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Aim. A rapid analysis of mitochondrial DNA (mtDNA) sequences with an array of immobilized sequence-specific
oligonucleotide (SSO) probes was tested on 18 skeletal elements recovered from mass graves in Croatia, which could
not be genotyped with common forensic nuclear DNA systems (PM+DQA1 and short tandem repeat analysis).

Methods. We used duplex polymerase chain reaction (PCR) amplification of the mtDNA hypervariable regions I and II
(HVI and HVII) (444 bp and 415 bp amplicons, respectively) and subsequent linear array typing, which targets six poly-
morphic regions and two additional sites within the human mtDNA HVI and HVII. The remaining amplified products
were subjected to direct sequence analysis to obtain complete sequence information for the targeted HV regions.

Result. Duplex PCR amplification of the mtDNA HVI and HVII was successful in providing sufficient product for typing
with the array of SSO probes in 14 out of the 18 sample extracts. We report here the sequence match of one set of re-
mains with a panel of immobilized SSO probes, followed by direct sequence analysis. The corresponding mtDNA
haplotype obtained for the bone sample and the putative maternal reference was unique in a database of 105 randomly
selected Croatian individuals.

Conclusion. Mitochondrial DNA typing with an array of immobilized SSO probes can be a benefit to forensic DNA
analysis of mass disaster remains and identity testing of single and mass graves.
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Analysis of human mitochondrial DNA (mtDNA)
control region sequences is a useful tool for forensic
identity testing on a range of samples (1-3) due to the
high sequence variability (4), genome copy number
per cell (5), and maternal inheritance (6). Sequence
variation within the human mtDNA control region
has been widely established as a valuable marker for
individual identification (7-11). Polymerase chain re-
action (PCR)-based techniques used to detect varia-
tion include direct DNA sequence analysis and scre-
ening with a panel of sequence-specific oligonucle-
otide (SSO) probes (3,9,10,12-20). These studies have
established a high degree of polymorphism located
primarily within two regions of the human mtDNA
control region known as hypervariable regions I and II
(HVI and HVII). The high mtDNA genome copy num-
ber per cell (~500-1,000 copies) allows analysis of
the most challenging forensic specimens, such as
shed hairs from crime scenes and significantly aged
remains (1-4,17,21-24). For this reason, mtDNA test-
ing is often successful in cases where nuclear markers

cannot be amplified. In addition, the maternal inheri-
tance of mtDNA genomes allows a greatly expanded
reference sample population for human identification
efforts.

Typing of human mtDNA sequences by using
SSO probes has been described elsewhere (12,17,
25,30). Reynolds et al (17) reported the detection of
sequence variation for 689 unrelated individuals, us-
ing a typing strip that contained an array of immobi-
lized SSO probes specific for variants within five poly-
morphic regions of HVII. This method utilizes immo-
bilized SSO probes for rapid sample screening in a re-
verse line blot format. From this study, the panel of 16
immobilized SSO probes for HVII was shown to pro-
vide a significant power of discrimination, ranging
from ~0.92-0.98, among African American, US Cau-
casian, US Hispanic, and Japanese populations (17).
The original typing strip has since been expanded to
include four polymorphic regions and one site within
HVI as well as an additional HVII site for sequence
variation detection (HVI A, C, D, E, and HVII A, B, C,
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D, and positions 189 and 16093 relative to the Ander-
son reference sequence) (12,26). Two versions of the
expaded HVI/HVII typing strip were used in this anal-
ysis. The first version contains 27 possible immobi-
lized SSO probe signals (HVI A, C and HVII A, B, C,
D, and 189 and 16093), whereas the fully expanded
array contains 31 possible probe signals (HVI A, C, D,
E and HVII A, B, C, D, and 189 and 16093) for HVI
and HVII. Additional probes are currently being in-
vestigated as potential candidates for sequence varia-
tion detection. Although there is a greater degree of
polymorphism within HVI than HVII, the distribution
of variable positions across HVI is less clustered than
HVII. Therefore, fewer candidate HVI polymorphic
regions are idealfor analysis by probe hybridization
methods.

