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ABSTRACT

Fluorescence-based sequencing is playing an increas-
ingly important role in efforts to identify DNA poly-
morphisms and mutations of biological and medical
interest. The application of this technology in generating
the reference sequence of simple and complex genomes
is also driving the development of new computer
programs to automate base calling (Phred), sequence
assembly (Phrap) and sequence assembly editing
(Consed) in high throughput settings. In this report we
describe a new computer program known as PolyPhred
that automatically detects the presence of hetero-
zygous single nucleotide substitutions by fluorescence-
based sequencing of PCR products. Its operations are
integrated with the use of the Phred, Phrap and Consed
programs and together these tools generate a high
throughput system for detecting DNA polymorphisms
and mutations by large scale fluorescence-based
resequencing. Analysis of sequences containing
known DNA variants demonstrates that the accuracy
of PolyPhred with single pass data is >99% when the
sequences are generated with fluorescent dye-labeled
primers and ∼90% for those prepared with dye-labeled
terminators.

INTRODUCTION

Single base substitutions are the most frequent form of DNA
sequence variation in the human genome (1,2). Identification of
these variations plays an important role in detailing the evolutionary
history of human populations (3,4) and in exploring the relation-
ships between genome structure and function (genotype–phenotype
correlations) through genetic and disequilibrium mapping (5,6).
Furthermore, many diagnostic applications depend on accurate
identification of single nucleotide substitutions for finding mutated
genes (7,8), matching tissues prior to transplantation (9) and
analyzing samples in forensic situations (10).

Amplification of specific genomic regions using PCR has
greatly simplified the process of comparing sequences to identify
DNA variations by eliminating the need for genomic cloning
from multiple individuals (11). Once a region has been amplified,
a number of techniques can be employed to comparatively scan it

for sequence variants. These include denaturing gradient gel
electrophoresis (12), chemical or enzymatic cleavage (13–15),
heteroduplex analysis (16), the analysis of single-stranded DNA
conformations (17), hybridization to oligonucleotide arrays
(18,19) and DNA sequencing (20–22). Among these approaches,
DNA sequencing offers several advantages, including its ease of
application (use of a single set of reagents and assay conditions),
its automation with fluorescence-based methods and its ability to
provide complete information about the location and nature of the
sequence variant(s) in a single pass.

Despite the advantages of detecting DNA variations by
sequence analysis, it is difficult to accurately identify heterozygous
sites (two bases at the same location in a sequence) because of the
variability in fluorescence signals and the inconsistency of base
calling at these sites. Recently, several approaches have been taken
to improve identification of heterozygous sites using automated
sequence analysis (22–25). In one approach, heterozygotes are
found by comparing the pattern of fluorescence dye incorporation
between the sequence traces (22). Since this pattern is faithfully
reproduced every time the same sequence is generated, hetero-
zygous positions in a trace can be accurately identified based on
a predictable reduction (∼50%) in normalized peak area when
compared with homozygous positions. In this report we present
a computer program known as PolyPhred that automatically finds
potential heterozygotes in a sequence using this comparative
approach. We also compare program performance with sequencing
chemistries that produce highly variable patterns of dye incorpor-
ation (sequences generated with dye-labeled terminators; 26) and
those that produce more uniform fluorescence incorporation
(dye-labeled primer sequencing) in terms of their accuracy and
efficiency in heterozgyote detection. Lastly, we report the
discovery of new DNA variations using comparative sequencing
and PolyPhred.

