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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

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 §, 4) and in forensic situation§-£7), while identification

of single nucleotide mutations in the mitochondrial coding region
has been associated with various maternally inherited or sporadically
occurring pathologies3(9).

Advances in the polymerase chain reaction (PCR) and DNA
sequencing methods have made it feasible to study the mtDNA
sequence of numerous individual§412). Regional and whole
genome amplification of mtDNA1Q) 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 electrophorésly (
chemical or enzymatic treatment5f, single-stranded DNA
conformational analysisl@) and hybridization with allele-specific
oligonucleotides7) or on oligonuclectide array4§), as well
as direct DNA sequencing of specific nucleotide3 ¢r 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

The identification of DNA variations is playing an increasinglyPNA variations.
important role in probing the relationship between human
genotype and phenotype. Because its complete nucleotifATERIALS AND METHODS

sequence is known (16569 bp, the mitochondrial genome
X ) . - PC
provides a unique system to design new approaches to identify

R primers

DNA variations and to analyze the functional consequences Afplification primers were selected from the published mito-

these in human populations.

chondrial reference sequencd (sing the Primer3 program

Mitochondrial DNA (mtDNA) composes a second genome thgWhitehead Institute, MIT, Cambridge, MA). To select primers to
encodes essential proteins for the oxidative phosphorylati@mplify long tracts of DNA, such as mtDNA, in overlapping
pathway. It is inherited maternally and exhibits a rapid evolutionargegments we have created a program known as PCR-Overlap that
rate @). The mitochondrial genome is divided into two distinctworks together with Primer3. PCR-Overlap (available at
regions: (i) the D loop (or control region), @00 bp non-coding  http://droog.mbt.washington.edu) automates the selection of
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primer sets based on the product size and product overlap defined Table 1.PCR primers used for mtDNA amplification
by the user for the reference sequence of interest, e.g. the

. . . . Primer Primer Sequence5'-3’ 3 N Length  Overlap®
mitochondrial genome. Following selection by PCR-Overlap, =~ Neme' Pasiten
each primer was checked against Genbank to ensure specificity r TGCTAAATCCAGGTTCGAGC 1411 840 202
H : . . . 2F CGATCAACCTCACCACCTCT 1245
for the mitochondrial genome using Blastn (http://www.ncbi. 2R TGGACAACCAGCTATCACCA 2007 o0z 204
nim.nih.gov) and scanned for the presence of known variants S ool eTee 8 0 1es
(MITOMAP, http://iww.gen.emory.edu/mitomap.html) near the 4§ A S TG e e7 208
- i i i imi ici F TACTTCACAAAGCGCCTTCC 3169
3 _end of theh pr!mefr \;]\Ihllgh (I:ould |_nrl:luence _pnmmlgf efﬁcnzncy.z & NGAAATACSGOANS S T
—, TGGCTCCTTTAACCTCT!
Prior to synthesis of the final set either a universal forward (-21 & TBGCTCOTTTAAGCTCTCCA % e s
M13, TGT AAA ACG ACG GCC AGT) or reverse (M13reverse, i ACTAATTAATCCCCTGGCCC “s
CAG GAA ACA GCT ATG ACC) sequence (designated F and g CTAACCGGCTTTTTGCCC 5255
R in Tablel) was added to the'-Bnd of each mitochondrial R A aaaraser et G
primer to produce PCR fragments compatible with dye—primer S8 &5 eareroatcoTeeT el O
fluorescence-based sequencing. All primers were synthesized 198 AGCGAAGGCTTCTCAAATOA T we 21
using standard phosphoramidite chemistry on an ABl 394 DNA  11R  CGGGAATTGCATCTGTTTIT 8095 987 205
. 12F ACGAGTACACCGACTACGGC 7937 .
synthe5|zer. 12R TGGGTGGTTéSG';?I_g%\r/(\:E%A ggg: 900 196
13F TTTCCCCCTCTA
GTGGCCTTGGTATGTGCTTT 9397 816 214
}i? CCCACCAATCACATGCCTAT 9230
DNA amplification I TOTOOATCIATIGATOAGGGTCT  sese o
p 15R AATTAGGCTS'_I;%??I:F (?éSCTG'I'g }gg;g 891 182
16F GCCATACTA
mtDNA from 12 Caucasian individuals from CEPH (Centre 17 103CRTCACTOCO0ARGAA 4z 80 203
d'etude Polymorphisme Humane) reference families were amplified 178 GonCA T Ea e e 12076 802 196
in 20 pl reactions containing a standard PCR buffer [10 mM 18R AGMGGTTATAATICCTACG | 12772 s 166
Tris—HCI, pH 8.3, 50 mM KCl, 1.5 mM Mggl0.001% gelatin, IR TCGATGATGTGGTCTTTGGA oo orr 242
40 mM dNTPs, 0.5 mM primer, 0.5 U Taq polymerase  r AGAGGGGTCAGGGTTCATTC tzs o0 207
(Perkin-Elmer Cetus, Norwalk, CT)] and 20 ng genomic DNA.  Zi¢ A ey s lises e 208
The entire mitochondrial genome was amplified in 24 separate 27 &t ecoracTarreers les 162 180
reactions using a single set of cycling conditions. Thermal cycling 23 oA e aatac w1 s a0s
. - 24F CACCATTCTCCGTGAAATCA 16420
(GeneAmp PCR System 9600; Perkin-Elmer) was performed 24F  CACCATICTCCGTGARATCA 18020 o

