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An important factor in any minor variant 
detection approach is the sensitivity for 
detecting DNA sequence variants or 
mutations in an excess of nonmutated 
genomes. This challenge is encountered 
across many applications, including 
the detection of neoplastic cells in a 
majority of normal cells, the detection 
of somatic mutations in tumor biopsies, 
and the detection of a minor viral 
variant in a background of a large viral 
population. Sanger sequencing (1) has 
long been regarded as the gold standard 
for mutation detection, because prior 
knowledge of mutations is not required 
and assay development is limited only by 
sequencing primer design and read length. 
This approach, however, is unreliable for 
detecting variants that constitute <20% 
of the total population of genomes in a 
sample (2,3), it generates only an average 
sequence of the PCR product, it does not 

allow determining linkage of mutations, 
and the analysis of samples with hetero-
geneous insertion-deletion mutations 
remains challenging. Minor variant 
detection methods that rely on subcloning 
of PCR products, in conjunction with 
conventional sequencing, are expensive, 
time-consuming, and suffer from the 
drawback that PCR-based errors are 
propagated into the cloned DNA and 
cannot be discriminated from bona fide 
mutations. On the other hand, nonse-
quencing-based assays for minor variant 
detection [e.g., allele-specific PCR or 
probe-based methods (4)] generally offer 
high sensitivity, but prior knowledge of 
the mutation of interest is required, and 
no information on the sequence context 
can be generated, nor is linkage of the 
identified mutations possible.

The power of the new sequencing 
technologies and their utility for variant 

detection derive from the ability to 
sequence single molecules in massive 
amounts. In this process, each of the 
single molecules of an amplicon is clonally 
amplified and is sequenced individually, 
allowing for the identification of rare 
variants and haplotype information 
over the whole read length. At present, 
the 454 pyrosequencing technolog y 
achieves the longest read leng ths 
(400–500 bp reads), using the titanium 
chemistry on the Genome Sequencer 
FLX (GS FLX; 454 Life Sciences, Roche 
Applied Science, Branford, CT, USA). 
This technolog y enables the clonal 
sequencing of hundreds of thousands 
of molecules, which allows the ultra-
deep sequencing (UDS) of amplicons at 
high coverage (5). The combination of 
high coverage and long read length has 
made the GS FLX a promising tool for 
sensitive and quantitative detection of 
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Ultra-deep sequencing (UDS) of amplicons is a major application for next-generation sequencing tech-
nologies, even more so for the 454 Genome Sequencer FLX. Especially for this application, errors that 
might be introduced during any of the sample processing or data analysis steps should be avoided or at least 
recognized, as they might lead to aberrant sequence variant calling. Since 454 pyrosequencing relies on 
PCR-driven target amplification, it is key to differentiate errors introduced during the amplification step 
from genuine minority variants. Thereto, optimal primer design is imperative because primer selection, 
primer dimer formation, and nonspecific binding may all affect the quality and outcome of amplicon-based 
deep sequencing. Also, other intrinsic PCR characteristics including amplification drift and the formation 
of secondary structures may influence sequencing data quality. We illustrate these phenomena using real-
life case studies and propose experimental and analytical evidence-based solutions for effective practice. 
Furthermore, because accuracy of the DNA polymerase is vital for reliable UDS results, a comparative 
analysis of error profiles from seven different DNA polymerases was performed and experimentally as-
sessed in parallel by 454 sequencing. Finally, intra- and interrun variability evaluation of the 454 sequenc-
ing protocol revealed highly reproducible results in amplicon-based UDS.
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variants, with potential applications in 
various clinically relevant research areas, 
including virology, oncology and human 
genetics.

