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Abstract We have sequenced the entire mtDNA genome
(mtGenome) of 241 individuals who match 1 of 18 com-
mon European Caucasian HV1/HV?2 types, to identify sites
that permit additional forensic discrimination. We found
that over the entire mtGenome even individuals with the
same HV1/HV2 type rarely match. Restricting attention
to sites that are neutral with respect to phenotypic expres-
sion, we have selected eight panels of single nucleotide
polymorphism (SNP) sites that are useful for additional
discrimination. These panels were selected to be suitable
for multiplex SNP typing assays, with 7-11 sites per
panel. The panels are specific for one or more of the com-
mon HV1/HV2 types (or closely related types), permit-
ting a directed approach that conserves limiting case spec-
imen extracts while providing a maximal chance for addi-
tional discrimination. Discrimination provided by the
panels reduces the frequency of the most common type in
the European Caucasian population from ~7% to ~2%,
and the 18 common types we analyzed are resolved to 105
different types, 55 of which are seen only once.

Keywords Human mitochondrial DNA genome - Single
nucleotide polymorphism - Forensic DNA testing -
Increased forensic discrimination - mtDNA coding
region

M. D. Coble - R. S. Just - J. E. O’Callaghan - I. H. Letmanyi

C. T. Peterson - J. A. Irwin - T. J. Parsons (=)

The Armed Forces DNA Identification Laboratory, Building 101,
1413 Research Blvd., Rockville, Maryland 20850, USA

Tel.: +1-301-319-0268, Fax: +1-301-295-5932,

e-mail: parsons@afip.osd.mil

M. D. Coble
The George Washington University Graduate Program in Genetics,
Washington, DC, USA

C. T. Peterson
The Institute for Genomic Research, Rockville, Maryland, USA

Introduction

The strengths of mitochondrial DNA (mtDNA) forensic
testing are well established, primarily in the three follow-
ing areas: 1) successful recovery from highly degraded
sources where nuclear DNA typing may fail, 2) applica-
tion to cases where the only reference samples available
are from matrilineal relatives, and 3) application to sam-
ples where nuclear DNA is virtually absent (e.g. shed
hairs) (Holland and Parsons 1999). Equally well estab-
lished is mtDNA’s greatest weakness: its relatively low
power of discrimination. The maternal inheritance of
mtDNA means that an individual will, barring mutation,
match all maternal relatives, of which there may be many
in the population. At a grand scale, from the standpoint of
mtDNA, all people are maternal relatives, descended from
a common ancestral mtDNA type that was present — along
with other mtDNA lineages that have since become ex-
tinct — in the human population of sub-Saharan Africa,
some ~150,000-200,000 years ago (reviewed in Wallace
et al. 1999). It is the pattern of mutations that have accu-
mulated over time along the transmission of this mtDNA
line that give rise to the differences among us, and that are
the basis for forensic discrimination. During this time,
people and populations have migrated and expanded,
leading to the geographic divergence of lineages, and
chance increases of some mtDNA types within descen-
dant populations due to the founder-effect. These pro-
cesses are reflected in a quite uneven distribution of se-
quence types in various populations, with the result that
mtDNA’s greatest forensic limitation (low power of dis-
crimination) is not uniformly applied to all. In populations
studied to date, the distribution is such that some mtDNA
“types” are quite common, while many are quite rare.
Currently mtDNA forensic testing consists primarily
of sequence analysis of portions of the control region,
most often targeting hypervariable regions one and two
(HV1/HV?2) for a total of 610 base pairs. Other regions
within the control region are sometimes targeted (Lutz et
al. 2000), and only recently has the suggestion been made
that variation within the mtDNA coding region could also
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Fig.1 Graph of HV1/HV2 type distribution in the Caucasian pop-
ulation. Data is taken from a pairwise comparison of a database of
1655 European Caucasians (Monson et al. 2002), and does not
consider variation in the C-stretch region from bases 303—309

have forensic utility (Parsons and Coble 2001; Lee et al.
2002; Lutz-Bonengel et al. 2003). With reference to the
HV1/HV2 sequencing that is most commonly performed,
we can examine the random match probability within the
Caucasian population. As suggested above, there is a
highly skewed distribution, with the most common
HV1/HV2 type occurring in ~7% of the population, while
fully 50% of the population is “unique in the database”
(Fig. 1). While most sequences are very rare and of corre-
spondingly high evidentiary value, only a small portion of
HV1/HV2 types are present at ~0.5% or greater in the

population. It is in these common types, then, that the low
power of discrimination of mitochondrial DNA is most
strongly manifested.

We have undertaken to address the limitations of mtDNA
discrimination by focusing specifically on those HV1/HV2
types where the limitation is most significant.

We report here the results of high throughput sequenc-
ing of the entire mtDNA genome (mtGenome) from mul-
tiple individuals who match 18 of the most common HV1/
HV?2 types in the Caucasian population, with the aim of
identifying sites outside of HV1/HV2 that provide maxi-
mal discrimination among individuals who would other-
wise match. These 18 common HV1/HV2 types comprise
~21% of the Caucasian population (Table 1). We will pre-
sent panels of selected single nucleotide polymorphism
(SNP) sites that are well suited for multiplex SNP assays
and practical forensic applications. These SNP panels can
be assayed in a directed manner to complement HV1/HV2
sequencing and greatly increase the power of mtDNA
forensic testing in Caucasians.

