linked
relative;

or:

2. the contention that the evidential sample (Q) and the
suspect’s sample (K) originate from different individuals
(of different maternal lineage).

If Q and K match, then this is evidence to support the first
contention. If two samples do not match then this is evidence
to support the second contention. However, defining whether
ornot Q and K could have originated from the same maternal
lineage is not always straightforward if there is only a slight
mismatch between them.

4.2. Criteria for inclusion and exclusion

It is well established that the mitochondrial mutation rate
is substantially higher than that encountered with nuclear
DNA. Consequently, it is not uncommon for differences
to be observed in the DNA sequence when comparing
close maternal relatives (such as mother and child) [33].
Substitution has also been observed in somatic tissues,
presumably due to segregation of existing heteroplasmy
within the individual. This means that differences may
be observed between different hairs/tissues within an indi-
vidual [34-36]. Consequently, if there are mismatches
between Q and K this does not automatically exclude,



86 G. Tully et al./Forensic Science International 124 (2001) 83-91

although the strength of the evidence is less than that of a
match.

Mutations are passed between generations in varying
ratios and segregate during development and later life;
mutations also accumulate and segregate during the lifetime
of an individual (reviewed in [37]). This results in mixtures
of mtDNA molecules that characteristically differ from each
other at one or more bases. This is known as heteroplasmy.
Heteroplasmy probably exists in all individuals, although it
is often at such a low level that it cannot be detected by the
routine sequencing techniques presently used. In order for a
mutation to be detected by sequencing, it must be present at a
level approaching 20% to be distinguished from background.
In addition, the chance of detection of heteroplasmy is
dependent upon the sequencing chemistry used. Further-
more, detection may be more efficient at certain nucleotide
positions than at others, and differences in detection may be
also observed between the two DNA strands.

Once a mutation has led to significant heteroplasmy in
the germ line, the offspring will either be similar to the
mother, or else fixation will occur, so that heteroplasmy can
no longer be detected, i.e. heteroplasmy is an intermediate
state.

If Q and K do not match at a base position, it is clear
that the strength of the evidence will be dependent upon
the inherent mutability of that base. The current level of
knowledge regarding substitution rates at each position
within the mtDNA non-coding region is limited. Never-
theless, estimation of substitution rates in the control region
is assisted by:

e observations of both heteroplasmy and substitutions from
germline and intra-individual mutation studies [31-
36,38,39];

e observations of the occurrence of heteroplasmy in case-
work and research;

o inference from phylogenetic studies [15-22].

For example, long polycytosine stretches (between posi-
tions 302 and 310 and between 16,183 and 16,194) are
extremely mutable since substitutions are observed in at
least one out of 10 individuals (unpublished observations).
At the opposite end of the spectrum, position 73 is relatively
stable [20]. Thus, a difference at position 73 may provide
stronger evidence for exclusion of K as a possible the source
of Q than two base differences between K and Q if these are
at positions 309.2 (homopolymeric region) and 16,093 (an
apparent mutation ‘“‘hotspot”’ that has been observed to vary
in studies from several laboratories) [32].

However, despite such estimates, precise values for sub-
stitution rates are difficult to determine for the following
reasons:

1. segregation of mutations will occur at different rates in
different tissues;

2. there may be sequence context specific variations in
substitution rates;

3. paternal inheritance and recombination, if they occur at
appreciable rates, may bias inference from phylogenetic
studies.

In applying a likelihood ratio approach, e.g. [37], the
assessment of match criteria is made in the numerator:

probability of obtaining SQ and SKI evidential sample
originated from suspect where SQ is the sequence of the
evidential sample and SK is the sequence of the reference
sample from the suspect.

If there are many differences between SQ and SK, this
probability is effectively zero, and so an exclusion can be
reported. Conversely, if SQ and SK match, the probability
approaches 1. In the case of sequences that differ at one or
two base positions, the value of the numerator is intermedi-
ate.

Note that if Q and K both have the same heteroplasmy,
then this will increase the strength of the evidence for
inclusion purposes, being a rather rare event if the donors
of Q and K are unrelated [40].

4.3. Assessing evidential strength when an inclusion is
reported

Because the mitochondrial DNA is inherited as a haplo-
type, the sequence is interpreted as a single haploid locus; it
is invalid to estimate evidential strength by multiplying the
population frequencies of each of the bases in the sequence.

Currently most laboratories use the counting method
where the number of matching sequences in the database
of size ‘n’ is reported. This method presents the evidence in a
purely factual way and is a statement of observation, there
are no assumptions related to population genetics.