For example, monitoring HIV-1 
drug resistance has become increas-
ingly important for guiding treatment, 
especially for patients failing antiret-
roviral therapy (6,7). The conven-
tional method uses bulk population 
genotyping of the viral quasispecies in 
an infected patient to predict HIV-1 
drug resistance profiles. Some studies 
suggest that low-frequency (<20%) resis-
tance mutations may have an impact on 
therapy outcome as a result of trans-
mitted drug resistance or remnants of 
earlier drug selection in patients previ-
ously exposed to antiretroviral therapy, 
while other studies did not observe such 
correlation (8–15). With UDS becoming 
more widely available, the relevance 
of minor mutations in the context of 
different antiretroviral therapy regimens 
might help define the clinical benefit 
of low-frequency resistance testing. 
In oncolog y, UDS has been applied 
to identify rare somatic mutations in 
complex tumor samples, which might 
impact diagnostics and therapeutics. 
For example, Thomas et al. (16) reported 
the presence of low-abundance oncogene 
mutations in complex samples with low 
tumor content for which conventional 
Sanger sequencing was not informative. 
Another study screened 623 cancer-re-
lated genes in 188 human lung adeno-
carcinoma, revealing more than 1000 
somatic mutations across the samples 
(17). UDS has also been applied to 
search for rare mutations in samples from 
patients suffering from tuberous sclerosis 
complex, an autosomal dominant neuro-
cutaneous syndrome (18), and in samples 
from B cell chronic lymphocytic leukemia 
patients (19).

Over the past years, we have built 
experience in the design and optimi-
zation of UDS assays on amplicons using 
454 massive parallel pyrosequencing 
technology, primarily with applications 
in virolog y and oncolog y. Here, we 
discuss and illustrate by means of case 
studies from our laboratory different 
sources of errors that may occur during 
UDS. Emphasis is on the experimentally 
controllable variables affecting fidelity, 
quality, and outcome of amplicon-based 
deep sequencing.

PCR primer design
The design and selection of a primer set that 
specifically targets the region of interest, 

A

C

B

Figure 1. Nonspecific primer binding during PCR amplification may lead to errors in sequence data 
analysis. Representation of the consequences for sequence data analysis of nonspecific primer binding 
during PCR amplification for (A) amplicon or (B) shotgun 454 assays. Specific primer binding is shown 
as a black arrow; gray arrows represent nonspecific primer binding. AVA software (used for amplicon 
454 assays) is able to correct for nonspecific primer binding, whereas nonspecific primer binding is not 
controlled for in shotgun assays and might cause aberrant sequence variant calling. As a solution to 
this problem, an algorithm has been developed that trims the primer sequences from the reads that are 
situated in a region of nonspecific primer binding. (C) Detail of a coverage plot (read counts/position) of 
a shotgun experiment of the HIV-1 PR-RT region, aligned to the HXBII reference viral strain. Using the 
algorithm outlined in panel B, the primer sequences were removed from the reads ending or starting 
within the nonspecific priming region. White squares, read count before cleaning; black crosses, read 
count after cleaning for nonspecific priming.
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thereby avoiding the formation of primer 
dimers and nonspecific primer binding, is a 
prerequisite toward high-quality amplicon-
based deep sequencing.

Primer selection 
The source material for PCR amplifi-
cation is often a heterogeneous or mixed 
population of DNA molecules (e.g., 
ref lecting viral strain variability in a 
clinical sample). In order to capture all 
the variability and obtain a good represen-
tation of the diversity in the initial sample, 
PCR primers must be designed toward 
conserved regions. This avoids the selection 
of a specific subpopulation by preferential 
annealing of the primers to only one or part 
of the templates present in a sample. Conse-
quently, optimal primer design requires 
precise and reliable a priori knowledge of 
the variable regions of the target DNA to be 
amplified. Large sequence databases are of 