Materials and Methods

Samples

Pairwise comparisons of Caucasian HV1/HV2 sequences from an
mtDNA population database (Monson et al. 2002) posted on the
Internet permitted a frequency distribution of types to be deter-
mined (Fig. 1). Throughout this paper, HV1/HV2 refers to the fol-

Tablel Common HV1/HV2 type designations, sample sizes, population frequencies, and list of HV1/HV2 sequences targeted in this

study
N HV1/HV2 type Frequency? (%) HV1/HV2 sequence (+263G, 315.1C)
31 H:1 7.1 CRS
25 H:2 1.8 152 C
11 H:3 0.8 16129 A
8 H:4 0.5 16263 C
12 H:5 0.9 16304 C
11 H:6 0.9 73 G
7 H:7 0.7 16162 G 16209 C73 G
15 J:1 1.1 16069 T 16126 C73 G 185 A 228 A295 T
8 J:2 0.6 16069 T 16126 C 73 G 228 A 295 T
13 J:3 0.7 16069 T 16126 C 73 G 185 A 188G 228 A 295 T
8 J:4 0.5 16069 T 16126 C 16145 A 16172 C 16222 T 16261 T73 G242 T295T
21 T:1 1.1 16126 C 16294 T 16296 T 16304 C 73 G
10 T:2 0.6 16126 C 16163 G 16186 T 16189 C 16294 T 73 G 152 C 195 C
8 T:3 0.5 16126 C 16294 T 16296 T 73 G
25 V:1 1.0 16298 C
14 K:1 1.0 16224 C 16311 C73 G 146 C 152 C
7 K:2 0.5 16093 C 16224 C 16311 C73 G
7 K:3 0.5 16224 C 16311 C73 G
Total 20.8

Sample size (N) refers to the number of individuals that were se-
quenced over the entire mtGenome.

Sequences are listed as differences from the Cambridge Reference
Sequence, except the polymorphisms 263G and 315.1C are omit-
ted as they are shared by all.

Length variation in the 303—309 C-stretch region is ignored.

HV1/HV2 refers to the ranges 16024—16365 and 73-340.
Haplogroup-associated polymorphisms are indicated in bold.
aFrequency in the European Caucasian population was determined
from HV1/HV?2 data for 1,655 Caucasians in a mtDNA population
database (Monson et al. 2002).



lowing sequence ranges: HV1=16024-16365 and HV2=73-340.
In determining “common” HVI1/HV2 types to target for
mtGenome sequencing, we chose a population frequency of 0.5% as
the lower cut-off. Given the skewedness of the distribution (Fig. 1),
this cut-off targets an appreciable proportion of the “problem”
HV1/HV2 types. For our purposes, HV1/HV2 sequences were not
distinguished on the basis of C-stretch length variants in the HV1
or HV2 regions. This follows accepted forensic practice of not us-
ing these unstable, often length-heteroplasmic characters for the
purposes of exclusion (Holland and Parsons 1999; Stewart et al.
2001). Having identified common HV1/HV2 types, samples match-
ing these types were accessed from blood samples collected by the
Armed Forces DNA Identification Laboratory (AFDIL), for which
appropriate consent was obtained. Unfortunately, multiple samples
were not available from all the common HV1/HV2 types that we
would have chosen to target, and our sampling was necessarily
constrained by availability. The genetic privacy of individuals
whose entire mtGenome was sequenced was protected by stripping
the samples of all identifying information and randomizing them
prior to mtGenome sequencing. The study was approved by the
Armed Forces Institute of Pathology Institutional Review Board
for the Use of Human Subjects.

Table 1 indicates the common Caucasian HV1/HV2 types that
were targeted in this study. Based on the HV1/HV2 sequence, each
type was categorized to an mtDNA haplogroup (Torroni et al.
1994, 1996; see also Macaulay et al. 1999). This assignment, how-
ever, was tentative because haplogroups cannot be unambiguously
assigned by HV1/HV2 sequence alone. The 18 common HV1/
HV?2 types represent 5 Caucasian haplogroups: H, J, T, V and K
(Table 1). Each of these HV1/HV?2 types is designated by its hap-
logroup followed by a number (e.g. H:1). The colon is included in
this convention to avoid confusion with accepted designations for
mtDNA sub-haplogroups such as H1 etc. (e.g. Finnila et al. 2001).

Pairwise comparisons and population frequencies

Pairwise comparisons of Caucasian HV1/HV2 sequences from a
forensic database (Monson et al. 2002), and entire mtGenome se-
quences determined in this study were performed using the AFDIL
programs LookADat (J. Irwin, AFDIL, unpublished) and LISA
(Laboratory Information Systems Applications), with C-stretch
length differences ignored in the comparisons. Frequencies of
HV1/HV2 types were obtained from the output of the pairwise
comparisons; it is appropriate to exclude the 309 C-stretch region
in distinguishing individuals because of its unstable hypermutabil-
ity and frequent length heteroplasmy (Stewart et al. 2001).

