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ABSTRACT

Diagnostic re-sequencing plays a central role in
medical and evolutionary genetics. In this report we
describe a process that applies fluorescence-based
re-sequencing and an integrated set of analysis tools
to automate and simplify the identification of DNA
variations using the human mitochondrial genome as
a model system. Two programs used in genome
sequence analysis (Phred, a base-caller, and Phrap, a
sequence assembler) are applied to assess the quality
of each base call across the sequence. Potential DNA
variants are automatically identified and ‘tagged’ by
comparing the assembled sequence with a reference
sequence. We also show that employing the Consed
program to display a set of highly annotated reference
sequences greatly simplifies data analysis by providing
a visual database containing information on the
location of the PCR primers, coding and regulatory
sequences and previously known DNA variants.
Among the 12 genomes sequenced 378 variants
including 29 new variants were identified along with
two heteroplasmic sites, automatically detected by the
PolyPhred program. Overall we document the ease
and speed of performing high quality and accurate
fluorescence-based re-sequencing on long tracts of
DNA as well as the application of new approaches to
automatically find and view DNA variants among these
sequences.

INTRODUCTION

The identification of DNA variations is playing an increasingly
important role in probing the relationship between human
genotype and phenotype. Because its complete nucleotide
sequence is known (16569 bp; 1), the mitochondrial genome
provides a unique system to design new approaches to identify
DNA variations and to analyze the functional consequences of
these in human populations.

Mitochondrial DNA (mtDNA) composes a second genome that
encodes essential proteins for the oxidative phosphorylation
pathway. It is inherited maternally and exhibits a rapid evolutionary
rate (2). The mitochondrial genome is divided into two distinct
regions: (i) the D loop (or control region), an ∼1100 bp non-coding

region; (ii) a functional region which encodes 13 proteins, 12S
and 16S rRNA and 22 tRNAs. The analysis of sequence variation
in the D loop has been applied in the study of evolutionary
genetics (3, 4) and in forensic situations (5–7), while identification
of single nucleotide mutations in the mitochondrial coding region
has been associated with various maternally inherited or sporadically
occurring pathologies (8,9).

Advances in the polymerase chain reaction (PCR) and DNA
sequencing methods have made it feasible to study the mtDNA
sequence of numerous individuals (10–12). Regional and whole
genome amplification of mtDNA (13) using PCR has greatly
simplified the process of comparing sequences to identify nucleotide
variations and has eliminated the need for cloning. Many approaches
have been used to comparatively scan mtDNA for sequence
variants, including denaturing gradient gel electrophoresis (14),
chemical or enzymatic treatment (15), single-stranded DNA
conformational analysis (16) and hybridization with allele-specific
oligonucleotides (17) or on oligonucleotide arrays (18), as well
as direct DNA sequencing of specific nucleotides (19) or regions
(6). Among these methods direct sequence analysis has many
advantages because it provides complete information about the
location and nature of any DNA variants in a single pass, is
amenable to automation, widely available and simple to apply
(only a single set of reagents and assay conditions are required).

In this report we present an approach for automating the
detection of sequence variants in human mtDNA which can be
easily adapted to identify and analyze DNA polymorphisms in
long tracts of nuclear DNA of biological or medical interest. This
approach integrates the use of conventional fluorescence-based
sequencing with DNA analysis software that measures sequence
quality and improves the accuracy and automation of detecting
DNA variations.

MATERIALS AND METHODS

PCR primers

Amplification primers were selected from the published mito-
chondrial reference sequence (1) using the Primer3 program
(Whitehead Institute, MIT, Cambridge, MA). To select primers to
amplify long tracts of DNA, such as mtDNA, in overlapping
segments we have created a program known as PCR-Overlap that
works together with Primer3. PCR-Overlap (available at
http://droog.mbt.washington.edu) automates the selection of
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primer sets based on the product size and product overlap defined
by the user for the reference sequence of interest, e.g. the
mitochondrial genome. Following selection by PCR-Overlap,
each primer was checked against Genbank to ensure specificity
for the mitochondrial genome using Blastn (http://www.ncbi.
nlm.nih.gov) and scanned for the presence of known variants
(MITOMAP, http://www.gen.emory.edu/mitomap.html) near the
3′-end of the primer which could influence priming efficiency.
Prior to synthesis of the final set either a universal forward (–21
M13, TGT AAA ACG ACG GCC AGT) or reverse (M13reverse,
CAG GAA ACA GCT ATG ACC) sequence (designated F and
R in Table 1) was added to the 5′-end of each mitochondrial
primer to produce PCR fragments compatible with dye–primer
fluorescence-based sequencing. All primers were synthesized
using standard phosphoramidite chemistry on an ABI 394 DNA
synthesizer.

