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TECHNICAL NOTE
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Mitochondrial DNA Typing Screens with Control
Region and Coding Region SNPs∗

ABSTRACT: Mitochondrial DNA (mtDNA) analysis has found an important niche in forensic DNA typing. It is used with highly degraded samples
or low-copy number materials such as might be found from shed hair or bones exposed to severe environmental conditions. The primary advantage
of mtDNA is that it is present in high copy number within cells and therefore more likely to be recovered from highly degraded specimens. A major
disadvantage to traditional forensic mtDNA analysis is that it is time-consuming and labor-intensive to generate and review the 610 nucleotides of
sequence information commonly targeted in hypervariable regions I and II (HVI and HVII) of the control region. In addition, common haplotypes
exist in HVI/HVII mtDNA sequences that can reduce the ability to differentiate two unrelated samples. In this report we describe the utility of
two newly available screening assays for rapid exclusion of non-matching samples. The LINEAR ARRAY mtDNA HVI/HVII Region-Sequencing
Typing Kit (Roche Applied Science, Indianapolis, IN) was used to type 666 individuals from U.S. Caucasian, African American, and Hispanic
groups. Processing of the LINEAR ARRAY probe panels “mito strips” was automated on a ProfiBlot workstation. Observable variation in 666
individuals is reported and frequencies of the mitotypes within and between populations are presented. Samples exhibiting the most common
Caucasian mitotype were subdivided with a multiplexed amplification and detection assay using eleven single nucleotide polymorphisms in the
mitochondrial genome. These types of screening assays should enable more rapid evaluation of forensic casework samples such that only samples
not excluded would be subjected to further characterization through full HVI/HVII mtDNA sequence analysis.
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For the past decade, DNA sequencing of hypervariable regions
I (HVI) and II (HVII) in the control region of mitochondrial DNA
(mtDNA) has been useful in forensic casework for the analysis
of human remains when nuclear DNA systems fail due to low
amounts of DNA or highly degraded specimens (1–3). However,
considerable effort and expense are required to develop a full HVI
and HVII mtDNA sequence (typically positions 16024–16365 and
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73–340 are examined). Hence, several mtDNA screening methods
have been developed (4–9). These screening methods permit rapid
resolution of non-matching samples allowing a laboratory to focus
more attention on full-sequencing of samples that cannot be re-
solved from one another with the screening method. Alternatively,
laboratories without DNA sequencing capabilities or expertise can
perform mtDNA typing with a screening method and then send only
those samples that are not excluded to a private or public laboratory
for full HVI/HVII sequencing.

This report details a number of inter-related technologies as-
sociated with the use of the newly available Linear Array Mito-
chondrial DNA HVI/HVII Region-Sequence Typing Kit (Roche
Applied Science, Indianapolis, IN). The utility of a new microchip
CE method for quantifying PCR products that are then hybridized
to immobilized sequence specific oligonucleotide (SSO) probes is
demonstrated. A semi-automated sample processing method for the
Linear Arrays was developed and is demonstrated. The utility of
this mtDNA typing kit is demonstrated by differentiating several
hundred unrelated individuals from U.S. Caucasian, African Amer-
ican, and Hispanic groups. These results are compared to previous
work with similar mtDNA SSO typing probes. The presence of
multiple signals within a probe region resulting from sequence het-
eroplasmy is described as is the absence of signal within a probe
region resulting from failed hybridization of PCR products due to
additional destabilizing polymorphisms. In addition, a new coding
region single nucleotide polymorphism (SNP) assay was employed
to help subdivide 51 individuals possessing the most common
Caucasian mtDNA haplotype (10,11).
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Materials and Methods

The steps involved in typing the control region SNPs with the
mtDNA Linear Arrays are: DNA extraction/quantification, PCR
amplification, PCR product quantification, hybridization of the
PCR products to the Linear Arrays, detection with colored pre-
cipitate, interpretation of results for each sample, comparison of
Linear Array results to other samples, and subdividing into group-
ings. Those samples possessing the most common Caucasian type
were also processed with an additional coding region SNP assay as
described below.

DNA Samples

A total of 666 DNA samples that had previously been extracted
from whole blood were evaluated in this study. These samples,
purchased from Interstate Blood Bank Inc. (Memphis, TN), are
assumed to be unrelated and were classified into U.S. Caucasian
(N = 286), African American (N = 252), or Hispanic (N = 128)
groups based on self-declaration. All samples possess unique STR
profiles as determined previously with the AmpF�STR Identifier
STR kit (Applied Biosystems, Foster City, CA) (12).