DNA extraction

Total genomic DNA was extracted from bloodstains dried on pa-
per cards (Fitzco, Minneapolis, MN). For 30 of the samples, 3 mm
paper punches from the cards were extracted with a 5% (w/v) final
concentration of Chelex 100 beads (BioRad Laboratories, Her-
cules, CA) following published protocols (Walsh et al. 1991). The
remaining 211 samples were extracted robotically as follows: a
Wallac DBS puncher (Perkin-Elmer Life Sciences, La Jolla, CA)
was used to obtain single 3 mm blood stained paper punches, ar-
rayed in a 96-well plate for extraction. These were extracted using
the QIAmp 96-well DNA swab extraction kit (Qiagen, Gaithers-
burg, MD) on the Qiagen BioRobot 9604, following the manufac-
turers recommendations for liquid blood, but with 45 min lysis in-
cubation instead of the suggested 15 min incubation.

MtGenome sequencing and data quality control

Amplification and cycle sequencing of the mtGenome was per-
formed as previously described (the AFDIL protocol presented in
Levin et al. 2003), with automated fluorescent sequencing on ei-
ther the Applied Biosystems 377 or 3100 instruments. Sequence
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determination for any particular nucleotide position required clear
confirmation from both strands, or in rare cases from a single strand
if confirmed from multiple clear sequence reactions. Consensus
sequences were generated using Sequencher software (GeneCodes,
Ann Arbor, Michigan, USA). The magnitude of sequence data pro-
duced in this project required careful attention to avoid errors in
sequence analysis, transcription, and manipulation, i.e. “phantom
mutations” (Bandelt et al. 2002; see also Herrnstadt et al. 2003).
Sequencher projects were completely reviewed by two individuals
who independently tabulated a list of polymorphisms relative to
the revised Cambridge Reference Sequence (Anderson et al. 1981;
Andrews et al. 1999). Early in the project, entry of polymorphic
differences into a master database was performed using a custom
graphical user interface that required independent confirmation
that the sequences had been correctly entered, after which the se-
quences in the database were locked to prevent subsequent corrup-
tion or overwriting. Later in the project, entry into the database
was accomplished by direct export from Sequencher, still with re-
dundant independent reviews of the Sequencher project and the ex-
ported list of polymorphisms. The position of polymorphisms
within genes and proteins, as well as whether polymorphic variants
were synonymous or non-synonymous, was determined using the
web program MitoAnalyzer (Lee and Levin 2002; http://www.
cstl.nist.gov/biotech/strbase/mitoanalyzer.html). The mtGenome se-
quences determined in this study are listed in GenBank, accession
numbers AY495090-AY495330.

Results and discussion
MtGenome sequence variation

Our rather brute force strategy of sequencing the entire
mtGenome for individuals who would otherwise match
common HV1/HV2 types, in order to identify SNPs of
maximal forensic utility, was based on two suppositions
that have, in the end, proven to be correct: 1) that despite
having an evolutionary rate ~4-fold lower than the non-
coding control region (Aquadro and Greenberg 1983; Ho-
rai and Hayasaka 1990), the ~15-fold larger coding region
should contain much additional sequence variation that
can discriminate among individuals who match in the
control region, and 2) that the coding region sites that per-
mit such discrimination could not confidently be divined
by inspection of coding region RFLP data, or recently
published entire mtGenome data from diverse or random
population samples (Ingman et al. 2000; Finnila et al.
2001; Maca-Meyer et al. 2001; Herrnstadt et al. 2002; Ing-
man and Gyllensten 2003). The latter is because coding
region sites that distinguish among individuals who match
in the rapidly evolving control region, often reflect fortu-
itous mutational events that are specific to the HV1/HV?2
type (or closely related types) in question.

It is unusual for individuals to match over the entire
mtGenome, even when they are identical in HV1/HV2.
Within the 241 individuals in this study, representing 18
common HV1/HV?2 types, a total of 209 haplotypes were
observed when the entire mtGenomes were sequenced;
only 32 of the 241 (13%) individuals matched one or
more other individuals for the entire mtGenome (Table 2).
The greatest number of differences seen within an HV1/
HV2 type is 22, occurring between 2 individuals of type
K:3 (16224C, 16311C, 263G, 315.1C), but the average
number of differences between individuals who match in
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Table2 Entire mtGenome discrimination of common HV1/HV2
types

HV1/ N* No. of Maximum Average Type
HV2 mtGenome no. of no. of

type Types® differences® differences? distribution®
H:1 31 28 16 7.5 3,2,1(26)
H:2 25 24 19 7.5 2,1(23)
H:3 11 10 13 6.8 2,1(9)
H:4 8 5 2 1.2 4,14)
H:5 12 12 12 5.8 1(12)
H:6 11 9 19 8.8 3,1(8)
H:7 7 5 5 2.2 3,1(4)
I 15 14 13 6.5 2,1(13)
J:2 8 6 10 6.7 2(2),1(4)
J:3 13 10 10 4.4 4,109)
J:4 8 8 9 4.6 1(8)

K:1 14 10 14 6.6 4,2,1(8)
K:2 7 5 12 8.4 3,1(4)
K:3 7 6 22 8.9 2,1(5)
T:1 21 18 10 3.6 4,1(17)
T:2 10 9 6 3.0 2,1(8)
T:3 8 7 14 5.8 2,1(6)
V:1 25 23 17 6.2 3,1(22)
Total 241 209 22 6.2¢ 4(4),3(5),2(10),

1(190)

aSample size of individuals sequenced.