DNA amplification

mtDNA from 12 Caucasian individuals from CEPH (Centre
d’etude Polymorphisme Humane) reference families were amplified
in 20 µl reactions containing a standard PCR buffer [10 mM
Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin,
40 mM dNTPs, 0.5 mM primer, 0.5 U Taq polymerase
(Perkin-Elmer Cetus, Norwalk, CT)] and 20 ng genomic DNA.
The entire mitochondrial genome was amplified in 24 separate
reactions using a single set of cycling conditions. Thermal cycling
(GeneAmp PCR System 9600; Perkin-Elmer) was performed
with an initial denaturation at 94�C for 1 min followed by 35
cycles of denaturation at 94�C for 30 s, primer annealing for 45
s at 61�C and primer extension at 72�C for 2 min. Following this
a final extension was carried out at 72�C for 5 min.

DNA sequencing

Following DNA amplification unincorporated PCR primers and
deoxynucleotide triphosphates in the samples were inactivated
prior to sequencing by an enzymatic treatment. This was
accomplished by mixing 6 µl PCR product with 1 µl exonuclease
(10 U/µl; Amersham Life Science Inc., Arlington Heights, IL)
and 1 µl shrimp alkaline phosphatase (2 U/µl; Amersham) and
incubating at 37�C for 15 min followed by 80�C for 15 min to
inactivate the exonuclease and alkaline phosphatase enzymes
prior to sequencing. For sequencing the enzyme-treated PCR
sample was subdivided into four separate reactions as follows:
1 µl each of the PCR sample mixed with 4 µl PRISM ready
premix for the A and C reactions and 2 µl each of the PCR sample
mixed with 8 µl PRISM ready premix for the G and T reactions
(ABI PRISM Dye Primer Sequencing Kits with Amplitaq DNA
polymerase FS; Perkin-Elmer Corporation, Foster City, CA).
Sequencing reactions were denatured for 1 min at 96�C followed
by 15 cycles at 96�C for 10 s, 55�C for 5 s and 70�C for 1 min
and 15 cycles at 96�C for 10 s and 70�C for 1 min. After
sequencing the A, C, G and T reactions were pooled and subjected
to ethanol precipitation. The extension products were then
evaporated to dryness under negative pressure (Savant Instruments,
Farmingdale, NY), resuspended in 2.4 µl loading buffer (5:1, 1%
deionized formamide/50 mM EDTA, pH 8.0), heated for 2 min
at 90�C and loaded onto an Applied Biosystems 373A Stretch
Sequencer.

Table 1. PCR primers used for mtDNA amplification

aAll primers designated F or R were synthesized with the universal M13
(–21) forward primer or reverse primers (TGT AAA ACG ACG GCC
AGT) or M13 reverse (CAG GAA ACA GCT ATG ACC) respectively
on the 5′-end.
bPosition of 3′-end of primer (1).
cOverlap (including primers) with preceding PCR fragment.

DNA sequence analysis and variation identification

The ABI sequence software (v.2.1.2) was used for lane tracking
and first pass analysis (Perkin-Elmer Corporation). Chromatogram
files were transferred to a Unix workstation (Sun Microsystems
Inc., Mountain View, CA) and re-analyzed using the base calling
software Phred (v.0.961028, available at http://www.genome.
washington.edu). Phred provides improved base calling and a
measure of data quality (range 0–50) for each base in a trace.
Sequence quality can be linked to an error probability,
i.e. accuracy of each base call (P.Green, personal communication).
Three criteria are used to generate quality measures in Phred,
including peak spacing, the relative size of the uncalled and called
peaks and the change in signal between called peaks (P.Green and
B.Ewing, personal communication).