Bloods were extracted by a modified “saltout” procedure (13).
Portions of the genomic extracts were quantified by UV measure-
ment on a Cary Bio 100 double-beam spectrophotometer (Varian
Analytical Instruments, Walnut Creek, CA). Based on the UV/260
quantification, the samples were diluted to a nominal 1 ng/µL
(14,15). The concentration of the diluted sample was verified by
Pico Green quantitation to be between 0.5 ng/µL and 1.5 ng/µL
(16).

PCR Amplification

One µL of each sample extract (≈1 ng/µL) was amplified using
the mtDNA HVI/HVII Primer mix and mtDNA PCR Reaction
Mix supplied by Roche Molecular Systems (Alameda, CA) as part
of a beta-test of the Linear Array Mitochondrial DNA HVI/HVII
Region-Sequence Typing kit. This kit is now available from Roche
Applied Sciences (Indianapolis, IN) in the same format as described
in this work (catalog number 03-527-867-001).

Samples are amplified in a duplex PCR that simultaneously gen-
erates PCR products for HVI (positions 15975-16418) and HVII
(positions 15–429). The HVI primers amplify an approximately
444 bp PCR product using the following primers:

Forward (F15975-15993B)

5′-biotin-CTCCACCATTAGCACCCAA-3′

Reverse (R16418-16401B)

5′-biotin-ATTTCACGGAGGATGGTG-3′

The HVII primers amplify an approximately 416 bp PCR product
using the following primers:

Forward (F15-34B)

5′-biotin-CACCCTATTAACCACTCACG-3′

Reverse (R429-410B)

5′-biotin-CTGTTAAAAGTGCATACCGC-3′

Since 1 ng of genomic DNA was used rather than the “Kit” rec-
ommended 5 pg (based on nuclear DNA quantification), the num-
ber of amplification cycles was reduced from the recommended

protocol. Whereas the standard protocol calls for 34–38 cycles,
only 28 cycles were run in order to yield PCR products in the de-
sired concentration range (see below). The PCR parameters used
with a GeneAmp 9700 thermal cycler (Applied Biosystems) were:
94◦C for 14 min, 28 cycles of {92◦C for 15 s, 59◦C for 30 s,
and 72◦C for 30 s}, final extension 72◦C for 10 min, and hold
at 10◦C until the products could be removed from the thermal
cycler.

Amplification and typing of 11 SNP sites outside the HVI/HVII
Region was performed using the multiplex amplification and allele-
specific primer extension assay as previously published (11). These
sites include SNPs at positions 3010, 4580, 4793, 5004, 7028, 7202,
10211, 12858, 14470 in the coding region and at positions 477 and
16519 in the Variable Regions (control region outside of HVI/HVII)
that help differentiate the most common Caucasian Haplotype (10).

Post-PCR Quantification

Forty of the PCR products were quantified by loading 4 µL on
to an agarose (3% mass NuSieve, 1% mass SeaKem GTG, Cam-
brex Bio Science Rockland, Inc., Rockland, ME) yield gel stained
with ethidium bromide and imaged/analyzed with a FMBIO III
plus (MiraiBio Inc., Alameda, CA). A yield gel quantification stan-
dard was supplied from Roche Molecular Systems as part of the
beta-site test, which is the same as the DNA Molecular Weight
Marker XIV 100 bp ladder available from Roche Applied Sciences
(catalog number 1-721-933). A DNA Low Mass Ladder (catalog
number 10068-013, Invitrogen, Carlsbad, CA) was also used for
PCR product size estimation and quantification.

All 666 HVI/HVII PCR products were quantified using the
Agilent 2100 Bioanalyzer Lab Chip system (Agilent Technolo-
gies, Palo Alto, CA) and 1 µL of each PCR product according to
the manufacturer’s protocols. The Agilent 2100 standard ladder
calibrates for base pair (bp) sizing, and quantification for up to 12
samples per run (17). Two DNA fragments, 15 bp and 1500 bp, are
added in each tested sample as internal standards to quantify PCR
product amounts. Quantitation results were imported to an Excel
spreadsheet in order to calculate the appropriate quantity of the
PCR product to add to each Linear Array probe panel. Typically
addition of ≈50 ng total amplified product to each probe panel was
targeted.

Control Region SNP Typing

Manufacturer protocols for the Linear Arrays were followed in
processing the HVI/HVII PCR products through hybridization to
a nylon membrane containing specific probe sequences (Fig. 1).
Allele-specific hybridization of the amplified DNA is detected us-
ing an enzymatic conversion of a soluble, colorless substrate to
a blue-colored precipitate with the detection chemistry originally
described by Saiki et al. (18). Cambridge Reference Sequence (19,
20) positions 16093, 16126, 16129, 16270, 16278, 16304, 16309,
16311, and 16362 from HVI and positions 73, 146, 150, 152, 189,
195, 198, 200, and 247 from HVII are probed in this assay.