Number of distinct haplotypes observed after mtGenome se-
quencing.

‘Maximum number of differences observed between any two se-
quences matching for HV1/HV2.

dAverage number of differences between individuals for each
HV1/HV2 type.

¢Average number of mtGenome differences between individuals
who match for HV1/HV2, within (but not between) all of the com-
mon HV1/HV?2 types.

Distribution of mtGenome haplotypes is indicated by the number
of matching individuals, following numbers in parentheses indi-
cate the number of different haplotypes involved, for example,
3,2, 1(26) indicates 1 haplotype with 3 matching individuals, 1 hap-
lotype with 2 matching individuals, and 26 haplotypes represented
by a single individual.

HV1/HV2 is 6.2. Different common HV1/HV2 types
show variable degrees of diversity at the level of the entire
mtGenome. For example, none of the 12 individuals with
HV1/HV2 type H:5 matched one another, with an average
number of ~6 differences between individuals, and a max-
imum number of 12 differences between individuals. This
can be compared to the 8 H:4 individuals, where 4 indi-
viduals matched exactly, and the average number of dif-
ferences between individuals was ~1, with a maximum of
2 differences. Given the sample sizes, these differences
may be due at least in part to sampling effects, but such
differences could also be expected to reflect differences in
the time since divergence among the sequences that have
been grouped according to HV1/HV2 type. It is worth
noting that homoplasy (multiple independent mutations
giving rise to the same character state at a nucleotide po-
sition) is common in HV1/HV2 (e.g. Meyer et al. 1999),
so it is likely that mtDNA sequences grouped together by
HV1/HV2 types will sometimes not all be close relatives

with a single common ancestral sequence. In the termi-
nology of evolutionary systematics, some of the HV1/HV2
groupings are likely to be either polyphyletic or para-
phyletic. This could also contribute significantly to the
differing amounts of mtGenome diversity seen within the
HV1/HV2 types.

MtDNA variation within humans has been intensively
studied, and phylogenetic analysis permits mtDNA types
to be classified into defined haplogroups on the basis of
evolutionary relatedness and the pattern of shared poly-
morphic variants that reflect shared evolutionary history
(e.g. Wallace et al. 1999). Having the entire mtGenome
sequences allows us to easily ascribe the sequences in our
study to their correct haplogroup, according to defining
constellations of polymorphisms (e.g. Herrnstadt et al.
2002). Our initial tentative haplogroup classification based
on HV1/HV2 polymorphisms was largely accurate, with
several exceptions. European haplogroup V is closely re-
lated to haplogroup H, and in HV1/HV2, haplogroup V is
associated with the polymorphism 16298C. This is the
only characteristic polymorphism within HV1/HV2 that
distinguishes V from H, and homoplasious variation at this
site caused us to misclassify (misname) haplogroups for
three individuals within this study. Individual V:1-11 matches
all the other V:1 individuals in HV1/HV2 (as per the con-
ceptual definition of an HV1/HV2 type), all of which
have the 16298T-C variant. However, V:1-11 lacks the
polymorphisms 4580A, 7028T, and 15904T that are in-
dicative of a true member of haplogroup V. V:1-11 instead
shows all the coding region hallmarks of haplogroup H.
This indicates that the V:1-11 lineage experienced a muta-
tion at 16298, causing it to look like a V, while having ar-
rived at that appearance independently of other (true) V’s.
Similarly, individuals H:1-20 and H:1-29 are in fact mem-
bers of haplogroup V as seen by coding region polymor-
phisms, but have lost their characteristic 16298C due to
homoplasious mutation (not shown).

The average number of sequence differences over the
entire mtGenome among people who match for HV1/HV2
does not differ dramatically among the haplogroups (these
values are: haplogroup H, 6.9; haplogroup J, 5.6; hap-
logroup K, 7.2; haplogroup T, 3.7; and haplogroup V, 6.2),
in contrast to the situation for particular HV1/HV2 types
within haplogroups described above. We can also com-
pare the amount of variation observed within the various
genes/regions of the mtGenome (Table 3). On a per-site ba-
sis, the least variable regions are the ribosomal RNA genes,
followed by the genes encoding the 22 transfer RNAs.
Outside of the control region, there are 91 bases scattered
throughout the “coding region” that are short non-coding
intergenic spacers. Taken together, these positions repre-
sent the most variable portion of the mtGenome outside of
HV1/HV2, with variation observed at nearly 7% of these
sites. The most variable gene in this study codes for ATP
synthase 8, where nearly 5% of the sites are variable. In-
terestingly, the parts of the control region residing outside
of HV1/HV2 do not have a dramatically higher proportion
of discriminatory sites; the value of 4.1% is higher than
almost all of the protein coding genes, but is less than twice



Table3 Variation of discriminatory sites tabulated by gene/re-

gion
Gene/region Length Number of  %°
of region discrimina-
tory sites

CR outside of HV1/HV2 513 21 4.1
All tRNA’s combined 1507 35 2.3
NC region outside of CR 91 6 6.6
12s tRNA 954 13 1.4
16 s IRNA 1559 16 1.0
NADH dehydrogenase 1 957 22 2.3
NADH dehydrogenase 2 1044 37 3.5
Cytochrome C oxidase I 1542 38 2.5
Cytochrome C oxidase II 684 18 2.6
ATP synthase 8 207 10 4.8
ATP synthase 6 681 25 3.7
Cytochrome C oxidase II1 783 18 2.3
NADH dehydrogenase 3 348 8 2.3
NADH dehydrogenase 4L 297 6 2.0
NADH dehydrogenase 4 1380 33 2.5
NADH dehydrogenase 5 1812 56 3.1
NADH dehydrogenase 6 525 15 2.9
Cytochrome b 1137 35 3.1
Total 159592 4100 2.64

Discriminatory sites are sites that vary within one or more com-
mon HVI/HVII types.