Despite the relatively high success rate obtained
with nuclear PM+DQA1 and short tandem repeat
analysis (~85%) on bone samples recovered from
similar mass graves, the eighteen extracts tested here
could not be amplified with nuclear markers (27). In
this paper, we report a duplex PCR amplification strat-
egy for full-length HVI and HVII amplicons of 444 bp
and 415 bp, respectively, and subsequent typing of
skeletal elements recovered from mass graves in
Croatia (27,28).

Material and Methods

DNA Extraction from Bone

Samples of long bones were collected for DNA analysis at
the time of autopsy. Bones were cleaned from remnant soft tissue
and soil traces, rinsed several times in distilled water, and
air-dried. The exterior was sanded to remove soil traces and the
interior spongy bone material was removed with a K 9 Foot con-
trol unit, type 99 device (KaVo Elektrotechnisches Werk,
Vertiebsgesellschaft mbH, Leutkirch, Germany). The resultant 2-5
g bone fragment was rinsed twice with 5% commercial bleach,
followed by deionized water and 80% ethanol washes. Samples
were air-dried for 3-4 h, placed in steel-plated chambers, and
subjected to liquid nitrogen. Fragments were pulverized by ham-
mering and the resulting powder was mixed with 3 mL of extrac-
tion buffer (10 mmol/L Tris, pH 8.0; 100 mmol/L NaCl; 50
mmol/L EDTA, pH 8.0; 0.5% sodium dodecyl sulphate [SDS]) +
100 �L of 20 mg/mL proteinase K. The mix was incubated while
shaking overnight at 56 �C. Phenol/chloroform/isoamyl alcohol
(25:24:1) extraction was performed twice with equal volumes,
followed by a single chloroform extraction. A 3 mL n-butanol ex-
traction was performed to reduce the volume, and the lower
layer was transferred to a Centricon-100® concentrator (Millipore,
Bedford, MA, USA). Samples were rinsed 3-5 times in the pres-
ence of 2 mL Tris-EDTA at 2,200 rpm for 15 min. The filtrate was
discarded, and the remaining volume was recovered by centri-
fugation at 2,200 rpm for 2 min. Samples were quantitated by
agarose gel electrophoresis with ethidium bromide staining or by
ultraviolet spectrophotometry, and 2-10 �L of extract were used
for duplex PCR amplification.

DNA Extraction from Reference Bloodstains

For the group of skeletal remains tested in this study, a cor-
responding set of four possible maternal reference bloodstains
were submitted for comparisons. Approximately 1x1 cm of
bloodstain material was extracted according to standard Chelex
100® protocols (29). The final volume of each extract was ~200
�L, and 1.5 �L of each extract was used for duplex PCR amplifi-
cation (30).

HVI/HVII Duplex PCR Amplification

PCR reactions were performed in 60 �L volumes with 1X
AmpliTaq DNA Polymerase Buffer (12 mmol/L Tris-HCl, pH 8.3,
60 mmol/L KCl) with 2.4 mmol/L MgCl2 final concentration (PE
Biosystems, Foster City, CA, USA), 200 �mol/L each dNTP, 0.2

�mol/L each primer, and 0.25 units/�L AmpliTaq Gold® DNA
Polymerase (PE Biosystems). A group of 18 bone sample extracts
plus negative and positive controls were prepared and amplified.
A separate set of 4 potential maternal reference samples was pre-
pared in a different PCR setup hood and after the bone sample
setup to avoid the potential for cross-contamination. All reactions
were performed in a PE Biosystems 9600 model thermal cycler
by use of a 12-minute activation step at 92 °C. Samples were
subjected to 38 cycles at 92 °C for 30 s, 60 °C for 30 s, and 72
°C for 30 s, followed by a final 72 °C extension step for 10 min.
Sequences for the biotinylated HVI and HVII primers are as fol-
lows: HVI: F15975 5'-XCTCCACCATTAGCACCCAA-3' and
R16418 5'-XATTTCACGGAGGATGGTG-3'; HVII: F15 5'-XC
ACCCTATTAACCACTCACG-3' and R429 5'-XCTGTTAAAAG
TGCATACCGCCA-3' (where X denotes biotin). PCR products
were analyzed on 1.5% agarose gels in 1X Tris-Borate-EDTA
electrophoresis buffer (TBE) stained with 0.5 �g/mL ethidium
bromide. Products were used directly for SSO typing and then
purified with Millipore Ultrafree-MC® centrifugal filter devices
(Millipore, Bedford, MA, USA) to eliminate excess primer prior to
sequence analysis. For filtration, 25-40 �L of PCR product was
added to 350 �L of Tris-EDTA (TE), pH 8.0, and centrifuged for 4
min at 12,000 rpm. After 20 �L of TE was added to the mem-
brane, the recovery was transferred to a clean microcentrifuge
tube for cycle sequencing.

