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Introduction
PolyPhred is currently the most popular software
tool utilized for analyzing DNA sequencing reads
for SNPs (1,2,3). Other programs such as Mutation
Surveyor, NovoSNP (4), and Paracel have certain
beneficial features that PolyPhred lacks. However,
unlike PolyPhred, they do not have a Linux-compatible
analysis program that can automatically interface with
a database or sequencing pipeline, allowing the
automated assembly of thousands of reads.

Since PolyPhred is the most scalable software
tool available, Agencourt opted to design algorithms
to enhance and correct PolyPhred’s common errors.
Many of the current criticisms of the software are
related to its high false positive rate, which seems
directly tied to its high false negative rate. In other
words, any attempt to reduce the false positive rates
with the current software has resulted in a comparable
increase in the false negative rate. 

After reviewing hundreds of amplicons, we were
ultimately able to classify the majority of PolyPhred
analysis errors into four general categories:

A. G after A TaqFS incorporation bias.

B. Low quality sequence at the ends of amplicons.

C. Over-estimation of base accuracy after enzyme
slippage due to homopolymer stretches.

D. Insertions and deletions.

The remainder of this Application Note
describes how we have addressed the first three
problems outlined above.

Methods
A. Enzymatic Incorporation Bias
TaqFS has four characterized incorporation biases
with fluorescent DyeTerminator sequencing
nucleotides: G incorporation after A is significantly
reduced, C incorporation after one or more T’s is
slightly enhanced, and A or T incorporation after G
is slightly enhanced (5). These four incorporation
biases are consistently reproducible and create high
peak to peak variance in a DNA sequencing read.
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Abstract
Understanding genetic variation and its relationship to drug response and disease susceptibility is becoming 
an increasingly important consideration in drug design and clinical trials. Since the completion of the Human
Genome Project, the majority of human genes can be readily resequenced in diseased or drug-responsive 
populations. Typical studies involve the resequencing of 20–500 amplicons in 50 or more patients, generating
thousands of sequence traces that need to be analyzed. To efficiently automate the analysis of such resequencing
data, Agencourt Bioscience Corporation has developed novel algorithms that enhance the accuracy of automated
procedures and maintain the sensitivity that is required for the diverse samples that are often present in cancer
biopsies. In this article, we will discuss the common problems encountered in SNP resequencing and the
innovative solutions developed at Agencourt.
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The reduced G after A is the most dramatic and
problematic of the four incorporation biases. It is
demonstrated in Figure 1, where the forward read G
signal nearly disappears. The reverse read captures 
the mistake, emphasising the value of the bidirectional
sequencing utilized at Agencourt. Nonetheless, this
bias is still problematic when the artifact is present
in a heterozygote base-call. 

When forward and reverse reads generate different
genotypes, PolyPhred resolves this discordance by
selecting the genotype that is generated from the
higher quality read. This function of PolyPhred creates
false negatives because homozygote bases generate
higher quality base-calls than heterozygote base-calls
(Figure 2).

To address this issue, we have incorporated
a proprietary algorithm to automatically screen the
.poly files for all areas likely to be heterozygous and
survey the areas for potential G after A artifacts.

If certain criteria are met, the algorithm inflates the
quality scores of the heterozygote PHD files such
that PolyPhred’s source function will choose the
heterozygote base over the false homozygote, thus
reducing the false negatives.

B. Low Quality Sequence
Coverage at the Ends of Amplicons
Sanger sequencing produces electrophoretic mobility
artifacts in the first 80 bases of sequence. As a result,
bidirectional sequences of 500 bp amplicons contain
regions on the ends of the amplicons with a high
quality read in one direction and a read with mobility
artifacts in the other direction. The end-regions
containing mobility artifacts will produce false 
positives under the PolyPhred parameters selected
to maximize SNP discovery in the middle of the
amplicon, where there is a high quality double-
stranded sequence. 

To optimize PolyPhred for the ends of the
amplicons, we have implemented Read Pair
Discordance (RPD) analysis. This requires
Polyphred to be run multiple times with different
score, rank and source settings to identify regions
of the amplicon that produce discordant genotypes in
their respective forward and reverse read directions.
The ends of the amplicons tend to have a higher
frequency of these discordant genotypes. The
algorithm resolves these discordant genotypes
using several sequence context rules described in
sections A and C. As a result, a significant number
of false positives can be resolved.

C. Base Accuracy
Over-Estimation with Phred
Homopolymer stretches can cause problems with
sequence accuracy due to polymerase slippage (6).
In these situations, the sequence 3' to the homopolymer
has falsely inflated quality values and cannot be
trusted. The sequence chromatographs after the
homopolymer generate peak structures that phred 
evaluates as high quality. This inflates PolyPhred’s
false positive rate (Figure 3). 

Figure 1. Forward read (upper) has G incorporation significantly
reduced when incorporated after an A. The reverse read (lower)
is presented with a C after a T (G after A when reverse
complemented) that incorporates readily.

Figure 2. Reverse read (upper) demonstrates reduced G after A
incorporation (C after T when reverse complemented). The forward
read (lower) has no incorporation bias and as a result shows
clean heterozygote base. Phred penalized the quality of this base
as seen by the gray quality shading above the read (white is high
quality, gray is low quality).

Figure 3. Quality scores after a homopolymer stretch are
frequently above a Q20 but should not be trusted for SNPs.
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Using an approach similar to the one described
to correct G after A artifacts, we can also search the
.poly files for homo-polymer stretches and modify
the quality score. The algorithm sets the quality to
zero for bases 3' to any homopolymer seven bases or
longer. This prevents PolyPhred from making any
false positive calls in these regions.

Results
Implementing the algorithms described above has
dramatically improved our automated SNP-calling
accuracy. The table below demonstrates the results
of employing these modifications. The results are
reported for the entire amplicon (all) or just the
exonic regions of the amplicons (typically the
higher quality, middle portion of the amplicons).
The use of PolyPhred alone produces unacceptable
results. However, when PolyPhred is used with the
Agencourt algorithms, the accuracy of the SNP calls
is dramatically improved.

Conclusions and Discussion
To accelerate the data analysis process, we have
developed a reviewing interface that integrates with
our Oracle database. This interface assists the
reviewers by: 1) marking the exonic regions of the
amplicons and reporting any SNPs that result in
amino acid changes; 2) remapping the amplicon
SNP coordinates to the base coordinate on the
mRNA; 3) annotating Pfam domains so a user
can quickly assess if the SNP is in a critical protein
domain; 4) referencing dbSNP to determine if the
SNP has been previously reported; 5) displaying the
likelihood of heterozygosity; 6) providing SNP
frequency in the population; and 7) providing a
three-tier manual reviewing and version control
system. The optional manual reviewing system
records and tracks edits to any SNP calls or score
change made by the three individual manual reviewers.

A software program cannot be universally
successful if it fails to account for the diverse and
relatively frequent spectrum of polymorphisms and
context-related sequencing artifacts that occur.

PolyPhred can be an extremely valuable and high-
throughput tool for SNP discovery if it is applied in
a heuristically-controlled manner to account for such
artifacts. 

The core component of PolyPhred that calculates
the likelihood of heterozygosity by evaluating multi-
component signals is well tested, easily automated,
and highly reliable. The input quality files can be
corrected for known sequencing artifacts, enabling
the implementation of a very powerful automated
analysis system. 

The final frontier for automated SNP discovery
is to be able to identify which reads contain
heterozygous insertions or deletions, and then to
resolve their genotypes. Trace subtraction tools (7)
have shown promise addressing this challenge and
we are currently investigating these tools to offer our
customers in the future.
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