2The numbers for length of region do not sum to the value listed as
Total because some of the genes in the mtGenome overlap for
short stretches.

bThe numbers for discriminatory sites do not sum to the value
listed as Total because 2 of the discriminatory sites are in the
aforementioned overlapping regions.

“Percent is taken as the number of sites that show discriminatory
variation divided by the length of the gene/region x100.

dTotal percent is taken as the total number of sites that show vari-
ation outside the HVI/HVII regions divided by the total number of
bases in the mtGenome outside HVI/HVIIL.

the average value of 2.5% for the entire mtGenome out-
side of HV1/HV2. This likely reflects evolutionary con-
straint on sequence variation in the control region in rela-
tion to its regulatory function (e.g. Saccone et al. 1991),
even though it is non-coding.

Our results show that the control region outside of HV1/
HV2 contains sites with the highest level of polymor-
phism both within and between the common HV1/HV2
types. The most highly variable SNP observed in this
study is position 16519, lying between HV1 and HV2. Po-
sition 16519 varied in 9 of the 18 HV1/HV2 types, and
therefore is of great utility in providing additional forensic
resolution. A second highly polymorphic element of the
control region is not a SNP, but a previously characterized
dinucleotide repeat of AC occurring between bases 515
and 524 (Bodenteich et al. 1992). Insertion or deletion
variants of the normal (AC)s repeat number are seen in 11
of the 18 common HV1/HV2 types. This repeat might be
considered the mitochondrial version of an STR. This AC
repeat and 16519 are evidently examples of mutational
hotspots, where changes to and from alternate variants oc-
cur regularly across a range of haplotypic backgrounds.
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Forensic utility

We have established that there is much sequence variation
outside HV1/HV2 in the mtGenome that can distinguish
between individuals that would otherwise match in stan-
dard forensic testing. However, a question of great impor-
tance is whether this variation is distributed in a manner
consistent with development of practical forensic testing.
Sequencing the entire mtGenome in forensic casework is
obviously impractical. The ultimate goal of this project
was to determine if we could identify particular combina-
tions of SNP sites that vary in a manner that makes them
especially useful, at least in selected circumstances, with
subsequent development of forensically practical multi-
plex assays. To select sites to target for practical SNP as-
says, we employed the following basic criteria: 1) the sites
selected must be neutral from the standpoint of genetic
disease or other phenotypic expression, 2) the sites selected
have to vary in multiple individuals, and 3) the sites se-
lected are not redundant with each other in terms of foren-
sic discrimination, and work in combination with other
SNPs for maximum forensic discrimination given a mini-
mum number of SNP sites.

The issue of phenotypic neutrality is not usually con-
sidered in mtDNA testing, but must be dealt with as we
venture into the coding region, where sequence variation
can have direct phenotypic manifestation (see also Lutz-
Bonengel et al. 2003). All the genes in mtDNA are in-
volved either in ATP production via oxidative respiration,
or for the RNA genes, in the basic machinery of protein
synthesis within the mitochondrion. Given the critical na-
ture of mitochondrial oxidative respiration to cellular en-
ergy production, mutations that change the amino acid se-
quence in proteins or the secondary structure of transfer or
ribosomal RNAs have potential to be of medical or phys-
iological significance. In fact, many maternally transmit-
ted diseases are known to be caused by specific mtDNA
mutations (reviewed in Wallace 1999), and susceptibility
to important widespread conditions such as diabetes (Cave-
lier et al. 2002), Parkinson’s disease (Brown et al. 1996),
and Alzheimer’s disease (Lin et al. 2002) have also been
associated with mtDNA sequence variation. Further de-
tails concerning mtDNA and disease are beyond the scope
of this paper, but it can be said with certainty that not all
disease associations with mitochondrial DNA mutations/
polymorphisms have yet been discovered or cataloged
(however, a growing list is maintained at the MitoMap
web site: http://www.mitomap.org/). Therefore, unless an
appropriate awareness is applied as we turn to the mtDNA
coding region, it is quite possible that mtDNA forensic
testing could inadvertently land investigators into serious
situations involving the ethics of medical genetics. In a
missing persons’ case, for example, how is one to avoid
discovering within a family reference sequence a poly-
morphism that is correlated with an increased risk of Alz-
heimer’s disease? If discovered, is this information shared
with the individual or family? Is there a practical and eth-
ical way to ensure that such information would never be
obtained by the family? Our conclusion is that any attempt
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to access coding region variation should be restricted to
particular SNP sites that have no potential for phenotypic
expression or, in restricted instances, to sites where neu-
trality can be convincingly inferred. This eliminates stan-
dard sequencing as an approach for assaying the SNP
sites, as well as other assays such as pyrosequencing (An-
dreasson et al. 2002) that generate substantial genetic in-
formation adjacent to the SNP of interest.