with an initial denaturation at 9€ for 1 min followed by 35
cycles of denaturation at 92 for 30 s, primer annealing for 45

s at 62C and primer extension at 72 for 2 min. Following this 3All primers designated ForR were synthesized with the universal M13
a final extension was carried out af €2for 5 min (—21) forward primer or reverse primers (TGT AAA ACG ACG _GCC

’ AGT) or M13 reverse (CAG GAA ACA GCT ATG ACC) respectively
on the 5end.
bposition of 3-end of primer {).

DNA sequencing COverlap (including primers) with preceding PCR fragment.

Following DNA amplification unincorporated PCR primers and
deoxynucleotide triphosphates in the samples were inactivated
prior to sequencing by an enzymatic treatment. This w.
accomplished by mixing |l PCR product with Jul exonuclease
(10 Uil; Amersham Life Science Inc., Arlington Heights, IL) The ABI sequence software (v.2.1.2) was used for lane tracking
and 1yl shrimp alkaline phosphatase (2u)/Amersham) and and first pass analysis (Perkin-Elmer Corporation). Chromatogram
incubating at 37C for 15 min followed by 80C for 15 minto  files were transferred to a Unix workstation (Sun Microsystems
inactivate the exonuclease and alkaline phosphatase enzynms, Mountain View, CA) and re-analyzed using the base calling
prior to sequencing. For sequencing the enzyme-treated PGBftware Phred (v.0.961028, available at http:/mww.genome.
sample was subdivided into four separate reactions as followsashington.edu). Phred provides improved base calling and a
1ul each of the PCR sample mixed withuh PRISM ready measure of data quality (range 0-50) for each base in a trace.
premix for the A and C reactions angl2ach of the PCR sample Sequence quality can be linked to an error probability,
mixed with 8ul PRISM ready premix for the G and T reactionsi.e. accuracy of each base call (P.Green, personal communication).
(ABI PRISM Dye Primer Sequencing Kits with Amplitag DNA Three criteria are used to generate quality measures in Phred,
polymerase FS; Perkin-Elmer Corporation, Foster City, CA)including peak spacing, the relative size of the uncalled and called
Sequencing reactions were denatured for 1 min‘e@ @llowed  peaks and the change in signal between called peaks (P.Green an
by 15 cycles at 98C for 10 s, 58C for 5 s and 78C for 1 min  B.Ewing, personal communication).

and 15 cycles at 9€ for 10 s and 70C for 1 min. After Assembly of the sequencing reads and generation of the
sequencing the A, C, G and T reactions were pooled and subjecteshsensus genome sequence for each individual was performed
to ethanol precipitation. The extension products were themsing the program Phrap (v.0.960731). Phrap uses the base calls
evaporated to dryness under negative pressure (Savant Instrumeantsl quality information obtained from Phred and aligns each of
Farmingdale, NY), resuspended in g@ldoading buffer (5:1, 1% the overlapping reads. Phrap uses sequence quality to generate ¢
deionized formamide/50 mM EDTA, pH 8.0), heated for 2 mirconsensus sequence from the highest quality base calls in the final
at 90°C and loaded onto an Applied Biosystems 373A Stretchssembly and generates an adjusted quality (range 0-90) at eact
Sequencer. position by taking sequence context quality and opposite strand