Samples were processed both manually (120 samples) and using
a SLT ProfiBlot workstation (Tecan US, Research Triangle Park,
NC) (remaining 446 samples). Steps in the developed Profiblot
protocol are listed in Table 1. All reagents required for processing
are pre-loaded onto the Tecan Profiblot. Up to 24 probe panels can
be processed simultaneously in a 2 h run. The wash solution is
placed in a heated/stirred heat block to maintain the required 55◦C
temperature for hybridization. After the Linear Array probe panels
are added to the tray, the Profiblot SLT instrument dispenses the
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FIG. 1—Schematic representation of mtDNA LINEAR ARRAY HVI/HVII probe regions and 18 SNPs typed with this assay. Probe 1 for each region
corresponds to the revised Cambridge Reference Sequence (rCRS, Andrews et al. 1999). Alternate nucleotides that can be evaluated with each immobilized
sequence specific oligonucleotide probe (indicated by their position on the reference sequence) are listed at the bottom of the figure.

warm wash buffer and pauses for the PCR products to be added to
the appropriate well in the 24-position tray. The Linear Arrays were
processed through the final water wash without additional human
intervention.

Each probe panel was individually aligned with the mtDNA Lin-
ear Array Template provided with the kit and the mtDNA types
(“mitotypes”) for each probe panel were manually assigned fol-
lowing visual inspection of probe signal intensities. For archival
purposes, a digital image was taken of the wet strip using a Syn-
gene darkroom (Syngene, Frederick, MD). A yellow light and filter
was used to enhance the light blue probe lines on the Linear Array
for a black and white image.

Coding Region SNP Typing

Fifty-one samples of the common Caucasian HVI/HVII Linear
Array mitotype 1111111111 were typed further with 11 single
nucleotide polymorphisms (SNPs) located throughout the mito-
chondrial genome (mtGenome). This discriminatory SNP panel
was developed for resolving haplogroup H1 (315.1C, 263G)
(10,21) using a multiplexed SNaPshot assay previously described
(11). After amplification of genomic templates, the multiplexed
SNaPshot primer extension products were analyzed on an ABI 3100
Genetic Analyzer (Applied Biosystems) using POP-6, a 36-cm
array, and an electrokinetic injection of 13 seconds at 1 kV (11).
Samples were typed using GeneScan 3.7 and Genotyper 3.7 soft-
ware programs (Applied Biosystems).

DNA Sequencing

Sequencing of HVI and HVII regions was performed using the
primers and amplification protocols described by Wilson et al. (22).

Half reactions of the BigDye Version 3 kit (Applied Biosystems)
were used following the manufacturer’s protocol with approxi-
mately 7 ng of ExoSAP (USB Corporation, Cleveland, OH)-treated
PCR product. Sequencing products were purified with Performa
DTR columns (Edge Biosciences, Gaithersburg, MD) and sepa-
rated on an ABI 3100 Genetic Analyzer (Applied Biosystems)
using POP-6, a 36-cm array, and an electrokinetic injection of 22
seconds at 1 kV. Forward and reverse sequences were aligned and
analyzed with Sequencer (GeneCodes, Ann Arbor, MI).

Results and Discussion

A total of 18 polymorphic positions within HVI and HVII are
typed with 33 probes striped in 31 lines in the Roche Linear Ar-
ray Mitochondrial DNA HVI/HVII Region-Sequence Typing kit.
The sequence specific oligonucleotide (SSO) probe positions are
illustrated in Fig. 1. Probe regions are named following Stoneking
et al. (4) and SNP site positions are based on the original mtDNA
sequence (19). A reference line (“Ref”) is present on the left hand
side of each Linear Array to help line it up with the Linear Ar-
ray Reference Guide provided as part of the kit. Probe 1 in each
region represents the nucleotide sequence present in the revised
Cambridge Reference Sequence (rCRS) (20). This commercial kit
contains more probes than previously published immobilized SSO
typing assays (7,8,23–25).

Use of Agilent Chip System for Quantification of PCR Products

The manufacturer PCR protocol specifies 34 amplification cycles
with a sample input of (5–10) pg based on a nuclear DNA quan-
tification result. Using these conditions successful amplification
and typing of a 2 cm portion of a hair shaft can be accomplished
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TABLE 1—This Tecan Profiblot program was used for performing semi-
automated processing of the Roche Linear Array mtDNA HVI/HVII region-
sequence typing kit. All reagent solutions are added at the beginning of
the two-hour run and samples are fully processed through hybridization,
washing, and color development steps. At step 3, a total volume of 30 µL of
denatured PCR product and denaturation solution is added (approximately

50 ng total). The same wash buffer is in channel 1 and 2.