Application of the criterion of neutrality for target SNP
sites, then, restricted our attention to 1) the control region
outside of HV1/HV2, 2) short intergenic regions through-
out the coding region, or 3) to synonymous substitutions
in protein coding genes (however, see below for an ex-
ception). Synonymous substitutions occur within codons
of protein coding genes at positions where, even though the
DNA sequence has changed, the same amino acid will be
incorporated into the protein product. The degeneracy of
the mitochondrial genetic code is such that many third
codon position and several first codon position substitu-
tions are synonymous (or “silent”).

Regarding our other criteria for inclusion as a target
SNP site, the requirement that the site has been observed
to vary in more than one individual simply seeks to avoid
sites where the polymorphisms are “private,” i.e. re-
stricted to one or a very small number of individuals. The
third criterion, that of eliminating redundant sites and in-
corporating those that work most advantageously in com-
bination, was the most complex to implement. Because of
the linkage of mtDNA mutations, multiple sites would
frequently separate out the same set of individuals within
a common HV1/HV?2 type. To choose among those, com-
parisons were made to other HV1/HV2 types, and the
most widely varying sites were selected. In our study we
identified 59 SNP sites that satisfied our criteria for useful
and appropriate forensic markers (Table 4). Of these 8 re-
side in the control region outside of HV1/HV2, 1 in a cod-
ing region intergenic spacer, 49 in silent codon positions
in protein coding genes, and 1 in the 16S rRNA. The lat-
ter is position 3010, and is an exception to our criterion
that sites do not reside within rRNA or tRNA genes be-

Table4 Multiplex panels A—H of SNP sites

cause of the potential for phenotypic effects. The basis for
the exception is: 1) position 3010G/A is a well character-
ized polymorphism, reported widely in the literature, and
not suspected to be associated with disease or other man-
ifestation (e.g. Mehta et al. 1989; Finnila et al. 2001), and
2) it is extremely useful in forensic discrimination, partic-
ularly in haplogroup H. Regarding 3010, we make refer-
ence to the neutral theory of molecular evolution (Kimura
1983) to reassure us of the neutrality of such a widespread,
easily detectable polymorphism.

Table 4 lists the 59 forensic markers we selected, sepa-
rated into 8 multiplex panels (A-H) that target particular
HV1/HV2 types. This arrangement into separate panels
reflects practical considerations that are not necessarily
universal, but that we thought would provide general util-
ity for readily available SNP assay methods. Clearly, for
forensic purposes, multiplex assays are required to avoid
excessive demands on sample extract volume that can be
assumed to be limiting. On the other hand, multiplex as-
says can be challenging to develop, and an assay for all
the sites together might be years in development and in-
volve platforms unavailable to many laboratories. We
have sought practical middle ground in batching the sites
into panels of 7—11 sites, each to be applied for particular
common HV1/HV?2 types in question. This is in line with
our experience with several SNP assay platforms that can
be developed for approximately 10 sites with relative
ease. One of these, an allele-specific primer extension
(ASPE) assay using SNaPShot reagents (Applied Biosys-
tems, Foster City, CA) has been optimized for multiplex
A (see Vallone et al. 2004). The assay performs well from
the standpoint of the following important practical foren-
sic considerations: operation on standard forensic instru-
mentation, sensitivity, mixture and heteroplasmy detection,
and robust performance on degraded casework samples.

The multiplex panels are designed to complement the
results of HV1/HV?2 testing for increased discrimination,
permitting the most appropriate group of SNPs to be ap-
plied to a particular common HV1/HV2 type. For exam-
ple, if the most common Caucasian type H:1 is deter-

A B C D E F G H
477 477 72 482 4808 64 3826 64

3010 3010 513 5198 5147 4745 3834 4688
4580 3915 4580 6260 9380 10211 4688 11377
4793 5004 5250 9548 9899 10394 6293 12795
5004 6776 11719 9635 11914 10685 7891 13293
7028 8592 12438 11485 15067 11377 11533 14305
7202 10394 12810 11914 16519 14470 12007 16519

10211 10754 14770 15355 14560 12795

12858 11864 15833 15884 16390 15043

14470 15340 15884 16368 14869 16390

16519 16519 16519 16519

H:1 H:2,H:3,H:6 V:1,H:5 J:1,J:2,K:2,K:3 J:4T:2,T:3,H:4 V:1,H:1,H:2,H:3 J:1,J:3,T:1 K:1

The panels of sites were assembled to provide maximal resolution for the common HV1/HV2 types (see Table 1) listed at the bottom of

each column.