Assembly of the sequencing reads and generation of the
consensus genome sequence for each individual was performed
using the program Phrap (v.0.960731). Phrap uses the base calls
and quality information obtained from Phred and aligns each of
the overlapping reads. Phrap uses sequence quality to generate a
consensus sequence from the highest quality base calls in the final
assembly and generates an adjusted quality (range 0–90) at each
position by taking sequence context quality and opposite strand
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Figure 1. Average quality profile across the entire mitochondrial genome. The black line represents the average Phrap quality after final assembly of the consensus
sequence from all 12 individuals. The bold lines underneath the graph show the overlapping PCR fragments covering each region. The average minimum acceptable
quality (Phrap quality = 30) for each fragment is shown across the entire genome. Note that in the middle portion of many fragments the quality was adjusted upward
to reflect the sequence confirmation from each strand. The mitochondrial control region is highlighted in grey.

confirmation into account (P.Green, personal communication).
To simplify data analysis of each mitochondrial sequence three
annotated versions of the Anderson reference sequence contain-
ing the locations of (i) the PCR primers, (ii) the coding and
non-coding regions and (iii) the known mitochondrial variants
(20) were also included in the Phrap assembly.

Potential DNA variants were automatically identified using
two different programs: (i) RefComp, a program that compares
a known reference sequence such as the Anderson sequence (1)
with the consensus sequence for each individual and ‘tags’
nucleotide mismatches between the two sequences as potential
variants for review; (ii) PolyPhred (21), a program that identifies
heterozygous single nucleotide variants in fluorescence-based
sequencing traces (both programs available at http://droog.mbt.
washington.edu). In this study PolyPhred was used to automatically
detect high levels of heteroplasmy among the 12 mitochondrial
sequences. PolyPhred’s accuracy in identifying heterozygotes
using single pass sequences is >99% when the sequences are
generated with the dye–primer chemistry and is related to the
sequencing quality, which is decreased when dye–terminator
chemistries are applied (21). All potential sites of variation tagged
by either the RefComp or PolyPhred programs were reviewed by
an analyst using the program Consed (v.4.1). During this initial
review each potential site was classified as a true positive (high
quality mismatch), a false positive site resulting from low
sequence quality or, less frequently, as a base calling discrepancy.

RESULTS

Primer selection

In automatically selecting primers to amplify the mitochondrial
genome we constrained the program PCR-Overlap to maximize

the size of the amplified segment over a range of 800–1000 bp.
This fragment length was selected because it is easily covered
using just two sequencing reactions, i.e. a forward and reverse
reaction, with some expected amount of overlap in the middle. We
set the range for sequence overlap between PCR segments to be
150–200 bp. This ensured that the primer sequences used to
amplify one fragment were scanned for the presence of variations
by the segments that overlap the 5′- and 3′-ends. A final primer
set was derived (Table 1) that amplified the entire human
mitochondrial genome in 24 overlapping segments using a single
set of cycling conditions. The average size of the amplified
fragments was 892 bp (± 86 bp) and the average overlap of one
fragment to the next was 203 bp (± 14 bp).

Sequence quality

To ensure that each PCR fragment was sequenced to produce the
highest quality and fewest ambiguous or miscalled bases,
universal primer sequences were added to the 5′-ends of each
mitochondrial primer set. This chemistry produces higher quality
sequences with longer reads and more uniform peak areas
(21,22). Once the 24 amplified segments from an individual were
sequenced from the forward and reverse directions these reads
(48 altogether), comprising the complete genome sequence, were
base called with Phred and assembled with Phrap. We have
generated an average Phrap quality profile across the 12
individuals sequenced in this study (Fig. 1). The minimum
acceptable average Phrap sequence quality across the genome
was 30. This corresponds to an approximate error probability in
base calling of 1 in 1000 (P.Green, personal communication).
Furthermore, in many regions of the mitochondrial genome much
higher qualities (quality >50, or an estimated error probability in
base calling of 1 in 100 000) were achieved. The variability of
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Figure 2. Assembly viewing, variant confirmation and sequence annotation using Consed. (A and D) Consed windows showing the consensus sequence constructed
from the sequence reads (CONSENSUS), the annotated reference sequences for PCR primer locations (Mito_Ref_Primers, orange), gene regions (Mito_Ref_Genes,
pink) and known variant sites (Mito_Ref_Variants, blue) highlighted with a purple tag and the aligned sequencing reads for an individual (F, forward; R, reverse). The
sequence quality of the CONSENSUS and individual sequencing reads are encoded by a gray scale where gray and white represent low quality and high quality
respectively. Putative variant sites were detected by identifying positions where the consensus sequence differed from the reference sequence (Mito_Ref_Variants)
and were tagged (blue) by the RefComp program. (A) A previously known variant site at position 11337 T→C (11335 Anderson) in the NADH dehydrogenase 4 gene
(B and C) sequencing traces showing confirmation of the 11335 variant site. (D) A novel variant site at position 8271 G→A (8269 Anderson) with (E)and (F) showing
sequencing traces for the 8269 variant site confirmed on both strands.