Step File (Action) Channel Temp. Time Solution Added

1 Temperature 55◦C
2 Dispense 1 55◦C Wash buffer (2× SSPE,

0.5% SDS, pH 7.4)
3 Pause 55◦C Add denatured PCR

product
4 Incubate 55◦C 15 min
5 Aspirate 55◦C
6 Dispense 1 55◦C Wash buffer
7 Aspirate 55◦C
8 Dispense 3 55◦C Streptavidin-Horseradish

peroxidase enzyme
conjugate

9 Incubate 55◦C 5 min
10 Aspirate 55◦C
11 Dispense 2 55◦C Wash buffer
12 Aspirate 55◦C
13 Dispense 2 55◦C Wash buffer
14 Incubate 55◦C 12 min
15 Aspirate 55◦C
16 Cool 25◦C
17 Dispense 2 25◦C Wash buffer
18 Aspirate 25◦C
19 Dispense 5 25◦C Citrate buffer (0.1 M

sodium citrate, pH 5.0)
20 Incubate 25◦C 5 min
21 Aspirate 25◦C
22 Dispense 6 25◦C Color development

solution (hydrogen
peroxide and TMB)

23 Incubate 25◦C 15 min
24 Aspirate 25◦C
25 Dispense 4 25◦C Deionized water wash
26 Aspirate 25◦C
27 Dispense 4 25◦C Deionized water wash
28 Incubate 25◦C 5 min
29 Aspirate 25◦C
30 Dispense 4 25◦C Deionized water wash
31 End 25◦C

(data not shown). For our population sample testing, we reduced
the number of amplification cycles to 28 and used approximately
1 ng of input genomic DNA based on both UV and PicoGreen
assays as described in the materials and methods.

The amount of input PCR product is important for reliable per-
formance of the Linear Array assay. If too much PCR product is
added to the Linear Arrays, cross-hybridization of the PCR product
can occur and make the sample appear like a mixture or hetero-
plasmic at a particular probe region. If too little PCR product is
added, then weak probe signals can make the Linear Arrays hard
to interpret or loss of signal may be observed at some of the probe
regions. Thus, post-PCR quantification to determine the amount of
HVI and HVII PCR products amplified was performed using either
an agarose yield gel or a microchip CE system as described in the
materials and methods (Fig. 2).

Both the gel based and the chip-based methods appear to be ade-
quate for quantifying the PCR products. Because different controls
are used for quantification between gels and chip-based methods,
it is important to calibrate the optimal amount of PCR product for
the Linear Arrays. The package insert for the Linear Array typing
kit recommends addition of approximately (45 to 105) ng of PCR

product or 15 µL of PCR product with a concentration of ap-
proximately (3 to 7) ng/µL as estimated by comparison with the
DNA Molecular Weight Marker XIV run on a yield gel (Fig. 2A).
In this relatively high DNA concentration range, agarose yield gel
measurements have the same accuracy characteristics (bias and pre-
cision) as do all other quantitation techniques in common forensic
use (26).

In this study we primarily utilized quantification results from
the Agilent 2100 BioAnalyzer and its two internal sample controls
(Fig. 2B). Note that in the Agilent chip-based separation, the HVI
and HVII products can be fully resolved from one another and
easily quantified. The PCR products displayed in Fig. 2B are both
approximately 6 ng/µL in concentration. However variability was
often observed between the amplification yields for HVI and HVII
PCR products (Fig. 3B) in which case an average was taken for
estimating the amount of DNA that should be added to the Linear
Arrays. A sensitivity titration was performed with multiple samples
based on the Agilent chip quantification. We observed that approx-
imately 50 ng of PCR product, as quantified by the Agilent system
gave optimal results (data not shown). When more than 80 ng of
PCR product was added to the Linear Arrays, cross hybridization
in the HVIC and HVIIB regions could be seen (data not shown).
The Agilent reagent kit used in this study (DNA 1000 assay) spec-
ified quantitation accuracy of ±30%; therefore, the Agilent system
measured range of (50 to 80) ng represents a true range of (35 to
104) ng.

Figure 3 compares PCR product amounts observed with HVI and
HVII PCR products on the 666 tested samples reported here. An
average ratio of HVI:HVII amplicons yields of 1.34 was seen in
this study with a standard deviation of 0.31. Some representative
electropherograms with different HVI/HVII peak ratios are shown
in Fig. 3B.