ABNA sequence analysis and variation identification
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Figure 1. Average quality profile across the entire mitochondrial genome. The black line represents the average Phrap qualitpeftamfilyabf the consensus
sequence from all 12 individuals. The bold lines underneath the graph show the overlapping PCR fragments covering 8dchaegiiage minimum acceptable
quality (Phrap quality = 30) for each fragment is shown across the entire genome. Note that in the middle portion of reatstiragmality 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)he size of the amplified segment over a range of 800-1000 bp.
To simplify data analysis of each mitochondrial sequence thré&énis fragment length was selected because it is easily covered
annotated versions of the Anderson reference sequence contaising just two sequencing reactions, i.e. a forward and reverse
ing the locations of (i) the PCR primers, (ii) the coding andeaction, with some expected amount of overlap in the middle. We
non-coding regions and (iii) the known mitochondrial variantset the range for sequence overlap between PCR segments to be
(20) were also included in the Phrap assembly. 150-200 bp. This ensured that the primer sequences used to
Potential DNA variants were automatically identified usingamplify one fragment were scanned for the presence of variations
two different programs: (i) RefComp, a program that compardsy the segments that overlap thiedhd 3-ends. A final primer
a known reference sequence such as the Anderson seqljencesét was derived (Tablé) that amplified the entire human
with the consensus sequence for each individual and ‘tagsiitochondrial genome in 24 overlapping segments using a single
nucleotide mismatches between the two sequences as potergil of cycling conditions. The average size of the amplified
variants for review; (ii) PolyPhre@{), a program that identifies fragments was 892 bg 86 bp) and the average overlap of one
heterozygous single nucleotide variants in fluorescence-basfrdgment to the next was 203 kipi4 bp).
sequencing traces (both programs available at http://droog.mbt.
Washlng'gon.edu). In this study PolyPhred was used to a_utomatlc%\équence quality
detect high levels of heteroplasmy among the 12 mitochondrial
sequences. PolyPhred’'s accuracy in identifying heterozygotge ensure that each PCR fragment was sequenced to produce the
using single pass sequences is >99% when the sequenceshigbest quality and fewest ambiguous or miscalled bases,
generated with the dye—primer chemistry and is related to thaniversal primer sequences were added to Hemds of each
sequencing quality, which is decreased when dye—terminatatitochondrial primer set. This chemistry produces higher quality
chemistries are applied). All potential sites of variation tagged sequences with longer reads and more uniform peak areas
by either the RefComp or PolyPhred programs were reviewed §1,22). Once the 24 amplified segments from an individual were
an analyst using the program Consed (v.4.1). During this initisequenced from the forward and reverse directions these reads
review each potential site was classified as a true positive (hig#8 altogether), comprising the complete genome sequence, were
quality mismatch), a false positive site resulting from lowbase called with Phred and assembled with Phrap. We have
sequence quality or, less frequently, as a base calling discreparggnerated an average Phrap quality profile across the 12
individuals sequenced in this study (Fij. The minimum
RESULTS acceptable average Phrap sequence quality across the genome
was 30. This corresponds to an approximate error probability in
Primer selection base calling of 1 in 1000 (P.Green, personal communication).
Furthermore, in many regions of the mitochondrial genome much
In automatically selecting primers to amplify the mitochondriahigher qualities (quality >50, or an estimated error probability in
genome we constrained the program PCR-Overlap to maximibase calling of 1 in 100 000) were achieved. The variability of
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GAGCCARCAACTTRAT

asgsactatcaasctcctgagcflasggascttaat
836AACTATCAARCTCETGAGLCCAR]

caccccctoctaccccocctoctagagooccactgt

lecctata caccccctctacccc:tctagagi
atafizficccgtatttaccctata caccccctctaccccctctagagoccocactet
ATAGGGCCCGTATTTACCCTATARCACCCCCTCTAECCCCTCTAGAGCCCACTLT

Figure 2. Assembly viewing, variant confirmation and sequence annotation using CénsedLY{) Consed windows showing the consensus sequence constructed
from the sequence reads (CONSENSUS), the annotated reference sequences for PCR primer locations (Mito_Ref_Primerse oegyige), (ito_Ref_Genes,
pink) and known variant sites (Mito_Ref_Variants, blue) highlighted with a purple tag and the aligned sequencing readwidualr(F, forward; R, reverse). The
sequence quality of the CONSENSUS and individual sequencing reads are encoded by a gray scale where gray and whitev igeaiiiseantbhigh quality
respectively. Putative variant sites were detected by identifying positions where the consensus sequence differed frencéhgerpfence (Mito_Ref_Variants)
and were tagged (blue) by the RefComp programA(previously known variant site at position 1133% T (11335 Anderson) in the NADH dehydrogenase 4 gene
(B andC) sequencing traces showing confirmation of the 11335 varianGjt&.r{ovel variant site at position 8271-G\ (8269 Anderson) withE)and ¢) showing
sequencing traces for the 8269 variant site confirmed on both strands.