MATERIALS AND METHODS

PCR primers

Primers for PCR amplification of genomic DNA were assembled
using standard phosphoramidite chemistry on an Applied Biosys-
tems 394 DNA synthesizer (Foster City, CA). Primers were
prepared and used to amplify 11 genomic regions containing
single nucleotide substitutions representing all potential nucleotide
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changes (A↔T, A↔C, G↔T, C↔G, A↔G, C↔T). The regions
examined were: (i) exon 2 of the human steroid 5α-reductase gene
(SRD5A1, A↔G, GDB:193189, CCCAAATCATTTAAGATA-
GGATTAC, ATGATGTGAACAAGGCGGAGTTCAC, 60�C);
(ii) intron 8 of the human lipoprotein lipase gene (LPL, A↔C,
GDB:191079, TACACTAGCAATGTCTAGCTGA, TCAGCTT-
TAGCCCAGAATGC, 60�C); (iii) exon 28 of the von Willebrand
factor pseudogene (VWFP, A↔T, GDB:194282, TGTAAAACG-
ACGGCCAGT(–21M13)AGCCGTCGTGGTACTCCACCACA,
CAGGAAACAGCTATGACC(M13Rev)AGATTCTGTGGGAA-
TATGGAAGTAGTCA, 55�C); (iv) exon 5 of the guanine
nucleotide binding protein (GNAS, A↔G, GDB:203981, TCTT-
GTAGCGCCCTCCCA, TGCCCATGTGCAGGGCTGTCACTC-
ATGTT, 60�C); (v) a segment from the 3′-untranslated region of
β2-integrin (ITGB2, C↔T, GDB:185175, GAGCACTTGGTG-
AAGACAAG, GGATGTCATTTTATACCCTG, 51�C); (vi) intron
3 of adenine nucleotide translocator 1 (ANT1, C↔T, GDB:201792,
ACAGGGCTCCTTTCAGTCTTCC, CAAATGCTGGTGAGG-
GCTCCG, 57�C); (vii) exon 4a of solute carrier family 2, member
4 (SLC2A4, C↔T, GDB:180271, CAGGAAGGGAGCCACTG-
CTG, ATCTGAAAGCCCAGGCATGG, 63�C); (viii) a segment
from the 3′-untranslated region of the tyrosinase-related protein
1 gene (TYRP1, A↔C, GDB:555709, GTCGGGAGTTTAGTG-
TACCT, TCTGAAAGGGTCTTCCCAGC, 60�C); (ix) intron 4
of the constant region of the human T cell receptor (TCR) α locus
(TCRCA, C↔T, G↔T and C↔G, TGTAAAACGACGGCCA-
GT(–21M13)GAGCTAAGAGAGCCGTACTGG, CAGGAAAC-
AGCTATGACC(M13Rev)CTTGAAGCTGGGAGTGG, 55�C)
(27); (x) a variable gene segment from the human TCR α locus
(TCRVA23, C↔T and C↔G, TGTAAAACGACGGCCAGT-
(–21M13)GTCTAAGTGACAGAAGGAATG, AATGTATAAA-
GTACTACGTCCTGA, 55�C) (28); (xi) a variable gene segment
from the human TCR β locus (TCRVB23, A↔G and G↔T,
GenBank accession no. U96844, TGTAAAACGACGGCCAGT-
(–21M13)GGAAAGCCTGAGTTAGCTGAGC, CAGGAAAC-
AGCTATGACC(M13Rev)AGAATAGAAGCATCTCTGGG,
55�C).

DNA amplification

DNA samples from the parents of the 40 families available through
the Centre d’Etude du Polymorphisme Humaine (CEPH) were
used for PCR amplification of the target loci. All amplification
reactions were performed in a 96-well microtiter plate thermal
cycler (PTC 100; MJ Research, Watertown, MA). The reactions
were assembled (20 µl total volume) and contained a standard
PCR buffer (10 mM Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2
and 0.001% gelatin), the four deoxynucleotide triphosphates at
40 µM each, 0.5 µM each primer, 0.5 U Taq polymerase (Perkin
Elmer Cetus, Norwalk, CT) and 20 ng genomic DNA. Following
assembly, the reactions were covered with 50 µl mineral oil.
Thermal cycling was performed with an initial denaturation at
94�C for 1 min followed by 35 cycles of denaturation at 95�C for
20 s, primer annealing for 30 s (temperatures specified above with
primer sequences) and primer extension at 72�C for 2 min. After
35 cycles, a final extension was carried out at 72�C for 5 min.
Individuals were selected for DNA amplification based on
genotypes previously established in these loci using PCR
combined with an oligonucleotide ligation assay (OLA; 29).