In order to use a likelihood ratio to estimate the strength of
evidence from matching mtDNA profiles, the probability of
obtaining the match conditional on the suspect not being the
source of the evidential hair must be determined:

probability of obtaining SQ and SK]|evidential hair did not

come from the suspect

Evaluation of this probability requires an estimate of the
frequency of occurrence of SQ in the offender’s population.
Because mtDNA frequency databases are composed primar-
ily of sequences from blood, this estimate would include the
frequency of observation of SQ in a database of sequences
from blood samples from the offender’s population, plus an
assessment of the probability of obtaining SQ from indivi-
duals of blood sequence differing slightly from SQ. For
example, if only one individual in a population of 100 has the
sequence SQ, but 10 individuals have a sequence that differs
from SQ at only position 309.1, then the probability of
obtaining SQ and SK if the hair did not come from the
suspect is clearly higher than would be estimated from the
occurrence of SQ alone in the database. Nevertheless, this
probability is substantially less than the combined frequency
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of the two sequences, as a mutation must have occurred for
any of the 10% of the population with the slightly differing
sequence to have left the questioned hair. The ever-increas-
ing body of data on mtDNA mutation rates and segregation
will enable the significance of such a correction factor to be
assessed. It is likely that the frequency of a sequence in a
database of mtDNA sequences from blood samples closely
approximates the frequency of that sequence amongst hairs,
in which case the correction is unnecessary.

All of the above discussion, however, assumes that the
frequency of all mtDNA haplotypes in the relevant refe-
rence population is known. This is not the case, and estima-
tion of such population statistics from a database (a sample
from the population) requires population genetics assump-
tions to be made. The following considerations are therefore
important.

4.4. Distribution of mtDNA types in populations

The migration rate must be high enough to effectively
randomise mitotypes within the general population. There is
evidence that this has occurred in European cosmopolitan
populations [41] since Fst is low (<0.01). On the other hand,
in Asian populations Fst can be very high (up to 0.1) [42],
this compares to a maximum Fst = 0.05 observed in nuclear
DNA in unusual inbred populations [43]. Whereas homo-
geneity assumptions may be reasonable to conclude in
cosmopolitan situations, where the population is highly
mobile, there is no information on small village populations
in Europe where mobility may have been severely restricted
over centuries. Most of the existing databases cannot address
this question since they were collected over a wide area
across a wide range of sub-populations (e.g. the UK database
comprises individuals from all over the country). Small,
relatively isolated European populations need to be analysed

007 -+

in order to improve understanding of the population genetics
of mitochondrial DNA at a local level. The assumption of
homogeneity of mitotypes within the population may not
hold for such populations. Provided that the data were
available, this could be addressed by applying Fst correc-
tions [44].

4.5. Random sampling of the population

In practice, true random sampling is virtually impossible
to achieve. The frequency of a mitotype (p) is uncertain in a
population because of sampling error. With relatively small
databases, and large numbers of haplotypes, it is inevitable
that new variants that do not appear in the database will
frequently be observed. Balding and Nichols [44] have
demonstrated that the uncertainty due to sampling error is
approximately achieved by adding both the suspect and the
criminal profiles to the database:

_xt+2
T n+2
where x is the number of observations of the haplotype in the
database size n.

An alternative method has been suggested by Holland and
Parsons [37] using a 95% confidence limit from zero pro-
portion:

p=1-ao'/" )

where o is set to 0.05 for a 95% confidence interval and n is
the sample size.

However, a comparison of the 95% confidence limit from
zero proportion and Balding correction reveals very little
difference between the two methods (Fig. 1).

When there is one or more samples in the database then
use of confidence intervals has been recommended using

)
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—&— Balding correction
= 95% Confidence
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Estimated frequency
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Fig. 1. A comparsion of the Balding vs. confidence interval correction when a mitotype has not been observed in the database.
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Fig. 2. A comparison of the Balding method (1) and confidence interval correction (3) for a mitotype frequency 0.01 in the database.

the formula:

1_
P+ 1,96\/u
n

However, normal approximation to the binomial is
assumed, which is unlikely to be good for small genotype
proportions [45]. In Fig. 2, a comparison of the Balding
method (1) versus confidence interval method (3) are shown
for a mitotype where frequency = 0.01. The bootstrap ana-
lysis simulated a population size of 10,000 with 1000
samples taken with replacement. To calculate the 95 per-

3

database most favourable to the defendant is employed, the
strength of evidence will always be limited by the size of the
smallest of the relevant databases.