A Screen for Samples Possessing the HVI C-stretch

Some samples amplified for the HVI region of the mtDNA con-
trol region contain a polymeric stretch of cytosine, usually rang-
ing across nucleotide positions 16184–16193 that is challenging
to sequence through (Fig. 2C). Explanations of the C-stretch are
described as a mtDNA replication problem resulting in length het-
eroplasmy in the cell and the resulting sequencing products (2,27).
Sequencing products typically get out of phase following this C-
stretch, leading to poor quality or non-interpretable mtDNA se-
quencing data. The HVI C-stretch commonly arises when position
16189 contains a cytosine rather than the thymine that is present
in the rCRS and a run of 10 or more cytosines occurs (Fig. 2C).
Detection of the HVI C-stretch is useful if sequencing of that re-
gion is required so that different sequencing primers can be used to
obtain reliable downstream double-strand sequence reads (28). Not
only does the chip-based approach thus permit quantification of
HVI and HVII PCR products, this method also enables detection of
the presence of the HVI C-stretch when satellite peaks are observed
on the tail end of HVI amplicons. These heteroduplex peaks have
been previously reported with single-plex HVI PCR products run
on a conventional capillary electrophoresis system (29) and can be
helpful in selection of a sequencing strategy for HVI samples.

Semi-Automation of Linear Array Sample Processing
with Profiblot

The Linear Array mtDNA hybridization assay involves four
steps performed sequentially: (1) hybridization of amplified
DNA to the LINEAR ARRAY probe panels, (2) binding of
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FIG. 2—(A) Agarose yield gel image of HVI/HVII PCR products compared to Roche Molecular Weight Marker XIV ladder. Quantity of HVI/HVII
products was estimated by comparison to the Roche ladder band intensities. (B) Electropherogram from Agilent 2100 Bioanalyzer chip system showing
resolution of HVI and HVII products. The lower marker and higher marker are internal standards used for sizing and quantification of PCR products.
The presence of heteroduplex peaks following the HVI amplicon are indicative of a stretch of polymeric cytosines that create sequencing problems.
(C) Poor sequence quality is observed following the HVI “C-stretch” due to out of phase sequencing products. Different primers can be used on these
types of samples to obtain double-strand reads around the C-stretch region.

FIG. 3—(A) Summary of peak quantity ratios for all 666 HVI and HVII PCR products measured on the Agilent Bioanalyzer. (B) Four example
electropherograms showing the range of results observed. Most of the samples displayed a higher yield for the HVI PCR products.

streptavidin-horseradish peroxidase enzyme conjugate to the hy-
bridized biotinylated PCR products, (3) washing the Linear Array
probe panels containing immobilized SSO probes to remove non-
specifically bound PCR products and enzyme conjugate, and (4) a
color development step based on the chemistry described by Saiki
et al. (18). Up to 24 samples can be processed as a batch with a
24 well tray. Solutions are typically added manually to each well

containing a Linear Array, allowed to incubate in solution for a
specific amount of time while the tray is rocked back and forth to
incubate the Linear Array in the solution, and then drawn back out
of each well in the tray before the next solution is added.

The Tecan Profiblot is an instrument that can dispense solu-
tions in a specified order and maintain those solutions at speci-
fied temperatures in order to facilitate processing of SSO probes
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FIG. 4—Twelve Linear Array mito strips loaded with approximately
50 ng of HVI/HVII PCR product each, quantified by the Agilent system and
processed by the Tecan Profiblot workstation.

immobilized on nylon membranes. The steps of hybridization of
the PCR products to the Linear Arrays and subsequent detection
with colored precipitate have been automated on a Profiblot work-
station using the steps listed in Table 1. Tedious washing steps
that are usually performed manually to ensure stringent hybridiza-
tion of PCR products to the immobilized SSO probes are replaced
by the Profiblot protocol. The developed Profiblot program pauses
to allow addition of denatured PCR product and then processes
the Linear Arrays through the hybridization, addition of enzyme
conjugate, washing, and color development steps. Each batch of
up to 24 samples takes approximately 2 h to process through
these steps. Through automating the fluid changes as well as the
temperature changes with various solutions, laboratory personnel
can utilize the time their Linear Arrays are being processed to
prepare or quantify the next group of samples. Thus (48 to 72)
mtDNA samples can be processed to the data interpretation stage
in a single 8-hour workday analysis of (2 to 3) runs. Figure 4
shows results from 12 samples processed as part of a batch on the
Profiblot.

In contrast, to fully sequence the HVI and HVII regions from
the same PCR products would require cleanup of the PCR prod-
ucts (digestion of the remaining primers) followed by additional
amplifications with a cycle sequencing reaction kit (four reac-
tions per sample), cleanup of the sequencing reactions, drying the
cleaned sequencing products, loading the products on an appro-
priate sequencer, and analysis of the sequencing data. Thus se-
quencing analysis of (48 to 72) samples requires collection and
analysis of (192 to 288) sequencing files. Using a 16 capillary
instrument such as the 3100 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA), sample file collection time alone would be
(15 to 22.5) h.