Phrap quality across the mitochondrial genome is dependent on
the amount of opposite strand sequence confirmation and
typically the highest quality occurs near the middle of each
fragment, where the forward and reverse sequencing reactions
overlap. Even though overlaps are located at the beginning and
end of adjacent fragments, these regions may have a lower
sequence quality due to the reduced signal intensity of the
overlapping strand and the presence of ‘primer peaks’. There
were three segments where the sequences on average yielded
Phrap qualities near 30 (fragments 6, 7 and 22, Fig. 1). In contrast,
one of the most sequenced regions in the human mitochondrion
is the control region (positions 16 024–576, Fig. 1, shaded
region), which yielded an average quality of 51 and, therefore,
can be sequenced with high accuracy. Overall, dye–primer
sequencing of the 24 PCR products generated reads with an
average Phred quality of 33 and average length of 483 bp,
producing ∼1.4-fold coverage per genome.

Variant detection/use of annotated sequences

Potential variant sites in the mitochondrial sequences were
identified by scanning for nucleotide mismatches between the
mitochondrial reference sequence (1) and the base calls obtained
by Phred for the 12 individuals sequenced. Each mismatched site
was ‘tagged’ by the RefComp program. The ‘tagging’ process
simplifies the subsequent review and analysis of these positions
in the mitochondrial sequence using the Consed program. Once
a site is ‘tagged’, navigation tools in Consed can be used to
automatically move to each of these positions within the
assembled sequences. These sites are also highlighted blue for
easy identification of their location in the sequence reads [Fig. 2A
(17F and 16R sequences) and D (12F and 12R sequences)].

In most large scale projects Consed is only used to view and edit
the consensus sequence and the assembled reads (which are
highlighted on a grey scale indicating the quality of the base call



971

Nucleic Acids Research, 1994, Vol. 22, No. 1Nucleic Acids Research, 1998, Vol. 26, No. 4 971

Table 2. Novel variants and heteroplasmic
sites detected in the mitochondrial genome

aPosition in the Anderson sequence (1), (H),
heteroplasmic.
bBase changes given as refence→variant.
cGene name abbreviations: CTRL, control region;
ND, NADH dehydrogenase; CO, cytochrome
oxidase; ATPase, ATP synthase; Cytb,
cytochrome b.

at each position). However, we have leveraged this program’s
capabilities to further simplify the process of data analysis by
importing annotated reference sequences ‘tagged’ with known
sequence features. As shown in Figure 2A and D, in addition to
the consensus sequence and sequence reads from the individual
under analysis, three annotated reference sequences are also
present in the assembly. Each of these sequences stores specific
information concerning the location of the: (i) PCR primers
(Mito_Ref_Primers); (ii) mitochondrial genes (Mito_Ref_Genes);
(iii) previously known mtDNA variants (Mito_Ref_Variants).
When a feature is associated with a given sequence it is
highlighted with purple and it has a specific window associated
with this tag where information about the feature is stored, i.e. the
specific PCR primer number, the gene, the nature of the known
variant and reference(s) associated with its identification. This
information can be retrieved within the Consed program.
Therefore, when potential variants are viewed by the analyst
(Fig. 2B and C and E and F) it is immediately clear where the
variant is located with regard to the PCR primer, whether
(Fig. 2A) or not (Fig. 2D) it is located in a gene segment and
whether it is a previously known variant (Fig. 2A) or a novel
variant (Fig. 2D).

Figure 3. Distribution of true positive and false positive sites versus Phrap
sequence quality. All variant sites were examined and classified as true positive
(black bars) or false positive (gray bars) by an analyst and are plotted with
respect to Phrap sequence quality at that site.

Mitochondrial variants and verification

The level of sequence quality obtained by fluorescence-based
re-sequencing significantly improves the accuracy and sensitivity of
automatically calling DNA variations among the assembled
sequences. The program RefComp was used initially to identify all
potential variant sites which mismatched the mitochondrial
reference sequence regardless of sequence quality. Of the >278 359
bp screened in this study (12 individuals × 16 569 bp × 1.4-fold
coverage), only 1054 sites (0.35% of all sites) were identified as
potential variants (∼87 sites/individual) in this first pass. Each of
these potential sites was visually inspected using the Consed
program (Fig. 2B and C and E and F) and classified as a true
variant (378 sites, 35.9% of all potential variant sites), a false
positive, which consisted of inconclusive or N base calls (597
sites, 56.6% of all potential variant sites) or as an incorrect base
call (79 sites, 7.5% of all potential variant sites). Sequencing
confirmation of variants could in many cases be obtained at
extended read lengths (>500 bp, for example Fig. 2F). Of the
variant sites which were classified as incorrect base calls, three
sites were found consistently to be miscalled in all 12 individuals
as the result of G-C compressions (reference sequence positions
85, 3959 and 15 003).