DNA sequencing

Following DNA amplification, unincorporated PCR primers and
deoxynucleotide triphosphates in the samples were inactivated
prior to sequencing by enzymatic treatment. This was accomplished
by mixing 6 µl PCR product with 1 µl exonuclease I (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.
In our hands PCR products treated with these enzymes sequence
as well in terms of quality and read length as those isolated by
agarose gel electrophoresis coupled with column purification (26).
Cycle sequencing was performed according to the manufacturer’s
instructions using ABI PRISM Dye Terminator or Dye Primer
Sequencing Kits with Amplitaq DNA polymerase FS (Perkin
Elmer Corp., Foster City, CA). For dye-terminator cycle sequencing
the entire enzyme-treated PCR sample (8 µl total following
treatment) was used as the sequencing template. The sequencing
primer (3.2 pmol, same as PCR primer) and 8 µl Dye Terminator
Ready-Reaction sequencing premix were added to the template.
Following a denaturation step at 96�C for 2 min, dye-terminator
reactions were incubated at 96�C for 15 s, 50�C for 1 s and 60�C
for 4 min for 25 cycles. Excess dye-terminators were removed by
ethanol precipitation. In the case of dye-primer sequencing, PCR
products were generated using locus-specific primers containing
either the –21M13 or M13Rev primer sequences at their 5′-end.
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. Sequencing
reactions were denatured for 1 min at 96�C and subjected to 15
cycles at 96�C for 10 s, 55�C for 5 s and 70�C for 1 min and 15
cyles at 96�C for 10 s and 70�C for 1 min. Then, the A, C, G and
T reactions were pooled and subjected to ethanol precipitation.
The extension products obtained with either chemistry were
evaporated to dryness under pressure (Savant Instruments,
Farmingdale, NY), resuspended in 3 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 373 sequencer
according to the manufacturer’s directions.

Sequence analysis

The ABI sequence software (version 2.1.2) was used for lane
tracking and first pass base calling (Perkin Elmer). Chromatograms
were transferred to a Unix workstation (Sun Microsystems Inc.,
Mountain View, CA), base called with Phred (version 0.961028),
assembled with Phrap (version 0.960731), scanned by PolyPhred
(version 0.970312) and the results viewed with the Consed
program (version 4.0). Specific descriptions and documentation
on Phred, Phrap and Consed are available at http://www.genome.
washington.edu (P.Green, personal communication). PolyPhred
has been designed to parse information from Phred and Phrap
output files and via a flat file provide input to Consed to aid in
identification of heterozygous single nucleotide substitutions by
color coding potential sites. All data presented in this report were
generated using command line parameters requiring a peak drop
ratio of 0.55, a second peak ratio of 0.15 and, unless noted
otherwise, an average sequence quality setting of 30. PolyPhred
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Figure 1. Two windows from the ‘color means quality and tags view’ of the Consed program. Sequences from two TCR β sites (in TCRVB23) obtained by dye-primer
sequencing of PCR products from 10 different individuals are shown in each window. In Consed, sequence quality measured by Phred is depicted using a gray scale
with a white background indicating the highest quality bases and increasing shades of gray indicating decreasing data quality. Potential heterozygotes identified by
PolyPhred are color coded in blue in this Consed view. (a) When a common DNA polymorphism is identified (e.g. position 214) homozygotes for each of the alternative
alleles and heterozygotes (highlighted blue) are normally detected. (b) Less common DNA variants usually appear as rare heterozygotes among a background of
homozygotes (e.g. position 351). There are no false positives or false negatives identified in these windows and the genotypes of these individuals were completely
consistent with those obtained by PCR/OLA.

is available via Email from debnick@u.washington.edu and more
documentation is available at http://droog.mbt.washington.edu.