Regardless of whether the immobilized SSO probes are processed
manually or using the Profiblot, the hybridization temperature of
55◦C and the pH of the hybridization/wash solutions used to pro-
cess the mtDNA Linear Arrays are critical to obtaining successful
results. The pH of the prepared wash solution should be between
7.2 and 7.6. This pH can vary depending upon the pH of the 20X
SSPE buffer, and SDS used in solution preparation. If the pH of

TABLE 2—A summary of the frequency and total number of mitotypes ob-
served in this study with 666 individuals and the Roche mtDNA HVI/HVII
Linear Array kit. A further breakdown of the common mitotypes by popula-
tion is found in Table 3. Overall, 185 (27.8%) of the individuals tested had
unique mitotypes but 51 (7.7%) of those tested possessed the most common
type of 1111111111. A total of 282 different mitotypes were observed in this
study. To make the results conservative, “weak” calls are not differentiated

from regular probe signals in this study.

Frequency Mitotypes

Times Type % of Individuals Number of % of Total mtDNA
Observed Tested Types Types Observed

1 27.8 185 65.6
2 13.8 46 16.3
3 8.1 18 6.4
4 2.4 4 1.4
5 2.3 3 1.1
6 3.6 4 1.4
7 1.1 1 0.4
8 10.8 9 3.2
9 2.7 2 0.7

10 6.0 4 1.4
11 1.7 1 0.4
12 1.8 1 0.4
18 2.7 1 0.4
23 3.5 1 0.4
28 4.2 1 0.4
51 7.7 1 0.4

282

the wash solution is above 7.6, then probe signal intensities may
appear weak and imbalanced.

Population Typing Results

Table 2 lists the haplotype frequencies observed in the population
samples tested. With our 666 U.S. samples, a total of 282 different
mitotypes were seen; 185 of these types were observed only once.
These unique samples represent 65.6% of the types and 27.8% of
the people of our population samples. The most common mitotypes
for the three U.S. ethnic groups studied are presented in Table 3.
Several mitotypes seem to be found primarily in specific ethnic
groups. For example, mitotype 1111111111 is observed 47 times
in 286 Caucasians with no occurrences in 252 African Americans
and only 4 occurrences in 128 Hispanics.

Table 4 compares this Linear Array data to another SSO typing
study performed with North American population samples pub-
lished by Melton et al. (30). Similar diversity values were observed
for each subpopulation even though fewer samples were examined
in our study. Despite the addition of 10 more probes and examina-
tion of two more regions across HVI and HVII, the most common
type, which matches the revised Cambridge Reference sequence,
holds at around 7%. This ≈7% figure also exists when complete
sequencing is performed across HVI and HVII in Caucasians (10).
However, as will be demonstrated below, it is possible to subdi-
vide some of these matching samples with coding region sequence
variants.

Observations of “Blanks”

The hybridization of PCR products to immobilized SSO probes
can be destabilized by another polymorphism within the probe
region. Blanks are reported as a “0” within a mitotype and re-
sult from PCR products failing to hybridize to any of the probes
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TABLE 3—Common mitotypes observed in this study broken down by population group. The highest count for each observed mitotype is in bold font.
Many of these common types are specific to a particular population in our dataset.

Total Caucasian African American Hispanic

Mitotype # % (666) # % (286) # % (252) # % (128)

1111111111 51 7.7 47 16.4 0 0 4 3.1
1141224211 28 4.2 0 0 27 10.7 1 0.8
1102120111 23 3.5 1 0.3 1 0.4 21 16.4
1111121111 18 2.7 11 3.8 0 0 7 5.5
1111113111 12 1.8 11 3.8 0 0 1 0.8
1111121101 11 1.7 0 0 0 0 11 8.6
1121111111 10 1.5 9 3.1 1 0.4 0 0
1141220211 10 1.5 0 0 10 4.0 0 0
1211121111 10 1.5 7 2.4 0 0 3 2.3
1231023220 10 1.5 0 0 8 3.2 2 1.6
1111321111 9 1.4 8 2.8 1 0.4 0 0
1131121111 9 1.4 5 1.7 1 0.4 3 2.3
1101125211 8 1.2 0 0 7 2.8 1 0.8
1101125410 8 1.2 0 0 8 3.2 0 0
1111325111 8 1.2 5 1.7 2 0.8 1 0.8
1211121010 8 1.2 8 2.8 0 0 0 0
1211123211 8 1.2 7 2.4 0 0 1 0.8
1211126211 8 1.2 8 2.8 0 0 0 0
1221121111 8 1.2 7 2.4 1 0.4 0 0
1231023020 8 1.2 0 0 6 2.4 2 1.6
1330220020 8 1.2 0 0 7 2.8 1 0.8
1112111111 7 1.1 6 2.1 1 0.4 0 0
1111125111 6 0.9 2 0.7 2 0.8 2 1.6
1111220211 6 0.9 1 0.3 4 1.6 1 0.8
1111227410 6 0.9 0 0 6 2.4 0 0
1131124111 6 0.9 4 1.4 0 0 2 1.6
1131111111 5 0.8 5 1.7 0 0 0 0
1311111111 5 0.8 4 1.4 0 0 1 0.8
1331121512 5 0.8 0 0 5 2.0 0 0
1101126211 4 0.6 0 0 4 1.6 0 0
1111112111 4 0.6 4 1.4 0 0 0 0
1211121101 4 0.6 2 0.7 0 0 2 1.6
1221120111 4 0.6 4 1.4 0 0 0 0