TableS5 Discrimination of 241 common HV 1/HV 1-type individu-
als resolved by the 8 multiplex panels (left) or the eight panels plus
the 515-525 AC polymorphism (right)

8 Multiplexes 8 Multiplexes +

AC indel polymorphism

No. of No. of No. of No. of
types individuals/type types individuals/type
2 14 1 14
1 9 1 13
3 8 1 9
2 7 1 8
1 6 3 7
3 5 2 6
3 4 3 5
8 3 3 4
27 2 7 3
55 1 26 2
64 1

mined from HV1/HV2, a single amplification with multi-
plex A provides the best opportunity for further discrimi-
nation. However, for H:1 and some other HV1/HV?2 types,
not all discriminatory SNPs were able to be placed in a
single multiplex panel, so secondary panels are also avail-
able. In the case of H:1, if multiplex A does not provide
sufficient resolution, a second amplification with multi-
plex F would target additional potentially discriminatory
sites. Sites are sometimes included in multiple different
multiplexes. This redundancy is included so that for any
given HV1/HV?2 type one could turn to a single multiplex
that gives the greatest chance for resolution.

How much additional forensic discrimination would
the multiplex panels provide? The 241 individuals in our
study could, by standard HV1/HV2 sequencing, be di-
vided into only 18 types; these types together comprise
some 21% of the Caucasian population, and the most
common type occurs in 7% (Table 1). If we apply the mul-
tiplex panels (Table4) to these individuals, the result is
105 distinguishable types (Table5) of which 55 are
unique in the group, and therefore in most instances likely
to be unique in the forensic database (N=1,655) from
which they were sampled. We have applied the multiplex
A ASPE assay (Vallone et al. 2004) to another 50 unre-
lated individuals matching H:1. With the addition of the
31 H:1’s sequenced for the mtGenome we can evaluate
the effect of multiplex A on 81 H:1 individuals (Table 6).
This results in an average population frequency for the
SNP-resolved H:1’s of 0.5%, for a 16-fold improvement
on average, with a ~4-fold decrease in frequency (22/81,
see Table 6) of the new most common type. Roughly sim-
ilar resolution is provided by the multiplex panels for the
other common HV1/HV2 types, with the notable excep-
tion of H:7 that unfortunately remains a single type even
after application of the SNP panels.

The multiplex panels in Table 4 do not include the ex-
tremely useful polymorphic AC repeat around 515-524 of
the control region. While it is not actually a SNP, it never-
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Table 6 Resolution of 81 H:1
individuals with the application
of multiplex panel A

Multiplex A

No. of
types

No. of
individuals/type

22
20

W W = L = = =
— N Wk 30

theless could be typed by any number of stand-alone as-
says, to include simply sequencing a short amplicon that
spans the repeat (in the control region, we are absolved
from issues of neutrality, at least to the same extent as cur-
rent mtDNA testing). We are in the process of optimizing
a modified primer extension assay that can be run together
with the SNaPShot multiplexes. Doing so would be
worthwhile: adding the AC indel polymorphism together
with the multiplex panels takes the 241 individuals from
18 to 112 different types, 64 of which are unique (Table 5).

Due to limitations of sample availability, our study did
not directly investigate all the common HV1/HV?2 types
in European Caucasians. However, one would predict that
at least some of the same sites would discriminate within
closely related HV1/HV2 types. This proved to be the
case for many of the sites we have identified, as exempli-
fied by the significant overlap of sites chosen for multi-
plexes A and B that target haplogroup H. Types H:1 and
H:2 differ only at the extreme hotspot position 152
(Meyer et al. 1999; Allard et al. 2002; Malyarchuk et al.
2002), which is actually homoplasious within the H:1 and
H:2 categories (not shown). The result is that largely the
same SNPs distinguish within H:1 and H:2. The most sig-
nificant common Caucasian type that we did not investi-
gate is (146C, 263G, 315.1C), present in 0.6% of the pop-
ulation. However, this differs from H:1 only at 146, an-
other hotspot (Meyer et al. 1999; Allard et al. 2002; Mal-
yarchuk et al. 2002), and we would expect multiplexes A
and B to be useful in that case as well.

In undertaking this study our aim was not to “reinvent
the wheel” for mtDNA testing, but to provide data and ap-
proaches that would complement and strengthen current
practices. For one thing, shifting completely to another set
of markers would require establishment of new databases,
which for mtDNA should be quite large. In fact, maximal
use of the SNPs we present here also requires databasing
for reporting evidentiary significance, and the AFDIL lab-
oratory is in the process of adding these SNPs to current
control region sequence databases. However, even before
such databases become available, the ability to discrimi-
nate between matching HV1/HV2 types has many impor-
tant applications. Among those are distinguishing among
multiple matching suspects, distinguishing between victim
and suspect, and distinguishing among multiple matching
families in mass disasters or missing persons projects.
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It would, in fact, be possible to develop an mtDNA
testing system based solely on coding-region SNPs, or on
a combination of control region and coding region SNPs.
The sites we have identified would be poor choices for
stand-alone assays in the absence of any control region
data, but we are optimistic they will also be useful in com-
bination with control region SNPs. At least two SNP-
based mtDNA typing systems for HV1/HV2 polymor-
phisms have been developed (Gabriel et al. 2003; see also
the commercially available kit associated with the Lu-
minex 100 system http://www.marligen.com/products/
signetmito.htm and Armstrong et al. 2000). The mtDNA
types determined from these tests could be classified ac-
cording to their corresponding common HV1/HV2 se-
quence types, and this classification used for the selection
of the appropriate multiplex SNP panel. Even though con-
trol region SNP assays do not provide as much informa-
tion as sequencing in HV1/HV2, the fact that discrimina-
tory sites in our study are often useful within the same
haplogroup will likely permit them to be of substantial
utility when combined with control region SNPs. Likewise,
our SNP panels could also complement partial control re-
gion sequencing, such as HV1 alone. In this regard, it is
important to note that SNP assays such as ASPE can be
substantially easier and faster to run than full sequencing
(see Vallone et al. 2004). That said, the most powerful of
the approaches we have discussed remains that of full
HV1/HV2 sequencing together with the SNPs we report
here.