great help for adequate primer design, but 
can be biased toward specific geographical 
regions, patients, specimen subtypes, or 
genomic regions. Furthermore, no or very 
few sequences might be available in these 
databases for some organisms or targeted 
DNA regions. As an example, we developed 
an assay for the hypervariable V3 region in 
the envelope gene of HIV-1, which is the 
major determinant for coreceptor usage 
(20,21). Accurate prediction of coreceptor 
usage is essential to establish patient eligi-
bility to treatment with coreceptor antago-
nists (22,23). The variability in and around 
this V3 region necessitated us to design a 
reverse primer located 330 bp downstream 
of the target region, which was the closest 
conserved region. In case such solution is 
not possible because of a variable target 
region without proximity of a conserved 
nucleotide stretch, the mixing of different 
primers or the use of degenerate nucle-

otides could be an alternative. For example, 
for the development of a sensitive HIV-1 
resistance test for the region of the reverse 
transcriptase gene that covers amino acids 
59–190, an in-house database of aligned 
Sanger sequences from 266,781 samples 
was interrogated to achieve a good primer 
design. This in silico analysis revealed 
numerous variable positions in the region 
that was targeted for primer selection. 
The best performing primer pair, out of 
several that were tested in the laboratory, 
was successful in only 70% of a set of 57 
samples. Complementing this primer pair 
with two partially overlapping primers 
(one forward and one reverse) in the PCR 
mixture increased the amplification success 
of this assay to 83%.

Primer dimers
Primer molecules with (partially) comple-
mentary sequences can hybridize and form 

Figure 2. Formation of secondary structures during PCR amplification and its effects on data analysis following UDS using the 454 shotgun protocol. The 
representation (A) also proposes a solution to the problem through the introduction of a cleaning algorithm before final data analysis in GS Reference Map-
per. (B and C) A real-life example of a 454 read comprising a large deletion that was erroneously introduced during amplification, aligned versus a reference 
sequence. Using the standard Roche analysis software, proper alignment of the sequence read is impaired resulting in aberrant variant calling (panel B, blue 
underlined sequence). Panel C shows the correct alignment of this sequence read. The cleaning tool algorithm identifies and discards the sequence reads 
with large gaps (at least 10 nucleotides) to prevent aberrant variant calling.
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dimers that can be further amplified during 
PCR and result in very short amplicons. 
Fusion of the 454-specific adaptors (called A 
and B) and barcodes (multiplex identifiers or 
MIDs) to the gene-specific primers increases 
the length of the primer with an extra 29 
bp, resulting in primers of 50 bp or longer. 
These lengthy primers make primer dimer 
formation more likely to occur. Normally, 
these short byproducts are removed during 
the small fragment removal step (Agencourt 
AMPure XP bead purification; Beckman-
Coulter, Brea, CA, USA) of the 454 protocol. 
This step, however, can be insufficient 
when large amounts of dimers are present. 
Moreover, these short products are prefer-
entially amplified during emulsion PCR in 
the 454 process, leading to an overrepresen-
tation of short sequence reads (containing 
mainly primer sequences) and reducing the 
number of useful sequence reads obtained. 
As an example, we observed a nonneglectable 
peak of small fragments upon DNA LabChip 
(Agilent Technologies, Santa Clara, CA, 
USA) analysis of a sample that had undergone 
PCR amplification of the HIV-1 V3 region. 
The sample was subsequently purified using 

AMPure beads, which, as expected, signif-
icantly reduced the primer dimer peak, 
although a very minor peak remained visible. 
Further processing of this sample in the 454 
workflow and subsequent data analysis ( 
n = 10,687 reads) revealed that 37% (n = 3951) 
of the reads were derived from primer dimers. 
Next, this amplicon generation protocol 
was optimized by introducing a first-round 
PCR, using naked gene-specific primers 
(no A/B and MID adaptors), followed by 
a second-round PCR using the same gene-
specific primers fused to the A/B and MID 
adaptors. As a result, no primer dimers were 
detected anymore upon gel electrophoresis 
analysis, and virtually all 454 sequencing 
reads were over 200 bp in length and mapped 
uniquely to the target region (Supplementary  
Figure S1). Over the years, we experienced 
effective primer dimer reduction for several 
other assays using this two-round PCR 
approach (Vandenbroucke and Verhasselt, 
unpublished data). In addition, in all cases 
where primer dimers remained visible upon 
gel electrophoresis quality check after PCR, 
we applied gel extraction for small fragment 
removal.