Phrap quality across the mitochondrial genome is dependent Wariant detection/use of annotated sequences

the amount of opposite strand sequence confirmation and

typically the highest quality occurs near the middle of eacPotential variant sites in the mitochondrial sequences were
fragment, where the forward and reverse sequencing reactiddentified by scanning for nucleotide mismatches between the
overlap. Even though overlaps are located at the beginning asritochondrial reference sequenégdnd the base calls obtained
end of adjacent fragments, these regions may have a lowsy Phred for the 12 individuals sequenced. Each mismatched site
sequence quality due to the reduced signal intensity of thwas ‘tagged’ by the RefComp program. The ‘tagging’ process
overlapping strand and the presence of ‘primer peaks’. Thegimplifies the subsequent review and analysis of these positions
were three segments where the sequences on average yielietthe mitochondrial sequence using the Consed program. Once
Phrap qualities near 30 (fragments 6, 7 and 221Fitn contrast, a site is ‘tagged’, navigation tools in Consed can be used to
one of the most sequenced regions in the human mitochondrianotomatically move to each of these positions within the
is the control region (positions 16 024-576, Fig.shaded assembled sequences. These sites are also highlighted blue for
region), which yielded an average quality of 51 and, thereforeasy identification of their location in the sequence readsZfig.

can be sequenced with high accuracy. Overall, dye—primét7F and 16R sequences) and D (12F and 12R sequences)].
sequencing of the 24 PCR products generated reads with amn most large scale projects Consed is only used to view and edit
average Phred quality of 33 and average length of 483 bihve consensus sequence and the assembled reads (which ar
producing(l.4-fold coverage per genome. highlighted on a grey scale indicating the quality of the base call
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Table 2. Novel variants and heteroplasmic

10
sites detected in the mitochondrial genome i
Position® Base Gene® Amino % L
change® Acid change 2 4
477 TSC CTRL - 7]
513 GoA CTRL 570
549 coT CTRL 8 4
575 T CTRL o
951 GoA 125 IRNA B
1189 TSC 128 rRNA 5 40
1888 GoA 16S rRNA -g 0
2623H  GoA 16S rRNA 5
4295 A=G tRNA" =20
4639 T-C ND2 lle—>Thr 10
6260 GoA col )
7789 G-A col o 10 20 30 40 50 60 70 0 g0 100
7906 C-T  COl - Phrap Quality
8269 G-oA Non-Coding --
8448 T-C ATPase8 Met—Thr
8697 G-A ATPase6 - Figure 3. Distribution of true positive and false positive sites versus Phrap
8898 CoT ATPase6  -- sequence quality. All variant sites were examined and classified as true positive
8989 G-A ATPaseS  Ala—Thr (black bars) or false positive (gray bars) by an analyst and are plotted with
8150 A-G ATPase6 - respect to Phrap sequence quality at that site.
9214 A-G coim His—Arg
9316 T-C coi Phe—Ser
10499 A5G ND4 -
10993 GoA ND4
13117 A5G ND5 -
13401 T-C  NDS - Mitochondrial variants and verification
13740 ToC ND5 -
.o e Ala—Thr The level of sequence quality obtained by fluorescence-based
14385 ToC ND6 - re-sequencing significantly improves the accuracy and sensitivity of
15833 CcoT Gy - automatically calling DNA variations among the assembled

16266H _coT  CTRL sequences. The program RefComp was used initially to identify all

potential variant sites which mismatched the mitochondrial

®Position in the Anderson sequence (1), (H), reference sequence regardless of sequence quality. Of the >278 35¢

L‘stemp:]asnm'c' \en as refencariant bp screened in this study (12 individuald6 569 bpx 1.4-fold

CGase changes given as refenaanant. - coverage), only 1054 sites (0.35% of all sites) were identified as
ene name abbreviations: CTRL, control region; otential variants[B7 sites/individual) in this first pass. Each of