TABLE 4—Comparison of our dataset with another U.S. population data
using similar SSO probes (30). The diversity values are calculated as
described in Melton et al. (30). The most common type (MCT) is the same

between these data sets and has a similar overall percentage.

Most Common MCT
Population N # Types Diversity Type Frequency

Thirty-one probes from 10 regions of HVI/HVII examining 18 SNP sites
Caucasian 286 116 0.960 1111111111 16.4%
African Am 252 129 0.977 1141224211 10.7%
Hispanic 128 74 0.954 1102120111 16.4%

Total 666 282 0.985 1111111111 7.7%

Twenty-one probes from 8 regions of HVI/HVII examining 13 SNP sites
Caucasian 922 226 0.964 11111111 15.4%
African Am 805 251 0.983 12112021 6.8%
Hispanic 555 170 0.963 12122011 11.7%

Total 2282 502 0.998 11111111 7.2%

due to the presence of additional polymorphisms not accounted
for in the probe possibilities. Different individuals typing as a
blank for the same probe region can have different substitutions
but for the purposes of data analysis all blanks seen within
a particular probe region are considered to represent the same vari-
ant (7,30).

The frequencies and probe regions of the observed blanks seen
within the 666 population samples examined are listed in Table 5.

TABLE 5—Number of “blank” calls by Linear Array probe region observed
in this study. Blanks are reported as a “0” within a mitotype; they result from
PCR products failing to hybridize to any of the probes due to the presence of
additional destabilizing polymorphisms within the probe binding regions.
While by convention blanks in the same probe region are considered to
represent the same variant, different individuals typing as a blank could

have different substitutions (7,30).

Number of % Observed
Locus Blanks Observed (N = 666)

16093 23 3.5
HVIA 33 5.0
HVIC 76 11.4
HVID 33 5.0
HVIE 60 9.0
HVIIA 3 0.5
HVIIB 96 14.4
HVIIC 122 18.3
HVIID 42 6.3
189 152 22.8

In our study, we observed that 52% of the samples possessed at least
one “0” call and in total 9.6% of all types recorded were blanks. The
probe regions with the highest frequency of blanks, HVIC, HVIIB,
and HVIIC (Table 5) were noted by Budowle et al. (31) to be most
likely to have closely spaced polymorphisms in U.S. Caucasians,
African Americans, and Hispanics.
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TABLE 6—Possible heteroplasmic sites detectable from HVI and HVII with
potential probe results using the Linear Array kit and a summary of the 7
heteroplasmic sites observed in this study. Different probe combinations are
possible in some instances due to the presence of other polymorphic bases
present near the heteroplasmic site. The observed instances of heteroplasmy

have been confirmed with DNA sequencing.

Nucleotides Potential Number Observed in
Site (rCRS/variant) Heteroplasmies 666 U.S. Samples

16093 T/C 16093 1&2 1
16126 T/C IA 1&2
16129 G/A IA 1&3
16270 C/T IE 1&3
16278 C/T IE 1&2
16304 T/C IC 1&2
16309 A/G IC 1&4
16311 T/C IC 1&3
16362 T/C ID 1&2 1

73 A/G IIA 1&2
146 T/C IIB 1&2 or IIB 3&4 2 (both IIB 3&4)
150 T/C IIB 1&5
152 T/C IIB 1&3 or IIB 5&6 2 (1 IIB 2&4, 1 IIB

or IIB 2&4 5&6)
189 A/G 189 1&2 1
195 T/C IIC 1&2
198 C/T IIC 1&3
247 G/A IID 1&2

Heteroplasmy Detected with Linear Arrays

Sequence heteroplasmy, or the presence of two nucleotides at a
single position, can be detected with the Linear Array assay at 17
locations in HVI and HVII. Table 6 lists the probe combinations
necessary to detect possible heteroplasmic sites in HVI and HVII
PCR products. In the 666 samples examined here, we observed 7
instances of heteroplasmy at 5 different sites: 16093, 16362, 146,
152, and 189 (Table 6). These sites are among the fast evolving
homoplasmic sites (21,32) and reported heteroplasmic “hotspots”
(5,24), which is why many of these probe variants were selected
for the Linear Array assay.