Nonspecific binding
The specificity of DNA amplification 
during PCR is determined by the ratio 
of the primers’ capability and affinity to 
recognize and bind the intended target 
DNA sequence as compared with nontarget 
DNA sequences. The formation of nonspe-
cific PCR products that are completely 
off-target usually poses relatively minor 
problems during data analysis, because 
their sequences do not align with the target 
sequence and can easily be filtered. Their 
formation, however, will result in loss of 
sequencing capacity from a 454 run, and 
hence lower the coverage of the desired 
amplicon.

Nonspecific binding of one of the primers 
either within, up- or downstream of the 
region of interest, will lead to shorter or larger 
amplicons as compared with the intended 
region. If present at low quantity, these 
side-products might remain undetectable 
during gel-based fragment size control. In 
UDS, however, this can lead to the erroneous 
calling of single-nucleotide polymorphism 
(SNPs) or mutations in the region where the 
primer was bound nonspecifically (Figure 
1). Such nonspecific binding can be easily 
detected in amplicon-based 454 assays as 
it becomes apparent after alignment of the 
reads to the reference. The Amplicon Variant 
Analyzer software, used for the alignment of 
reads and the variant calling, automatically 
corrects for this type of errors by trimming 
the reads (Figure 1A). However this is 
not the case for larger amplicons that are 
processed using the 454 shotgun procedure 
(as was used in the HIV-1 PR-RT assay). 
This protocol includes a random fragmen-
tation step to generate a library of appro-
priate length for 454 sequencing (Figure 
1B), resulting in a more challenging data 
analysis. After alignment of the reads to 
the sequence of the HIV-1 reference strain 
HXBII, the Reference Mapper software 
(Roche Applied Science) cannot distin-
guish between nonspecific primer binding 
and genuine variability. Consequently, the 
primer-template mismatches are falsely 
reported as variations (Figure 1B). If reads 
are ending in a nonspecifically bounded 
primer and contain only a few nucleotides 
of the primer, it is even more challenging to 
distinguish between genuine sequence varia-
tions and nonspecific priming. In order to 
clean the data from variations introduced by 
nonspecific primer annealing, we developed a 
filtering algorithm that searches for reads that 
start or end with a primer sequence and are 
located within the amplicon of interest. Next, 
the primer sequences are trimmed from these 
reads in order to avoid the erroneous calling 
of variations within this sequence region, 
resulting in a more correct alignment (Figure 

Figure 3. Assessment of the error profiles of seven different DNA polymerases as determined by 454 
sequencing. Each of the seven enzymes was used to amplify four different exons from the human TP53 
oncogene, starting from plasmid clones comprising a cloned TP53 exon. (A) Error rate for nucleotide 
substitutions: number of substitutions divided by the number of bases. (B) Error rate for deletions: 
number of deleted bases divided by the number of bases. Deletions of more than one base at a cer-
tain position were counted as one deletion. The faded out bars represent samples of amplicons with 
a sequence coverage much lower (<200 reads) than from the run design (average coverage of 4111 
reads) and should not be considered representative. (C) Error rate for insertions: number of inserted 
bases divided by the number of bases. Insertions of more than one base at a certain position were 
counted as one insertion. (D) Error rate for dots: number of dots (N) divided by the number of bases 
(dot = three successive negative flows during 454 sequencing). A1_F, amplicon 1 forward read; 
A2_F, amplicon 2 forward read; A3_F, amplicon 3 forward read; A4_F, amplicon 4 forward read; 
A1_R, amplicon 1 reverse read; A2_R, amplicon 2 reverse read; A3_R, amplicon 3 reverse read; 
A4_R, amplicon 4 reverse read.
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1B). An illustrative example is given in Figure 
1C that shows part of the coverage plot of 
a shotgun sequencing experiment covering 
the HIV-1 protease and reverse transcriptase 
genes. Nonspecific binding of the reverse 
primer within the region of interest (position 
2329 to 2356) generated an additional 
smaller product, albeit at a low amount. This 
amplicon remained undetectable after size 
confirmation by agarose electrophoresis, but 
resulted in erroneous variant calling in the 
region of interest. Reads ending or starting 
within the region of nonspecific binding were 
subsequently trimmed using our algorithm 
and further used for the final data analysis 
(Figure 1C).