ND, NADH dehydrogenase; CO, cytochrome p . RB ! ! . ividu ,)l IST p ’

oxidase; ATPase, ATP synthase; Cytb, these potential sites was visually inspected using the Consed

cytochrome b. program (Fig2B 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
at each position). However, we have leveraged this prograntenfirmation of variants could in many cases be obtained at
capabilities to further simplify the process of data analysis bgxtended read lengths (>500 bp, for example &j. Of the
importing annotated reference sequences ‘tagged’ with knowrariant sites which were classified as incorrect base calls, three
sequence features. As shown in Figefeand D, in addition to  sites were found consistently to be miscalled in all 12 individuals
the consensus sequence and sequence reads from the individisahe result of G-C compressions (reference sequence positions
under analysis, three annotated reference sequences are 8B03959 and 15 003).
present in the assembly. Each of these sequences stores specifiwirther analysis of the distribution of the true positive variants
information concerning the location of the: (i) PCR primersand first pass false positive sites based on sequence quality
(Mito_Ref_Primers); (ii) mitochondrial genes (Mito_Ref_Genes){Fig. 3) revealed a clear distinction between these calls with
(i) previously known mtDNA variants (Mito_Ref Variants). respectto Phrap quality. We find that the majority of false positive
When a feature is associated with a given sequence it s#tes are located in lower quality sequence. By setting a quality
highlighted with purple and it has a specific window associatefilter on the RefComp program and using a threshold of Phrap
with this tag where information about the feature is stored, i.e. tlgiality of >20 we found that 97.6% (369/378 sites) of the true
specific PCR primer number, the gene, the nature of the knovmositives were automatically identified, while accepting only
variant and reference(s) associated with its identification. Thi3.59% (4/679 sites) of the false positive sites. At this quality
information can be retrieved within the Consed programhreshold an average of 95.1% of the mitochondrial genome
Therefore, when potential variants are viewed by the analyét5 757/16 569 bp) was automatically scanned for variants with
(Fig.2B and C and E and F) it is immediately clear where the99.98% accuracy on a single pass.
variant is located with regard to the PCR primer, whether A total of 378 variants were identified during this analysis and,
(Fig. 2A) or not (Fig.2D) it is located in a gene segment andsimilar to previous studie28), we have found that transitions
whether it is a previously known variant (FRA) or a novel  (75.6%) were more prevalent than transversions (24.4%) among the
variant (Fig.2D). 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 thes
variants were novel (i.e. unreported in GenBank or MITOMAP; se
Table 2). Of these novel variants 19 were found in gene codin
regions, leading to six amino acid changes. Four variants were fou A
in rRNAs, four in the control region, one in a tRNA and one in ¢
non-coding region. All novel variants were unigue to the individua
where identified (i.e. not found in any other individual) and each we
confirmed by opposite strand sequencing or re-amplification ar
re-sequencing of the individual at that site. Furthermore, we ha
found 14 positions that were consistently different from the
Anderson reference sequence in all 12 of the genomes sequent
263:(G- A) (position in the reference sequence: nucleotide reporte
in the Anderson sequencaucleotide detected in the 12
individuals), 750:(A~G), 3107:(C- Cgeletion, 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),

: . . Figure 4. Detection of mitochondrial heteroplasmy using fluorescence-based
14 365*-(6—’ C)' 14 368*-(6" C) and 15 326-(A* G)- A subset DNA sequencing. Examples of substitution heteroplasmy (shown by the black

of these sites (indicated by an asterisk) have previously beefirow) found at positionsA) 2623 and) 16 266. The top panels in (A) and
suggested to be invariant positios Removal of these invariant  (B) show an individual homoplasmic at each position. The bottom panels shows
sites from the total number of sites yielded 215 variant sites amorie heteroplasmic site on the forward strand. Heteroplasmy was estimated to be
the 12 individuals sequenced (18.0 variants/individual, range 53¢/ = 80/40% in (A) and A/G= 40/60% in (B) and was confirmed on the

. e L . posite strand.
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 mitochondria}ransfer chemistries may lead to the development of more