Brandstitter et al. (2003) have recently reported a mul-
tiplex SNP system for categorizing European Caucasian
mtDNAs to their correct haplogroup. The SNPs reported
by Brandstitter et al. (2003) are from the coding region
and are also typed using the SNaPShot ASPE assay. These
haplogroup-associated SNPs have a stand-alone discrimi-
natory power within the European Caucasian population
that rivals the control region SNP system used in Gabriel
et al. (2003). Again, given that our discriminatory SNP
multiplexes have the potential to discriminate within mul-
tiple common types within a haplogroup, we are hopeful
that they could powerfully complement the haplogroup
typing system of Brandstitter et al. (2003). An added ad-
vantage of that combination is that typing would occur on
a single, convenient capillary electrophoresis platform al-
ready present in many forensic laboratories that do not
currently perform mtDNA testing.

The work reported here, together with other recent
publications (Lee et al. 2002; Lutz-Bonengel et al. 2003),
represents a strong beginning for efforts to tap informa-
tion from the entire mtGenome for forensic purposes.
Continued efforts to identify additional useful SNP sites
for Caucasians, as well as to target other populations, will
further add to the strength of mtDNA testing. The sites we
have included for development of “value added” SNP
multiplexes were selected with a specific operational ap-
proach in mind (as described above, to be used in combi-
nation with HV1/HV?2, to resolve the most troublesome
common types), and are based on the somewhat limited
sample sizes that were available to us. In the future, it will

be important to synthesize as much information as possi-
ble, both from directed studies such as ours, as well as
general coding region population data coming from foren-
sic (Tzen et al. 2001; Lee et al. 2002; Lutz-Bonengel et al.
2003) or academic laboratories (Ingman et al. 2000;
Finnila et al. 2001; Maca-Meyer et al. 2001; Herrnstadt et
al. 2002; Ingman and Gyllensten 2003). In this regard, it
is reassuring to note that a number of sites identified as
variable by Lutz-Bonengel et al. (2003) were also among
our selected sites (e.g. 8592 in our multiplex panel B for
various haplogroup H HV1/HV2 types, 11485 in multi-
plex panel D for various haplogroup J and K common
types, and 11377 in multiplex panel F for various V and H
haplogroup common types).

We caution, however, that general coding sequence pop-
ulation data must be evaluated carefully in relation to spe-
cific forensic goals. In this regard, it is important to note
that, due to the evolutionary linkage of mtDNA polymor-
phisms, high population variability of a site does not au-
tomatically correlate with high additional discriminatory
potential in relation to other sites. For example, position
11719 was identified by Lutz-Bonengel et al. (2003) as a
highly variable SNP in a population sample of 109 indi-
viduals (39%A, 61%G), but assaying this site would only
rarely provide further resolution when combined with any
sort of control region typing. 11719G is a polymorphism
essentially fixed in haplogroups H and V, with other Cau-
casian haplogroups and African and Asian populations so far
appearing fixed for an alternate polymorphism 11719A
(Finnila et al. 2001; Herrnstadt et al. 2002). The G/A
polymorphic variants of 11719 mainly reflect a single evo-
lutionary event that maps onto a major lineage split in Eu-
ropean Caucasians: the information provided by typing
11719 would be largely superfluous to information al-
ready provided by HV1/HV?2 testing. (That said, position
11719 is included in our multiplex panel C, because it is
informative for distinguishing individuals of HV1/HV2
type H:5 — 16304C, 263G, 315.1C. This specific forensic
utility is due to an apparent recent reversion mutation
within this lineage that is coincidental to the larger popu-
lation variation of 11719 that maps onto the H-V hap-
logroup split). We include this discussion of site 11719 to
illustrate the type of detailed considerations we feel are
required as we progress toward a maximally useful SNP-
based approach for utilizing the entire mtGenome.

Conclusions

MtDNA population genetics and evolutionary biology has
solidly entered the genomics era with recent publications
of many whole mtGenome sequences (references above).
It is inevitable and desirable that forensic applications will
follow. As a result of technical developments in SNP as-
says, we can look forward to mtDNA testing that is ever
more rapid and convenient, and, as we show here, has a
higher power of discrimination when variation outside
HV1/HV2 is accessed. We would like to add, in relation
to issues we have heard aired regarding courtroom admis-



sibility of mtDNA testing, that such continued improve-
ments of DNA testing systems do not detract from the re-
liability of the well validated systems that are currently in
use. In the case of increased discrimination of mtDNA
through SNP assays outside of HV1/HV?2, the evidentiary
significance of mtDNA testing may increase. Nonethe-
less, proper evaluation of the mtDNA evidence in relation
to the chance of random match will always be necessary,
and the new SNP testing will be neither more nor less
valid than current HV1/HV?2 testing, when evidence from
the latter is properly interpreted and communicated.
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