Multiple probe combinations are possible in some instances due
to the presence of other polymorphic bases near the heteroplasmic
site within a probe region. For example, position 152, which is
present in probe region HVIIB, can be detected as a C/T hetero-
plasmy if probes HVIIB 1 and 3 are detected in the same sample.
In this scenario, position 146 is a T and position 150 is a C. How-
ever, if probes HVIIB 2 and 4 are observed, then position 152
is heteroplasmic but position 146 is a C, and position 150 is a T.
Alternatively, if probes HVIIB 5 and 6 are observed, then position
152 is heteroplasmic, position 146 is a T and position 150 is a T.
DNA sequencing has been performed on the heteroplasmic samples
seen in this study to verify that both nucleotides are present at the
site in question (data not shown).

Subdividing the Most Common Type with Coding Region SNPs

As noted above (Tables 2–4), approximately 7% of the samples
possess a common mtDNA haplotype with the Linear Array assay
that cannot be resolved by analyzing only the HVI and HVII SSO
probe regions. Full sequencing of HVI and HVII may be able
to subdivide a few more of these samples but regardless many of
these samples will likely remain undistinguishable from one another
based on HVI and HVII sequences alone (10,21). Expansion of
mtDNA sequencing and typing to the full mtDNA genome permits
use of polymorphisms that occur outside the control region. These

FIG. 5—Electropherogram of the 11 plex allele-specific primer extension
assay for subdividing individuals containing the most common Caucasian
mtDNA type. In this study using 666 samples, the Linear Array most com-
mon type of 1111111111 was observed in 51 individuals (7.7%).

TABLE 7—Breakdown of the results from an 11-plex allele-specific primer
extension assay used to subdivide the 51 individuals observed with the
most common Caucasian type (1111111111 with the Roche Linear Array).
A total of 12 different subtypes were observed, five of them existing in
only one sample. The left-most column shows the nucleotide positions
examined around the mtGenome preceded by the base present in the revised
Cambridge Reference Sequence (rCRS). The polymorphic bases, relative

to the rCRS nucleotide, are in bold font.

Number of Times Observed

1 1 1 1 1 2 2 3 4 4 15 16

G3010 A G G G G A G G G G A G
A4793 A A A A A A A A A G A A
C10211 C C C C C C C C C C C C
T5004 T C T T T T T T T T T T
C7028 C C C T T C T C T C C C
A7202 A A A A A A A A A A A A
T16519 C T C C T C C T T C C C
C12858 T C C C C C C C C C C C
G4580 G G G G G G A G A G G G
T477 C T T T T C T T T T T T
T14470 T T A T T T T T T T T T

coding region SNPs can provide limited resolution to separate many
individual samples that cannot be subdivided with control region
information alone.

The most common mitotype 1111111111 was further subdi-
vided into 12 different types using an 11 plex mtDNA coding re-
gion SNP assay. This assay uses multiplex PCR and a multiplex
allele-specific primer extension assay to simultaneously examine 11
widely spaced polymorphic nucleotides around the mtDNA genome
(Fig. 5). These sites were selected to help further resolve the most
common Caucasian HVI/HVII as determined by full mtGenome
sequencing experiments (10,11).

Table 7 contains a summary of the results observed from 51
individuals, representing 47 Caucasian and 4 Hispanic samples,
possessing the most common type. Note that two of the sites 10211
and 7202 did not exhibit any variation in the 51 samples. However
with variation observed in the other 9 tested SNPs, 12 different
types were observed with 5 being unique to an individual sample
and an additional 5 containing 4 or fewer individuals in them.
Unfortunately, two larger groups containing 15 and 16 individuals
could not be subdivided with this 11 plex screening assay.

Conclusions

We have demonstrated that mtDNA screening assays from the
control region and coding region can be used to effectively dif-
ferentiate unrelated individuals. A protocol has been developed for
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processing Linear Array mtDNA HVI/HVII probe panels in a semi-
automated fashion. Furthermore, the use of coding region SNPs can
help subdivide individuals possessing the most common type seen
in Caucasian individuals.
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