RESULTS

In comparing sequence traces of homozygotes with those for
heterozygotes two changes are usually present: (i) a significant drop
in normalized peak height at a polymorphic site when traces from
homozygous and heterozygous individuals are compared; (ii) a
second underlying peak at the position in question (22,26). To
automate identification of substitution variations using these criteria,
we created a program known as PolyPhred. Its functions are fully
integrated with three software packages currently applied in large
scale sequence analysis: Phred, Phrap and Consed (P.Green,
B.Ewing and D.Gordon, personal communication). PolyPhred
reads the normalized peak areas and quality values obtained by
Phred for each position in a sequence. It then searches for
reductions in peak areas at each position across the sequence
alignment obtained from the Phrap assembly program. If the
required drop in peak area is found at a position and a second base
is detected by Phred, PolyPhred calls the site a potential heterozygote
and information on this position is stored in the program’s output
file.

By interfacing the information obtained by PolyPhred with the
‘quality means color and tags view’ in the Consed program,
potential heterozygotes become color coded, as shown in Figure 1
(position 214, Fig. 1a, and position 351, Fig. 1b). In these
examples Consed views of sequences from 10 individuals are
shown. Heterozygotes at two positions in the coding region of a
TCR gene were automatically identified by PolyPhred (91 bp of
assembly sequence are shown in each window and, altogether for
the 10 individuals, 1820 bp of sequence are displayed). When a
common polymorphism is identified (position 214 in Fig. 1a,
His→Arg substitution) homozygotes for each of the alternative
alleles are detected (e.g. in this instance four individuals
homozygous G and one individual homozygous A), in addition to
heterozygotes containing the two alternative alleles (e.g. sequences
from the five heterozygous individuals color coded blue).
However, less common alleles will typically be identified just as
heterozygotes among the homozygotes (e.g. the three heterozygotes
color coded blue at position 351 in Fig. 1b). It is worth noting that
the variant at position 351 (Val→Gly) would have been missed
if identification was based solely on the results of sequence
alignment, since neither the ABI nor the Phred program called
these positions as Ns: in all cases the G peak was sufficiently
dominant even in a heterozygote to meet the ABI and Phred
criteria for a G.
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Table 1. Sequence quality and PolyPhred performance

Chemistry PolyPhred quality threshold Average quality of data analyzedTruea positives (TP) False positives (FP) Total bases scanned Ratiob TP/FP

Dye-primer 20 36 147 1545 61 947 1:11

25 37 147 811 57 915 1:6

30 38 146 381 53 472 1:3

35 40 143 179 47 517 1:1

40 42 107 54 34 419 2:1

Dye-terminator 20 29 202 2637 81 479 1:13

25 31 197 1662 73 750 1:8

30 32 173 768 62 772 1:4

35 35 104 245 42 091 1:2

40 39 28 31 16 711 1:1

aIncludes variations previously identified in target loci and typed by PCR/OLA in addition to new variations detected and confirmed by sample resequencing.
bThe ratio of true positives to false positives rounded to the nearest whole number.

Figure 2. Examples of two polymorphic sites identified by PolyPhred in
TCRVB23; position 214 (a and b) and position 351 (c and d). An example of
a homozygote (a and c) and heterozygote (b and d) for each of these sites has
been isolated from a trace editor window opened by the Consed program. Base
calls for the consensus (con), edited (edt, where PolyPhred color codes
heterozygotes), the Phred (phd) and ABI (ABI) programs are shown. When
traces are opened in Consed, the sequence position used to open the file is
indicated by the vertical white line. Note that in the heterozygotes (b and d) there
is a significant drop in peak height in the Gs and a second peak is found in the
heterozygotes (b, G/A; d, G/T), but not in the homozgyotes (a and c).