Immobilized SSO Probe Design

A complete description of immobilized SSO probe design
has been reported elsewhere (17), and those guidelines were fol-
lowed for designing additional probes in the A, C, D, and E re-
gions of HVI. In general, the ascending order of destabilizing mis-
matches is as follows: A-T,G-C << G-T << G-A,G-G <<
A-A,C-A << T-T,C-T,C-C.

Immobilized SSO Probe Strip Typing

PCR product yield was compared to a low DNA mass lad-
der (Life Technologies, Gaithersburg, MD, USA) and roughly
20-150 ng was used for immobilized SSO probe typing. The typ-
ing protocol follows similar conditions as the AmpliType
PM/PM+DQA1 protocol (PE Biosystems) with the following
modifications (17):

1. PCR product was prepared for hybridization by mixing
1:1 with Amplicor™ denaturant solution (1.6% NaOH) (Roche
Diagnostics, Branchburg, NJ, USA) and incubated at room tem-
perature for 5 min.

2. The assay was performed at 55�1 °C.

3. Wash solution consists of 2X SSPE, 0.5% SDS.

4. Eight �L of enzyme conjugate (HRP-SA) (PE Biosystems)
is added per strip.

5. Four �L of 3% hydrogen peroxide per strip is added to
the color development solution.

6. The volume of all typing solutions is 3 mL per well.

Mitotype Designations

Figure 1 shows the mitotype designations for several sam-
ples used in this study. Visible probe signals were given number
designations for each probe region. For example, sample extract
S2 provided visible signal for the following probes: HVI - A1, C1,
and HVII - A1, B4, C2, D1, 189(A), and 16093(T). Therefore, the
mitotype for this sample was designated “111421(A)(T)”. Mito-
type designations were specific to the array of probes that are
used for a given analysis. Bone extracts were initially typed with
an array that consists of HVI A and HVI C, HVII A, B, C, D, and
positions 189 and 16093 (30). The data obtained were sufficient
to determine sample exclusions for all but one of the unknowns
(data not shown). A subsequent expanded version of the array
that includes probes for HVI D and E regions has been devel-
oped, and several samples in this study were successfully typed
with this more informative array. This fully expanded version of
the array has been optimized for use in the forensic DNA com-
munity and included in the LINEAR ARRAY™ mtDNA HVI/HVII
Region-Sequence Typing Kit (Roche Applied Sciences, Indianap-
olis, IN, USA). The remaining samples were consumed during
the initial analysis and therefore could not be typed with the ex-
panded linear array.
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There are four types of probe signal patterns that can occur
at each polymorphic region. The most commonly observed strip
typing result is a single visible probe within each of the regions.
DNA sequences that are not complementary to any of the probes
for a given region result in the absence of probe signal. A '0' des-
ignation is given to a region with no detectable signal. The '0'
types do not necessarily have the same sequence because there
are a number of variant sequences that will prevent hybridization
to the probes for a given region. Further, a 'W' designation is
given to signals that appear weaker than the probe intensities in
other regions. This weak signal is caused by the presence of addi-
tional variants that act to partially destabilize the template-probe
interaction. Lastly, multiple probe signals observed within a sin-
gle polymorphic region suggest either the presence of mixed se-
quences due to a DNA contaminant (multiple DNA contributors)
or to mtDNA heteroplasmy (presence of two detectable mtDNA
sequences within an individual).