Intrinsic PCR characteristics
PCR bias
Q ua nti f icat ion of  va r iat ion i n 
PCR-amplified samples can differ signifi-
cantly from the genuine composition of a 

sample. This bias in template-to-product 
ratio is known as PCR drift and is caused 
by stochastic variation in the early cycles of 
the reaction, leading to a deviating value of 
the original template frequency. This can 
result in different outcomes in replicate 
reactions, especially for low frequency 
variants (24). We assessed this effect in a 
study of four HIV-infected plasma samples 
from unrelated clinical cases (25). Here, 
seven viral RNA aliquots (per patient 
sample) were each individually reverse-
transcribed, amplified, and sequenced, 
without amplicon pooling. Analysis of 
the quasispecies variability indicated that 
the range of variants per sample varied 
considerably depending on the RT-PCR 
experiment. To minimize this effect, we 
implemented in all amplicon-based assays 
a strategy of pooling seven RT-PCRs 
performed in parallel and demonstrated 
that this strategy reduced intra-assay 
variability (25).

Secondary structures
Watson-Crick base pairing of nucleotides 
within the same strand can lead to the 
formation of secondary structures of the 
template, especially in GC-rich regions. 
During sequence extension of the DNA 
strand by the polymerase, a region with a 
strong secondary structure might be skipped 
due to the looping-out of this region, which 
will then be excluded from further amplifi-
cation in the next PCR cycles. If this occurs 
at a low frequency, it remains unnoticed 
after quality check of the amplicon, and 
sequencing of this amplicon will lead to the 
erroneously reporting of a deletion in those 
reads passing the breakpoint (Figure 2). If 
a large gap was created, proper alignment 
of the read will be impaired, and incorrect 
fusion of different regions of the genome 
will result in the aberrant calling of variants 
(Figure 2). This can result in erroneous 
calling of variants (up to 10%; data not 
shown). Unfortunately, correction for these 
errors is not possible by means of the current 
Roche Applied Science analysis software. 
Trimming of the reads at the breakpoint 
or splitting the read in two separate reads 
(before and after the breakpoint) might 
be envisaged during analysis, however this 
strategy is impaired as the exact position of 
the breakpoint is uncertain. As a solution 
to this problem, a software scripting tool 
was developed that specifically recognizes 
the reads containing secondary structure 
artifacts and removes these from the 
analysis. This preprocessing tool identifies 
large gaps by pairwise alignment of each 
read to the reference, using a small gap 
extension penalty. Reads containing a suffi-
ciently large gap (at least 10 nucleotides) are 
subsequently removed from the data set, and 
the cleaned data can be further processed 
for full alignment and variant calling (see 
Supplementary materials for more details). 
It should be noted, however, that this 
tool cannot distinguish between genuine 
deletions and deletions caused by secondary 
structures.