Once potential heterozygotes are tagged in Consed, the traces
can be viewed by the analyst for editing or evaluation purposes.
Examples of homozygous and heterozygous sequencing traces
taken from Consed are shown in Figure 2. When comparing
homozygous and heterozygous sequencing traces (as in Fig. 2),
a characteristic drop in peak height (area) is obvious and a
significant signal for a second base is present in the heterozygous
sequences. With sequencing chemistries that produce more
uniform fluorescence peaks (i.e. dye-labeled primer sequencing)
the two peaks in a heterozygote are usually similar in size and are
frequently called Ns. However, many heterozygous sites (∼35%)
will still be missed and called as homozygotes because of the peak
disparity between the bases (position 351, Fig. 2d). This problem
is even greater for chemistries that give rise to more uneven
fluorescence incorporation (26). For example in dye-terminator
sequencing >70% of the heterozygotes are called as homozygotes.

One of the key features of the Phred/Phrap/Consed environment
is that data quality is monitored and displayed as an integral part
of the system. By operating in this environment we have found
that there is a clear relationship between sequence quality
(determined by Phred) and PolyPhred performance (Table 1).
Three factors are used to generate quality measures in Phred;
these include peak spacing, the relative size of the uncalled and
called peaks and the dip in signal between called peaks (B.Ewing
and P.Green, personal communication). As expected when
sequence quality is low (Phred quality = 20), the signal-to-noise
ratio as measured by the ratio of PolyPhred true positives
(confirmed by PCR/OLA,  92%, or by sample resequencing, 8%)
to false positives is low (Table 1). With PCR products <700 bp in
length this quality setting allows nearly complete scanning of all
the bases in each trace, including the low quality bases at the start
and end of the sequence. However, even at this modest quality
level, the total positives identified by PolyPhred are <3% of the
total base pairs examined.

The signal-to-noise ratio (true positive to false positives)
improves greatly as the scanning window for PolyPhred is set to
analyze data at increasing quality thresholds. The total number of
base pairs that can be scanned at higher quality settings differs
significantly for the two chemistries examined. With dye-primer
sequencing and a quality setting of 40, an average of 250 bp are
scanned in 94% of the available sequence traces (143 traces
altogether) and the signal-to-noise ratio is 2:1 (Table 1). At higher
qualities, false positives are easily distinguished by an analyst and
are usually caused by a fluctuation in peak height from a
homozgyote combined with some increase in the background
noise that led PolyPhred to detect a second base. Examples of
these types of false positives are shown in Figure 3 for sequences
produced with dye-labeled primer (Fig. 3a and b) or dye-labeled
terminator (Fig. 3c and d) sequencing.

In terms of PolyPhred’s performance, sequencing with dye-
labeled primers has many advantages over sequencing with dye-
labeled terminators (Table 1). Across the range of sequence
quality the ratios of signal-to-noise for sequences generated with
dye-labeled primers are nearly twice those observed with dye-
labeled terminator sequencing (Table 1). The incorporation of
dye-labeled terminators is known to produce uneven peaks which
will impact sequence quality by their effects on peak areas (26).
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Figure 3. Examples of false positive calls made by Polyphred. In dye-primer
sequencing, a correctly called non-variant site (a) compared with a false
positive (b). This false positive is triggered by premature termination in the
sequencing products and generates a low quality base in a high quality region.
In dye-terminator sequencing, random peak fluctuations associated with small
peak contexts such as Gs after As (c) and background noise will often trigger
a false positive call (d) by PolyPhred.

Furthermore, the predictable sequence patterns that are produced
also greatly influence the number of false positives produced by
PolyPhred. In fact, >50% of the false positives identified by
PolyPhred were associated with sequence contexts that produce
small peaks with dye-labeled terminators (26). A single sequence
context, the small G peaks that follow A peaks, was associated
with >30% of all the false positives identified with this sequencing
chemistry (Fig. 3d).