Cycle Sequencing

For cycle sequencing with BigDye™ Dye Terminator chem-
istry (PE Biosystems), 5-20 ng of the purified product were used.
Cycle sequencing was performed in 20 �L volumes with 8.0 �L
of BigDye™ Terminator mix and 1.6 �mol/M of the appropriate
forward or reverse primer used for amplification. Cycle sequenc-
ing was performed as follows: 96 °C for 15 seconds, 50 °C for 5
seconds, and 60 °C for 4 minutes for a total of 25 cycles. One
positive sequence control was performed for each group of sam-

ples with pGEM plasmid and M13 primer. Isopropanol precipita-
tion of the product was performed by the addition of 80 �L of
75% isopropanol with mixing followed by incubation at room
temperature for 45 minutes. Centrifugation was carried out at
3,500 rpm for 45 minutes at room temperature. Samples were
then inverted and the isopropanol residue was removed by
centrifugation at 2,200 rpm for 2 minutes. Samples were resus-
pended in 20 �L ABI PRISM template suppression reagent (PE
Bisoystems) or 6 �L of 50 mg/mL blue dextran in 25 mmol/L
EDTA + deionized formamide (1:5) loading buffer for ABI
PRISM™ 310 capillary electrophoresis injection or polyacry-
lamide gel loading, respectively, and denatured by heating at 92
°C for 3 minutes. For capillary electrophoresis, 10-30 second in-
jections were performed with a 47 cm capillary and ABI PRISM
POP-6™ polymer (PE Biosystems). For samples run on the 377
DNA Sequencer, 1.5 �L of the 6 �L resuspension volume was
electrophoresed on a 4% polyacrylamide gel (19:1) prepared
from Long Ranger® Singel® packs (FMC Bioproducts, Rockland,
ME, USA). Following data collection, sequence data analysis was
performed with Sequencher™ software (Gene Codes Corpora-
tion, Ann Arbor, MI, USA).

Results

Fourteen of 18 bone samples were successfully
amplified using duplex PCR and typed with immobi-
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Figure 2. Sequence data for bone sample S2 and maternal reference match R2. Partial sequence data from HVI and HVII
products for bone sample S2 and the reference match R2 are shown above. Data are consistent with mitotypes obtained from
immobilized sequence-specific oligonucleotide (SSO) typing in all cases and show the same polymorphisms for both sam-
ples. Panels A-D show unambiguous sequence data for the HVI A and C regions. The sequence obtained matches the Ander-
son reference for the following positions: HVI A – 16126, 16129 and HVI C – 16304, 16309, 16311, resulting in A1 and C1
probe designations. Panels E and G show unambiguous substitutions at positions 146 (C) and 152 (C), constituting a "4" in the
HVII B region. Panels F and H show a variant at 195 (C), constituting a "2" in the HVII C region.

Figure 1. Immobilized sequence-specific oligonucleotide (SSO) probe typing data for selected bone sample extracts and ma-
ternal references. Shown above are SSO typing data for two bone extracts (S1 and S2) and two putative maternal references
(R1 and R2). The corresponding mitotype for each sample is located to the right of each strip. R2 reference sample is a poten-
tial match with bone extract S2. There is evidence of slight cross-hybridization of the HVII B4 product with B2 probe in both
samples. This result has been seen previously in specimen types containing the B4 sequence and is not due to additional se-
quence variants arising from mtDNA heteroplasmy or contaminating DNA. Sample S1 shows multiple probe signals within
the HVII B region (B1 and B3), suggesting mtDNA heteroplasmy. All sequence designations are relative to the Anderson refer-
ence sequence (26).



lized SSO probe strips. The typing results for one
bone sample extract designated "S2" provided a puta-
tive sequence match with maternal reference sample
"R2" for the panel of HVI and HVII immobilized
probes. The mitotype obtained for these samples is
"111421(A)(T)." SSO typing data were obtained for
bone samples S1 and S2 and maternal references R1
and R2 (Fig. 1). Following the preliminary sequence
match obtained with SSO typing, full sequence analy-
sis of HVI and HVII was performed with the S2 and R2
amplicons to determine if the samples shared com-
plete hypervariable region sequences. HVI and HVII
sequences obtained were consistent with SSO typing
data and unambiguous base calling was observed
throughout. Sequence data for a subset of variable po-
sitions in the HVI A and C, and HVII B and C regions
are shown for samples S2 and R2 (Fig. 2). The follow-
ing substitutions relative to the Anderson reference
sequence (29) were observed in both the bone extract
and maternal reference: HVI - 16288 (C), 16362 (C)
and HVII - 114 (T), 146 (C), 152 (C), 195 (C), 263 (G),
and an insertion at 315.1 (C). The mtDNA haplotype
was unique in a database of 105 randomly selected
Croatians (30). There was no evidence of mixtures or
potential heteroplasmy for the sequence data ob-
tained.