Inf luence of DNA polymerases
It is well known that DNA polymerases 
introduce random errors at low frequency in 
nucleotide sequences due to base misincorpo-
ration during amplification. Such incorrect 
bases are present in individual DNA strands 
as a small minority in the PCR product. 
Although such errors are of little concern in 
conventional Sanger sequencing analysis, they 
will be observed in UDS applications using 
technologies that involve a PCR amplification 
step (such as 454 sequencing). More specifi-
cally, such errors are further amplified on a 
bead during the 454 sequencing preparation 
because of the clonal nature of the emulsion 
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Figure 4. Reproducibility of minor variant detection in UDS amplicon 454 sequencing. Representation 
of the experimental setup and scatter plots derived from representative experiments assessing (A) 
intrarun (interlane) variability and (B) interrun variability. An in-house designed assay for the detection 
of resistance mutations in HIV-1 reverse transcriptase gene was used for this analysis. The 454 run was 
designed to allow identification of minor variants at 1% frequency (i.e., 5000 reads/sample). The mark-
ers on the scatter plot indicate variations from the reference HIV-1 reverse transcriptase gene sequence. 
White squares, variants frequencies <1%; black squares, variant frequencies >1%. 



175Vol. 51 | No. 3 | 2011

PCR, and these individual molecules will 
be sequenced. If UDS of a heterogeneous 
population is envisaged, these errors will be 
reported as variations, and unfortunately, it 
is impossible to distinguish between DNA 
polymerase misincorporations and genuine 
mutations present in subpopulations of DNA 
molecules in the sample. The use of a high-
fidelity enzyme with proofreading activity 
can reduce the error rate considerably. The 
PCR error rate can also vary according to 
the nucleotide sequence context of the target 
DNA fragment that is amplified. Today, little 
is known about the differences between 
polymerases from various sources and the 
impact of such errors introduced during PCR 
on 454 sequencing outcome. We assessed 
and compared the error frequency and the 
type of errors introduced by seven different 
polymerases which were tested in parallel: 
KOD, Phusion HF, Pt Taq, Expand HF, 
FastStart HF, SequalPrep Long, and PfuUltra 
HF DNA polymerase (see Table 1 for an 
overview of enzyme characteristics). Thereto, 
four plasmid clones, each containing one exon 
of the human P53 oncogen (TP53) were used 
as starting template for PCR amplification 
of each of the four exons (see Supplementary 
Tables S1 and S3 for experimental details). 
Hence, all variants detected after sequencing 
analysis can be considered errors introduced 
during amplicon synthesis and/or GS FLX 
sequencing. The inclusion of different 
exons in our experimental setup allowed 
us to assess the influence of the sequence 
context on the error profile. Overall, the 
error rate varied between 0.11% and 0.34%, 
consisting of insertions (0.07%–0.14%), 
deletions (0.02%–0.08%), substitutions 
(0.01%–0.07%), and dots (0.01%–0.05%; 
dot: three successive negative flows during 
454 sequencing) (Table 2). Our results 
demonstrate that the DNA polymerase, as 
well as the sequence context, influence the 
type of errors observed (Figure 3). More 
specifically, the substitution error rate was 
primarily associated with the polymerase 
rather than the sequencing context (Figure 
3A). All polymerase mixtures containing 
Taq DNA polymerase (Pt Taq, Expand HF, 
and FastStart HF) showed a higher substi-
tution rate than the other polymerases 
tested. Moreover, these enzymes generated 
far more A/T to G/C transitions—and to 
a lesser extent the reverse transitions G/C 
to A/T—than other substitutions. On the 
other hand, insertions and deletions were 
primarily associated with the sequence 
context (interamplicon variability), rather 
than with the polymerase (interpolymerase 
variability within the same amplicon) (Figure 
3, B and C). The rate and position of inser-
tions and deletions were very similar for the 
different polymerases and correlated with 

the presence of homopolymers (data not 
shown). It is well known that homopoly-
meric DNA stretches are the major source 
of erroneous base calls when using the 454 
technology due to resolution difficulties and 
the appearance of carry forward incomplete 
extension (CAFIE) errors. Hence, insertions 
and deletions presumably are more linked 
to the 454 sequencing technology than to 
the amplicon synthesis. Together, our results 
demonstrate that careful selection of an 
appropriate polymerase with low error rate is 
highly recommended for UDS applications to 
detect nucleotide substitutions at frequencies 
below 1%. Of note, UDS of viral samples 
often also implies an additional initial step 
of reverse transcription of viral RNA into 
cDNA (e.g., plasma HIV). Although high-
fidelity reverse transcriptase enzymes are used 
in this step, it cannot be excluded that errors 
can be introduced, albeit that it is difficult to 
account for. This calls for a somewhat higher 
cut-off value than the error threshold calcu-
lated based on plasmid sequences for distin-
guishing authentic variants from errors in 
viral RNA plasma samples.