To measure accuracy in calling heterozygotes, we compared
the genotypes determined by PolyPhred using a moderate quality
level (30) with those previously determined by PCR/OLA. These
results are shown in Table 2 and are broken down by sequencing
chemistry and substitution composition. With single pass sequence
data PolyPhred was able to achieve >99% accuracy in calling
heterozyotes when sequences were generated using the dye-primer
chemistry, i.e. 134 of 135 PolyPhred genotypes were correctly
identified when compared with genotypes obtained by PCR/
OLA. Upon examination of the data associated with the missed
C/T heterozygote, we found that although there was an appropriate
peak drop at this position, a second peak was not detected at the
position by Phred. In our experience this is unusual for sequences
generated with dye-labeled primers. With sequences generated
with dye-labeled terminators, the overall accuracy of PolyPhred
was nearly 90% (131 of 146 heterozygotes), but the errors were
not evenly distributed among the different substitution types.
Changes involving Cs and Gs were clearly more difficult to call.
Approximately 35% of the heterozygotes of this composition
were incorrectly called as homozygotes by PolyPhred. The other
three substitutions (all C/T) were missed because the peak drop
was not sufficient (reflecting fluctuations in dye incorporation).

In addition to the DNA variations typed and compared with
OLA genotypes, nine new single nucleotide substitutions were
identified by PolyPhred. These variants are summarized in Table 3
and all have been confirmed by resequencing. Although several
of the variations (SRD5A1 and VWFP) were frequent, these results
also document the program’s sensitivity in terms of identifying
single heterozygotes among homozygotes, e.g. three non-coding

variants were detected in the TCRVA23 gene as single heterozygotes
among 22 homozygotes (Table 3).

Table 2. Efficiency of heterozygote detection by PolyPhred

Chemistry Base substitutions Totals

A/C A/G A/T C/G C/T G/T

Dye-primer

PCR/OLA genotypes 18 14 17 26 36 24 135
PolyPhred calls

True positive 18 14 17 26 35 24 134
True negative 0 0 0 0 0 0 0
False positive 0 0 0 0 0 0 0
False negative 0 0 0 0 1 0 1

Dye-terminator

PCR/OLA genotypes 17 14 17 34 41 23 146
PolyPhred calls

True positive 17 14 17 22 38 23 131
True negative 0 0 0 0 0 0 0
False positive 0 0 0 0 0 0 0
False negative 0 0 0 12 3 0 15

DISCUSSION

Resequencing of genes to identify DNA variations will play a
major role in the post-genomics analysis of human biology and
medicine (2–10). In this regard, high density oligonucleotide arrays
are currently under testing for many types of resequencing projects
(18,19). However, four-color fluorescence-based sequencing is
currently a more mature technology capable of high throughput
and with its increasing availability, decreasing cost and improving
accuracy will likely be applied in many areas of genome
resequencing. This is particularly true in those situations where
little is known about the types and/or the distribution of the DNA
variations within a sequence. Indeed, fluorescence-based sequencing
is already frequently applied for diagnostic purposes (7,8,10,20,
21,24).

Programs that automate analysis of high throughput fluorescence-
based sequencing, such as Phred, Phrap and Consed, are rapidly
emerging and we have integrated the use of PolyPhred with these
large scale software tools. With regard to base calling, one of the
significant advantages of Phred is its ability to provide quality
measures for each base in a sequence. For some applications, such
as shotgun sequencing of M13 templates with dye-labeled
primers, quality can be related to an objective estimate of base
calling error rate (P.Green, unpublished observation). Similar
correlations between quality and base calling error are not yet
available for PCR product sequencing and it is important to
consider developing these standards, particularly for diagnostic
resequencing (10,19). In these applications quality control is
essential, as is assay standardization. Impartial measures of
quality from programs such as Phred can help in further
automating data analysis for large scale resequencing, just as it
does in generating the reference sequence [e.g. setting base (or
even whole sequence trace) inclusion or exclusion standards and
providing an estimate of error and accuracy for every base call in
a sequence]. Furthermore, these standards could be used to
monitor the efficiency or effectiveness of new protocols and in the
development of new applications, such as PolyPhred, where
sequence quality can be related to performance standards.
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Table 3. New DNA variations detected by PolyPhred

Gene Sequence contexta Referenceb Frequencyc

allele

TCRCA TTAGGGACG(C/T)GGGTCTCTG M94081 C 9%/T 91% (58)

LPL CTGAACACC(A/G)GGTTAGGCT M76722 A 9%/G 91% (54)