Bone sample S1 showed the presence of two sig-
nals of roughly equal intensity in the HVII B region
(B1/B3) alone, suggesting a mixture of 'T' and 'C' at
position 152. Figures 1 and 3 show the SSO typing
data for this bone sample and a portion of the HVII B
region sequence data that confirmed the presence of a
majority 'T' peak with underlying 'C' at 152. The mix-
ture of bases was confirmed by independent amplifi-
cations. Sequence analysis did not provide any evi-
dence of additional mixtures within HVI and HVII.
No visible PCR product was obtained for the negative
control amplifications in this study. Based on these
observations, we concluded that the immobilized
SSO probe typing data and corresponding sequence
data for these samples were obtained from authentic
mtDNA product free from contaminants.

The remaining three bone extracts showed ap-
parent mixtures by SSO typing, which were con-
firmed by direct sequence analysis (data not shown).
Multiple probe signals were observed in several typ-

ing regions for each of the extracts that contained sus-
pected mixtures. Likewise, ambiguous base calling
was observed at multiple locations within HVI and
HVII for the data obtained from sequence analysis.
Therefore, no determinations regarding the authentic
mtDNA sequences could be made from the analysis
of these samples.

Discussion

SSO typing of sequence polymorphisms for hu-
man identification efforts can provide significant ben-
efit in many forensic DNA analyses. Reassociation of
mass disaster remains, identity testing for remains re-
covered from single and mass graves, and screening
of large numbers of crime scene samples for inclusion
or exclusion of a potential suspect(s) are instances in
which SSO typing can aid forensic identity testing.
Further, co-amplification of the HVI and HVII regions
and typing with the immobilized SSO probe strip as-
say expands the number of samples that can be pro-
cessed in a given period of time. For this study, 18
bone sample extracts (plus controls) and a separate set
of 4 maternal references were amplified and typed in
a single day. A preliminary sequence match was
made, and only one bone sample product and the pu-
tative match were subjected to direct sequence analy-
sis using a total of 8 sequencing reactions (forward
and reverse sequencing directions for each HV re-
gion). The corresponding mtDNA haplotype obtained
for the bone sample and the putative maternal refer-
ence was unique in a database of 105 randomly se-
lected Croatian individuals (30). No additional ampli-
fication reactions were required because the duplex
PCR products served as sequencing templates for all
of the reactions. If the same set of samples had been
processed with single target PCR amplification fol-
lowed by direct sequencing methods, a minimum of
44 amplifications (plus controls) and 88 separate se-
quencing reactions would have been required for
comparisons. The SSO screening approach and
sequence analysis is therefore beneficial in directing
an analyst toward those specimens that possess the
greatest evidentiary value for a given case.

In this study, seven samples yielded ambiguous
typing results. Four of the samples could not be ampli-
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Figure 3. Detection of mtDNA heteroplasmy for bone sample "S1". Shown above are partial HVII B and C region sequence
information for bone sample S1. The mitotype designation for S1 is "1111,311(A)(T)" as reported in Fig. 1. The presence of B1
and B3 signals for the HVII B region indicates a 152 C/T mixture, suggestive of mtDNA heteroplasmy. Panels A and B show
the sequence data that confirm the suspected heteroplasmy at position 152 – a majority 'T' peak is observed with underlying
'C' at this position. Sequence data were obtained from independent amplifications.



fied with the PCR primers for ~400 bp products.
These samples may lack sufficient DNA for amplifica-
tion, consist of DNA that is too degraded for analysis,
or contain enzymatic inhibitors that prevent PCR am-
plification. Environmental factors including soil acid-
ity and composition, heat, and humidity contribute to
the fragmentation of DNA molecules, and therefore
the extent of degradation can vary greatly depending
on the burial location. If one or more of these four
samples contain degraded DNA, then amplification
with primers that target smaller products might yield
sufficient PCR product for analysis. The remaining
three samples contained DNA sequences from more
than one source. This result was not surprising as
mtDNA laboratories occasionally encounter spora-
dic, low-level contamination from undetermined
sources (4,21). These mixtures presumably result
from the co-amplification of authentic sample tem-
plate and human mtDNA contaminants present either
in the reagents or intrinsic to the sample. In the three
samples that contain multiple sequences, the authen-
tic DNA template may be highly degraded, whereas
the contaminating DNA is likely to be intact. In the
most extreme cases of degradation, primers that target
short products (~100-150 bp) are effective for suc-
cessful amplification of authentic DNA sequences
even in the presence of low-level contaminants (21-
23). Two separate duplex amplifications that target
smaller ~270 bp products were used to amplify the
samples with mixed sequences and those that did not
amplify with the larger HV region products, and simi-
lar results were obtained (unpublished observation).
The extracts were consumed during testing and there-
fore attempts to target ~100-150 bp amplicons could
not be performed.