Reproducibility of the 454 
amplicon sequencing process
Although it is generally assumed that the 
major source of variability resides in the 
amplicon preparation steps as described 
above, erroneous variations in the final DNA 
sequence results might also originate from 
the 454 sequencing process itself, which 
de facto is a fixed protocol. We evaluated 
the variability of the 454 UDS amplicon 
protocol, thereby excluding errors intro-
duced during the upfront PCR, by means of 
an experiment designed to detect resistance 
mutations in the HIV-1 reverse transcriptase 
gene. All factors contributing to the fidelity, 
quality, and outcome of amplicon-based 
UDS, as described in this article, were 
carefully implemented during amplicon 
generation. Amplicons were split in two 
aliquots and processed in parallel either on 
different lanes on the same run (intrarun) or 
on different runs (interrun) (Figure 4). Intra- 
and interrun reproducibility was assessed for 
three and two independent samples, respec-
tively. The scatter plots in Figure 4 show the 
data for one sample, which is representative 
for all examined samples. Comparison of 
the observed sequence mutation frequencies 
of the parallel experiments demonstrated 
highly reproducible results, with both 
excellent intrarun variability (Pearson corre-
lation >0.98; concordance >0.97 for each of 
the three samples tested) as well as interrun 
variability (Pearson correlation >0.98; 
concordance >0.98 for each of the two 
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samples tested in this assay) (Figure 4). For 
mutations identified at frequencies below 
1%, the intra- and interrun reproducibility 
was somewhat lower (intrarun: correlation 
>0.77 and concordance >0.66; interrun: 
correlation >0.83 and concordance >0.74). 
As the sequencing depth of the samples in 
these runs was designed to reach 1% (i.e., 
5000 reads/sample), it was expected that 
reproducibility would decrease at mutation 
frequencies below this threshold level (1% = 
50 reads, according to the Roche specifica-
tions). Besides, a higher variability at lower 
frequencies is also well described in other 
genomic technologies, such as microarray 
analysis (26).

Conclusions
UDS of amplicons using the GS FLX system 
enables the identification of rare variants 

by sequencing massive amounts of clonally 
amplified single molecules. Although the 454 
sequencing process itself proves to be highly 
reproducible, the generation of accurate 
and reliable UDS results depends on many 
variables in the different steps of sample and 
data analysis processing. Awareness of the 
sources of potential sequencing errors helps 
to identify and distinguish erroneous from 
genuine sequence variations. The described 
case studies demonstrate that many of the 
sequencing errors sources can be avoided, 
solved, or controlled, but continuous 
attention in all UDS experiments is recom-
mended, especially when newly developed 
amplicon assays are used.

It is clear from the presented cases that 
a thorough data analysis is a prerequisite 
for high-quality results. Rather than devel-
oping our own algorithms and software to 
enable data analysis tailored to specific 

applications of deep sequencing, as has 
been proposed and described by several 
investigators as an attractive solution 
(27–30), our data analyses have been largely 
based on the alignments derived from the 
standard data analysis software (Amplicon 
Variant Analysis; AVA) that is developed 
and supported by the technology provider 
(454 Life Sciences, Roche Applied Science). 
However, as we identified some specific 
types of 454 sequencing errors in our data, 
we developed complementary software tools 
that can resolve these issues (available for 
download in the Supplementary materials). 
Although our experiences and results show 
that our data analysis approach works for 
deep sequencing applications in general, 
there might be specific applications of 
454-based deep sequencing that could 
benefit from the implementation of more 
tailored/developed algorithms and software 