Further analysis of the distribution of the true positive variants
and first pass false positive sites based on sequence quality
(Fig. 3) revealed a clear distinction between these calls with
respect to Phrap quality. We find that the majority of false positive
sites are located in lower quality sequence. By setting a quality
filter on the RefComp program and using a threshold of Phrap
quality of ≥20 we found that 97.6% (369/378 sites) of the true
positives were automatically identified, while accepting only
0.59% (4/679 sites) of the false positive sites. At this quality
threshold an average of 95.1% of the mitochondrial genome
(15 757/16 569 bp) was automatically scanned for variants with
>99.98% accuracy on a single pass.

A total of 378 variants were identified during this analysis and,
similar to previous studies (23), we have found that transitions
(75.6%) were more prevalent than transversions (24.4%) among the
variations. Because mtDNA has been so well studied the majority
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of the 378 variants were previously known and only 29 of these
variants were novel (i.e. unreported in GenBank or MITOMAP; see
Table 2). Of these novel variants 19 were found in gene coding
regions, leading to six amino acid changes. Four variants were found
in rRNAs, four in the control region, one in a tRNA and one in a
non-coding region. All novel variants were unique to the individual
where identified (i.e. not found in any other individual) and each was
confirmed by opposite strand sequencing or re-amplification and
re-sequencing of the individual at that site. Furthermore, we have
found 14 positions that were consistently different from the
Anderson reference sequence in all 12 of the genomes sequenced:
263:(G→A) (position in the reference sequence: nucleotide reported
in the Anderson sequence→nucleotide detected in the 12
individuals), 750:(A→G), 3107:(C→Cdeletion), 3423*:(G→T),
4985:(G→A), 8860:(A→G)*, 9559:(G→C), 11 335:(G→C),
13 702*:(G→C), 14 199*:(G→A), 14 272*:(G→C),
14 365*:(G→C), 14 368*:(G→C) and 15 326:(A→G). A subset
of these sites (indicated by an asterisk) have previously been
suggested to be invariant positions (3). Removal of these invariant
sites from the total number of sites yielded 215 variant sites among
the 12 individuals sequenced (18.0 variants/individual, range 5–30
variants/individual) and a mean pairwise difference of 19.1
sites/individual. Furthermore, the rate of DNA variation in the
D loop was 8.5-fold higher than that of the other mitochondrial
sequences.

Detection of heteroplasmy

We have also scanned the mitochondrial sequences for potential
sites with high levels of heteroplasmy. To accomplish this we used
PolyPhred, a program that detects the presence of heterozygous
bases in nuclear DNA sequences (21). Specifically, we searched
for levels of heteroplasmy which would be comparable with
levels associated with a heterozygous site in nuclear DNA
(i.e. 50/50% split). With PolyPhred we automatically detected
two heteroplasmic positions in two different individuals, as
shown in Figure 4. Furthermore, in each case the presence of
heteroplasmy was verified by opposite strand sequencing. Based
on the drop in the primary peak (24), we estimate the levels of
heteroplasmy at position 2623 to be 40/60% (A/G) and at position
16 266 to be 60/40% (C/T).

DISCUSSION

There are many approaches available for identifying DNA
variations in a sequence of interest. Most approaches are two
tiered, where some form of comparative gel or hybridization
analysis is carried out, followed by direct DNA sequencing to
identify or confirm the nature and location of the variants
identified during the primary scan (25,26). Because of its
sensitivity and accuracy, fluorescence-based sequencing is al-
ready considered the ‘gold’ standard for detecting DNA variations
(27). Furthermore, the large scale application of fluorescence-
based sequencing in generating reference sequences for simple
and complex genomes is continuing to drive the evolution of this
technology, increasing its availability and decreasing its costs.
For example, new sequencing chemistries based on fluorescence
energy transfer are producing higher quality sequences with less
DNA template and over time these chemistries will likely replace
the standard chemistries currently in use (28–30). Additionally,
the very high signal-to-noise ratios generated with these energy