The full-length HVI and HVII duplex PCR ampli-
fication described here is useful on a range of forensic
specimens, including shaft portions of single hairs,
blood, and body tissues, and is sensitive to ~10 pg of
high quality total genomic DNA. Further optimization
has resulted in a duplex PCR assay sensitive to <1 pg
of high quality total genomic DNA. The immobilized
SSO probe strips have been shown to be more consis-
tent and sensitive than direct sequence analysis in
samples containing known ratios of two sequences
(17) and in heteroplasmic tissue samples (25). In this
study, bone sample S1 contained two roughly equal
probe signal intensities in the HVII B region, suggest-
ing the presence of mtDNA heteroplasmy. Hetero-
plasmy at position 152 was confirmed with direct se-
quence analysis, which showed the presence of a ma-
jor 'C' peak with underlying 'T'. No additional posi-
tions suggested the presence of multiple sequences,
indicating that the mixture at 152 was likely due to
mtDNA heteroplasmy and not contamination from a
second source. Heteroplasmy at position 152 has
been previously observed in several sample types
other than bone (17,25), which suggests this site is a
potential hotspot for heteroplasmy. A high frequency
of heteroplasmy has been reported at additional sites,
including 16093 (31) and 189 (25). Although
heteroplasmy may occur at some positions more fre-
quently than others, it can potentially occur at any
site. As with mtDNA sequence analysis interpretation

guidelines, careful consideration should be given to
instances of heteroplasmy when determining inter-
pretation guidelines and evaluating forensic cases in
which heteroplasmy may have occurred. Similar
guidelines can be developed for use with the LINEAR
ARRAY™ mtDNA HVI/HVII Region-Sequence Typing
Kit (Roche Applied Sciences) to determine if a sample
can be excluded based on mitotyping results alone or
should be submitted for subsequent sequence analy-
sis. The authors suggest that analysts base their con-
siderations for sequence analysis on the number of
nucleotide differences as defined by the correspond-
ing probe signals obtained with the LINEAR ARRAY™
Typing Kit. We are currently developing a software
program to convert mitotypes to their respective nu-
cleotide base designations to aid in making these
types of analytical determinations as well as for query-
ing the mtDNA Combined DNA Index System
(CODIS) database. Once a set of suitable interpreta-
tion criteria have been established by a given labora-
tory, we suggest that samples identified as “inconclu-
sive” or “cannot be excluded” because of shared
mitotype results with the linear array be submitted for
sequence analysis. Although the discrimination po-
wer of the mtDNA linear array is considerable, the
array targets a subset of variable positions within the
hypervariable regions and, therefore, additional vari-
ation may be observed with sequence analysis.

The immobilized SSO probe screening strategy
for forensic mtDNA typing has the potential to reduce
the total sample number for a given case to a smaller
subset of samples that provide evidentiary value. This
advantage may be attractive to forensic identity test-
ing and criminal investigation efforts that otherwise
cannot afford to perform unnecessary sequence anal-
ysis due to time and budget constraints. A summary of
forensic casework analyses that benefited from this
screening strategy by excluding numerous crime
scene samples will be described elsewhere (manu-
script in preparation). Further optimization of the lin-
ear array and duplex PCR assay described here has
been performed to provide the forensic DNA commu-
nity with an even more robust mtDNA typing kit. A fi-
nal version of the LINEAR ARRAY™ mtDNA HVI/HVII
Region-Sequence Typing Kit (Roche Applied Sci-
ences) has been tested by multiple forensic laborato-
ries, and the results of these studies as well as
in-house developmental validation studies, recom-
mended assay conditions, and data interpretation for
the typing kit will be reported elsewhere.
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