VWFP CCTGGTGGT(A/G)CCTCCCACA M60676 A 50%/G 50% (82)

SRD5A1 AATTTACCC(G/A)TTTCTGATG M68883 G 50%/A 50% (32)

ITGB2 AGCCATGGC(C/A)GGCCGGGTG X63926 C 80%/A 20% (40)

ANT1 TGAACCATA(T/C)GAAATTGCC J04982 T 42%/C 58% (14)

TCRVA23 AATTTAAAG(G/A)TAATTTCTA U32531 G 98%/A 2% (46)

TCRVA23 AAATGGAAA(T/A)GAGCAAAGA U32531 T 98%/A 2% (46)

TCRVA23 CTGCAATGT(G/T)AGTTAGAGG U32531 G 98%/T 2% (46)

aThe alternative alleles are presented in parentheses. The first allele is the one reported in the reference sequence.
bGenBank and EMBL accession nos for the reference allele sequence.
cAllele frequency among the test panel with the number of chromosomes typed by PolyPhred in parentheses.

One of the major challenges in identifying DNA variations by
fluorescence-based approaches is related to the detection of two
bases at a single position within a sequence. This is a difficult
problem since the signal levels in a heterozygous sample will be
50% of that obtained with a homozygous sample. However, this
drop in signal intensity can be used to comparatively and
accurately detect heterozygotes among homozygotes (22). We
found that this feature alone, although sensitive, is not specific
enough in heterozygote detection because of fluctations in the
sequencing traces. To increase specificity we also require the
presence of a second underlying peak. This additional requirement
does increase the specificity of heterozygote detection, but
slightly decreases its sensitivity. In this report the absence of a
detectable second peak by Phred clearly led to some errors (false
negatives) in heterozygote detection by PolyPhred using single
pass sequences. Although new approaches to trace normalization
may help with the initial identification of second peaks by Phred,
we are also evaluating whether the use of additional information
associated with changes in the local sequence context due to the
presence of a sequence variation, i.e. 3′-base effect (22), can help
in improving the accuracy of heterozygote identification.

Several different fluorescence-based chemistries can now be
applied in diagnostic resequencing and new ones are under
development (30,31). In principle, any fluorescence-based chemis-
try that can be analyzed using the Phred, Phrap and Consed
programs could also be scanned for DNA variations using
PolyPhred. In terms of program performance, however, more
uniform incorporation of the fluorescence dyes does yield higher
accuracies in identifying heterozygotes with single pass data, i.e.
comparing dye-primer performance (more uniform peaks with
>99% accuracy) versus dye-terminator performance (uneven
peaks with ∼90% accuracy). In diagnostic situations where accuracy
is essential, e.g. mutation scanning for genetic diseases or
sequencing major histocompatibility genes for tissue typing, it is
clear that chemistries that give rise to more uniform dye
incorporation should be applied to the genes of interest and
sequencing of the opposite strand should also be considered.
However, in cases where one is not interested in finding every
variant but needs to quickly scan a region for additional genetic
markers (32), then dye-terminator-based chemistries combined

with PolyPhred can identify a large number of the variants present
among individuals scanned (∼90% at quality 30).

The current version of PolyPhred is capable of identifying
single nucleotide substitutions and although these variations are
the most frequent basis for disease-causing mutations, automating
the identification and typing of insertions and deletions of one or
more base pairs in a sequence will also be important (8,18). A
trained analyst can easily detect and resolve these variations.
However, the development of a computationally efficient and
accurate system for calling insertion/deletion variations will be
challenging and this is a focus of our current work with PolyPhred.

In summary, there are many approaches being applied to detect
DNA polymorphisms and mutations (33). Among these, direct
sequencing serves as the gold standard in terms of sensitivity and
accuracy (33). This, combined with new tools like PolyPhred, is
rapidly making automated fluorescence-based resequencing a
sensible and cost effective approach for identifying DNA
polymorphisms and mutations in many biological and medical
applications.
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