4.6. Assessing the evidence using a likelihood ratio
framework

Although the current data regarding mtDNA substitution
rates and population genetics are limited, the general like-
lihood ratio formulation is a useful framework upon which
an assessment of evidential significance can be made:

Probability of obtaining SQ and SK|Q and K are from the same maternal lineage

- Probability of obtaining SQ and SK|Q and K are not from the same maternal lineage

centile, the results were ranked and the 950th sample was
used. This gave similar results to the confidence interval
method whereas the Nichols and Balding method gave lower
estimates.

Thus, when a sample has not been observed in the
database, this can be accommodated by either the Balding
and Nichols method (Eq. (1)) or by a confidence interval
(Eq. (2)). When one or more samples appear in the data-
base, sampling error could be addressed using the Balding
and Nichols method (Eq. (1)) or alternatively by a confi-
dence interval, generated using Eq. (3) or using bootstrap
analysis.

If suitable correction factors as described above can be
applied, then either upper bounds of frequencies of occur-
rence or likelihood ratios could be quoted. However, the
question of the relevance of the databases employed remains
an issue. If the conservative approach of quoting from the

Examples of how this framework could be used in
commonly encountered situations are given below. These
situations are examples only; in each, the LR framework is
used to assess the evidence, without exact values for any of
the variables being known.

1. The known and questioned sequences match exactly and
there are no observations of the same or similar
sequences in the database: the findings support the
hypothesis that Q and K are from the same individual or
maternal lineage. The counting method, a frequency or a
likelihood ratio (corrected for sampling error and
distribution of mtDNA types in the population if
applicable) could be used to help the court in assessing
the strength of support for this hypothesis.

2. SQ and SK differ by a single base that is known to
mutate frequently; neither sequence has been previously
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observed in the database, and there are other sequences
in the database differing by a single base: the findings
support the hypothesis that Q and K are from the same
maternal lineage, but the strength of this support relative
to that in example 1 is diminished by a factor equal to
the approximate substitution rate of the nucleotide by
which SQ and SK differ.

3. SQ and SK differ by a single base at which substitution
has previously been observed, but which does not appear
to be a mutation “hotspot”; SQ has been observed once
in a database of 100 sequences, SK has not been
observed before, and there is an additional sequence in
the database that differs at a frequently mutating base:
taking into account the uncertainties in estimation of
substitution rates and frequencies, the likelihood ratio is
not likely to be significantly different to 1, so the
findings are inconclusive.

4. SQ and SK differ at a position that has not been reported
as variable and appears from phylogenetic studies to be
stable; SQ and SK have both been observed several
times in the database: the findings support the proposi-
tion that SQ and SK come from different maternal
lineages.

The purpose of this paper is not to provide recommenda-
tions, but to discuss the options available to the practitioner.
Each case should, of course, be treated on its own merits,
using all available data regarding frequency of the sequences
in question, mutation rates and structure of the relevant
populations. Thus, estimated values for each of the variables
in a particular case may be fed into the LR framework and an
approximation for the LR calculated. In some instances,
where population structure has been well studied, differ-
ences between sequences are at well-characterised nucleo-
tide positions and sizeable frequency databases for the
relevant population are available, the LR estimate will be
sufficiently accurate to be quoted. In instances where the
values are estimated with less certainty, the practitioner may
opt to use a verbal expression of the strength of evidence as
opposed to quoting the actual LR estimate.

5. Conclusions

The results of mitochondrial DNA analysis have been
accepted as evidence in courts of law in Europe and North
America, e.g. [46-48]. Despite diversity of methodologies,
the ability to obtain consistent results and to compare results
between laboratories has been demonstrated [49]. The pre-
sent paper provides considerations on nomenclature to aid
inter-laboratory comparisons and on working practices to
ensure that the results reported are valid. Guidance on the
issues to be considered when interpreting mtDNA evidence
is given; as more data on mutation and population demo-
graphy are gathered, it will be possible to refine the guide-
lines and to assign numerical values to quantities such as

substitution rates. In the absence of such values and of values
for correction factors as described above, the counting
method remains a valid approach for providing information
to the courts. However, if the sequence of interest has not
been observed in the database, it is incumbent on the forensic
scientist to ensure that the court is not left with the impres-
sion that the sequence could be as rare as an STR profile at
one in many millions.
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