Sequences. efficient ways to identify single nucleotide variations using
pooled sequencing templatesl).
Detection of heteroplasmy In this report we have leveraged the use of new analysis tools
) ) in automating and simplifying the identification of DNA
We have also scanned the mitochondrial sequences for potenfigtiations across long tracts of DNA. Two programs widely used
sites with hlgh levels of heteroplasmy. To accomp“Sh this we USW generating reference genome sequences are the Phred bas
PolyPhred, a program that detects the presence of heterozygeHger and the Phrap assembly program. Each of these provides a
bases in nuclear DNA sequences)( Specifically, we searched quantitative measure of sequence quality that can be linked to an
for levels of heteroplasmy which would be comparable Wwithhbjective estimate of error rate in calling the final order of
levels associated with a heterozygous site in nuclear DNf\ycleotides in a sequence (P.Green, personal communication).
(i.e. 50/50% split). With PolyPhred we automatically detectedrhe availability of sequence quality parameters is important for
two het.eroplasm|c pOSItIOﬂS n .tWO d|ﬁerent |nd|V|dUaIS, a&jeve|0ping Standards for acceptab'e Sequence qua“ty When
shown in Figured. Furthermore, in each case the presence ¢erforming diagnostic re-sequencing. Although all the detected
heteroplasmy was verified by opposite strand sequencing. Bas@gtochondrial variants were visually reviewed and classified by
on the drop in the primary peak4), we estimate the levels of an analyst, a completely automated system for classifying sites
heteroplasmy at position 2623 to be 40/60% (A/G) and at positigfhsed on sequence quality could be derived that would not require

16 266 to be 60/40% (C/T). human intervention or decision making. Analysis of the distribution
of sequence quality between true variant and false positive sites
DISCUSSION showed a clear demarcation based on sequence qualit@)(Fig.

permitting one to set threshold limits for acceptable sequence
There are many approaches available for identifying DNAanalysis automatically. Setting a threshold limit of Phrap quality
variations in a sequence of interest. Most approaches are t&B0 would have excluded 99.42% of the false positive sites while
tiered, where some form of comparative gel or hybridizatiomccurately identifying 97.6% of the true positives. Because sequence
analysis is carried out, followed by direct DNA sequencing tquality can be related to a base calling error probability, the
identify or confirm the nature and location of the variantdistribution of quality values across all individuals was used to
identified during the primary scar%26). Because of its estimate the theoretical number of sites that would be incorrectly
sensitivity and accuracy, fluorescence-based sequencing is edlled by Phred at this quality threshold and was calculated to be four
ready considered the ‘gold’ standard for detecting DNA variationfalse positive sites/individual. Our results indicate a false positive
(27). Furthermore, the large scale application of fluorescenceate of 0.33 false negative sites/individual, whiclygests that
based sequencing in generating reference sequences for singalkeulations used for error estimation by Phred may be slightly
and complex genomes is continuing to drive the evolution of thisonservative. Although we did not directly attempt to identify
technology, increasing its availability and decreasing its costilse negative sites, these would occur when a site was analyzed
For example, new sequencing chemistries based on fluorescebyePhred and called the same base as the reference sequence bl
energy transfer are producing higher quality sequences with leéasfact was a variant site. The theoretical false negative rate was
DNA template and over time these chemistries will likely replacestimated to be 1.3 sites/individual and, based on the conservative
the standard chemistries currently in u88-g80). Additionally,  nature of the error estimation by Phred for false positive sites,
the very high signal-to-noise ratios generated with these energguld be much lower. These results clearly illustrate the utility of
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using quality measures as a criterion for sequence trace analysisHorai,S., Hayasaka,K., Kondi,R., Tsugane,K. and Takahata,N. (1995)

i - Proc. Natl. Acad. Sci. USA2, 532-536.
and the need lfor a great-er tu.gdetr.?.tar:.d N9 of the relatiordret 4 Stoneking,M. and Soodyall,H. (1998yrr. Opin. Genet. Dey6, 731-736.
sequence quality and variant identification. 5 Wilson,M.R., DiZinno,J.A., Polanskey,D., Replogle,J. and Budowle,B.

Another advantage of this analysis system is the interface beMeen (1995)Int. J. Legal Med 108 68-74.
Phred and Phrap and the Consed program. Consed providedéasSullivan,K.M., Hopgood,R. and Gill,P. (1992}. J. Legal Med 105
uniform environment for viewing sequence data and simplified the 83-86. i 0 |
localization of tagged DNA variants through its navigation system.” fé%r%ysgosu van,K-M., Benson,N. and Gill,P. (1p88. J. Legal Med
Furthermore, because inform?-tion Can.b_e stpred in .Consed ta%-Wallace,D..C., Shoffner,J.M., Trounce,l., Brown,M.D., Ballinger,S.W.,
annotated sequences containing the existing information on a genecorral-Debrinski,M., Horton, T., Jun,A.S. and Lott,M.T. (1995)
or sequence can be viewed along with the newly generated Biochim. Biophys. Actd 271, 141-151.
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