Figure 4. Detection of mitochondrial heteroplasmy using fluorescence-based
DNA sequencing. Examples of substitution heteroplasmy (shown by the black
arrow) found at positions (A) 2623 and (B) 16 266. The top panels in (A) and
(B) show an individual homoplasmic at each position. The bottom panels shows
the heteroplasmic site on the forward strand. Heteroplasmy was estimated to be
C/T = 60/40% in (A) and A/G= 40/60% in (B) and was confirmed on the
opposite strand.

transfer chemistries may lead to the development of more
efficient ways to identify single nucleotide variations using
pooled sequencing templates (24).

In this report we have leveraged the use of new analysis tools
in automating and simplifying the identification of DNA
variations across long tracts of DNA. Two programs widely used
in generating reference genome sequences are the Phred base
caller and the Phrap assembly program. Each of these provides a
quantitative measure of sequence quality that can be linked to an
objective estimate of error rate in calling the final order of
nucleotides in a sequence (P.Green, personal communication).
The availability of sequence quality parameters is important for
developing standards for acceptable sequence quality when
performing diagnostic re-sequencing. Although all the detected
mitochondrial variants were visually reviewed and classified by
an analyst, a completely automated system for classifying sites
based on sequence quality could be derived that would not require
human intervention or decision making. Analysis of the distribution
of sequence quality between true variant and false positive sites
showed a clear demarcation based on sequence quality (Fig. 3),
permitting one to set threshold limits for acceptable sequence
analysis automatically. Setting a threshold limit of Phrap quality
≥20 would have excluded 99.42% of the false positive sites while
accurately identifying 97.6% of the true positives. Because sequence
quality can be related to a base calling error probability, the
distribution of quality values across all individuals was used to
estimate the theoretical number of sites that would be incorrectly
called by Phred at this quality threshold and was calculated to be four
false positive sites/individual. Our results indicate a false positive
rate of 0.33 false negative sites/individual, which suggests that
calculations used for error estimation by Phred may be slightly
conservative. Although we did not directly attempt to identify
false negative sites, these would occur when a site was analyzed
by Phred and called the same base as the reference sequence but
in fact was a variant site. The theoretical false negative rate was
estimated to be 1.3 sites/individual and, based on the conservative
nature of the error estimation by Phred for false positive sites,
could be much lower. These results clearly illustrate the utility of
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using quality measures as a criterion for sequence trace analysis
and the need for a greater understanding of the relation between
sequence quality and variant identification.

Another advantage of this analysis system is the interface between
Phred and Phrap and the Consed program. Consed provided a
uniform environment for viewing sequence data and simplified the
localization of tagged DNA variants through its navigation system.
Furthermore, because information can be stored in Consed tags,
annotated sequences containing the existing information on a gene
or sequence can be viewed along with the newly generated
sequences (Fig. 2A–F). This greatly simplifies the subsequent
analysis of a new variant in terms of the information available on the
reference sequence. Furthermore, the exchange of an annotated
common reference sequence with all known variant sites and
significant features, between investigators and databases, would
simplify variation analysis (23,31).

Numerous studies have recently suggested that mitochondrial
heteroplasmy may be more prevalent than previously thought
(32–34). The mtDNA is unique because it can be heteroplasmic,
having two or more different mtDNA sequences within an
individual (35) and also different levels of heteroplasmic mtDNA
in different tissues (36). We have also applied an automated
approach in the detection of high levels of heteroplasmy with
fluorescence-based sequencing and found two sites in two different
individuals. While similar fluorescent sequencing methods have
been used to detect heteroplasmy (37,38), other more sensitive
cloning methods have been used to detect lower levels of
heteroplasmy. More automated estimates of heteroplasmy like those
attempted in this study could provide additional insight into these
questions.

In summary, this study demonstrates the feasibility of performing
rapid, high quality, accurate fluorescence-based sequencing and
DNA variant detection in the mitochondrial genome in a single
pass. The use of a combined set of DNA sequence analysis
programs, Phred, Phrap, Consed and PolyPhred, allowed for
quantitative estimates of sequence quality, visual display of
integrated sequence information and detection of heteroplasmy.
This system will simplify analysis of the mitochondrial genome
within and between individuals and could easily be extended to
a system automating detection of single nucleotide variants in
large tracts of nuclear DNA.
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