Table 1. Characteristics of DNA polymerases used for PCR amplification in ultra-deep 454 sequencing applications  

DNA  
polymerase

Full name Supplier Compositiona Fidelitya (1/error rate) according to the manufacturer

KOD
KOD hot start 
DNA polymerase

Novagen
-  KOD (Thermococcus kodakaraensis) DNA  
polymerase

- Two monoclonal antibodies

50 times higher than Taq DNA polymerase
(using an rpsL+ assay)

Phusion HF
Phusion High-
Fidelity DNA 
Polymerase

Finnzymes
- Pyrococcus-like polymerase
- a dsDNA binding domain

50 times higher than Taq DNA polymerase
(using an LacI-based assay)

Pt Taq
Platinum Taq 
DNA Polymerase 
High Fidelity

Invitrogen

-  Taq (Thermus aquaticus) DNA polymerase  
(recombinant)

- Pyrococcus species GB-D polymerase
- Platinum Taq Antibody

3–4 times higher than Taq DNA polymerase
(using an rpsL+ assay)

Expand HF
Expand High 
Fidelity PCR 
System

Roche  
Applied  
Science

- Taq (Thermus aquaticus) DNA polymerase
- Tgo (Thermococcus gorgonarius) DNA polymerase

3 times higher than Taq DNA polymerase
(using an LacI-based assay)

F a s t S t a r t 
HF

FastStart High 
Fidelity PCR 
System

Roche  
Applied  
Science

-  FastStart Taq (chemically modified Taq) DNA 
Polymerase

- a proofreading protein

4 times higher than Taq DNA polymerase
(using an LacI-based assay)

Sequal Prep 
Long

SequalPrep Long 
PCR Kit

Invitrogen - No information in the public domain
3–4 times higher than Taq DNA polymerase
(using an rpsL+ assay)

PfuUltra HF
PfuUltra High-
Fidelity DNA 
polymerase

Stratagene
-  Genetically engineered mutant of Pfu  
(Pyrococcus furiosus) DNA polymerase

- ArchaeMaxx polymerase-enhancing factor

19 times higher than Taq DNA polymerase
(using an LacI-based assay)

aSource: Technical bulletins from the commercial providers. The error rate of Taq DNA polymerase is 8.0 (± 3.9) × 10-6 (Reference 31).

Table 2. Error rates determined by 454 sequencing for seven different DNA polymerases after PCR amplification of four different exons from the human TP53  
oncogene, using a clonal TP53 plasmid as starting template

KOD
(%)

Phusion  
HF
(%)

Pt  
Taq
(%)

Expand  
HF
(%)

FastStart  
HF
(%)

Sequal  
Prep Long

(%)

Pfu Ultra  
HF
(%)

Overall error ratea 0.21 0.11 0.34 0.25 0.23 0.29 0.23

Insertions 0.10 0.07 0.14 0.11 0.11 0.11 0.12

Deletions 0.06 0.02 0.08 0.07 0.05 0.06 0.05

Substitutions 0.01 0.01 0.07 0.04 0.03 0.07 0.01

Dotsb 0.04 0.01 0.05 0.04 0.04 0.05 0.05

aError rate, number of errors (miscalled bases, inserted or deleted bases) divided by total number of bases. 
bDot, three successive negative flows during 454 sequencing.
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(27–30), but these were not considered in 
the scope of this manuscript.

Our analyses suggest that prudence is 
called for in UDS experiments targeting 
the identification of sequence variations at 
frequencies far below 0.5%, as the overall 
error rate inherent to PCR amplification 
was found at 0.11%–0.34%, depending on 
the enzyme used. A similar analysis of error 
sources in amplicon-based UDS applica-
tions by other novel generation sequencing 
technologies would be of interest and would 
allow for comparisons.  
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