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Introduction

Next-generation sequencing (NGS) has revolution-
ized the studies of genomics characterization applied 
to virology1-4. This technology allows generating a large 

amount of information in short periods of time and at a 
relatively low cost5. In RNA viruses, such as HIV, high 
rates of error-prone mutations during viral replication 
generate a multitude of genetically diverse but similar 
variants known as quasispecies6. The NGS technolo-
gies are very useful for the genetic characterization of 
HIV infection, allowing an in depth analysis of the spec-
trum of variants present in an HIV-infected patient7-9. 
NGS has a technical limit of detection of 0.01% and a 
clinical threshold above 1% for mutations present on 
the viral population compared with the 15-20% ob-
tained using Sanger (population) sequencing. There-
fore10-12, NGS provides both technical and clinical 
improvements for the detection of resistance to anti-
retroviral drugs against HIV infection13. More specifi-
cally, NGS improvements are especially for choosing 
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first-line antiretroviral regimens including drugs with 
low genetic barrier for resistance14-16. This is the case 
for the non-nucleoside reverse transcriptase inhibitors 
(NNRTI) (i.e. efavirenz)17, and potentially also for inte-
grase inhibitors (INI) in the next future. In addition, NGS 
has also proven to be of value for salvage therapy14 
and as a surrogate of the cumulative resistance in the 
failing patient.

The 454 GS Junior platform (454 Life Sciences/
Roche Diagnostics) has been widely used across 
some countries for testing HIV resistance mutations 
in the clinical setting18-20 in the last two years. 
Roche Diagnostics has distributed a prototype al-
lowing sequencing reverse transcriptase (RT), pro-
tease and integrase fragments, with an appropriate 
amplicon length of 300-500 base pairs (bp), which 
include all resistance associated codons described 
to date21. 

Although technically sound, 454 technologies have 
several handicaps. As the method is based on pyro-
sequencing, homopolymeric regions serve as an error 
source leading frequently to insertions and deletions 
(indels)22. In addition, the quality of the reads de-
creases at the end of the reaction23. Finally, an addi-
tional source of error for HIV resistance analysis is that 
the protocol is based on a reverse transcribed poly-
merase chain reaction (RT-PCR). These errors may 
highly impact the quality of the sequences, with a sig-
nificant impact on sequence assembly, polymorphism 
detection, HIV subtype assignment, and resistance 
analysis24. 

Most NGS platforms, including 454, incorporate 
quality control (QC) pipelines in their sequencing pro-
tocol to filter the final results. However, as these QC 
pipelines may be insufficient, it is reasonable to run an 
own user level additional QC based on high-quality 
control filtering. This software has been widely used for 
microbiome analysis based on the 454 platforms, aim-
ing to improve the quality of results25-28.

To date, there is no systematic review on the use of 
methods that can correct sequencing errors on the 454 
platforms with protocols used for the characterization 
of HIV resistance in the clinical routine. In this study, 
we have reviewed all studies dealing with software or 
methods aiming to decrease these errors, which have 
been published during the period 2006-2016. 

Selection criteria and systematic review

We considered as bioinformatic strategies, software 
aiming to delete or detect sequencing errors, and as 

protocol improvements those changes in PCR tem-
perature profiles and/or reagent concentration aiming 
to minimize sequencing errors.

Our systematic review was performed according to 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidance29. We used a com-
bination of non-MeSH and MeSH terms related with 
error correction and NGS sequence filtering. We 
searched PubMed, Medline (Ovid) and Embase (Ovid). 
The term “HIV” was combined with “NGS” and “Next 
generation sequencing” and “Error rates” and “454” 
and “Artifact recombination” and “Denoising” and “Fil-
ter sequence” and “Insertion-deletion” and “Carry for-
ward correction”.

All abstracts of papers available through January 
2006 and June 2016 were reviewed. We used an it-
erative search strategy, as all references in the papers 
that were selected for reviewing were also studied. We 
limited our review to original articles that evaluated 
error correction of HIV NGS sequences obtained on 
the 454 platforms. Studies had to provide enough in-
formation on how sequence filtering was performed, 
and which modification before/after processing was 
performed. Abstracts, comments, and letters to the 
Editor were excluded as they lacked information on 
sequence processing. 

Data analysis and risk of bias

JA.F reviewed the studies, excluding those with ir-
relevant titles and references; N.C and JA.F indepen-
dently read studies that were selected, paying atten-
tion to abstracts, descriptive terms, and titles, and 
identified potentially eligible papers. Both authors fi-
nally reviewed the full text of the papers, and applied 
inclusion criteria. There were no discrepancies among 
both authors’ selection. JA.F and N.C independently 
extracted the data from the selected studies, providing 
them in a separate standardized file. Again, no dis-
crepancies between authors were found. When pro-
vided, crude 95% confidence intervals (95% CI) were 
extracted; they were calculated when not available and 
enough data were provided in the papers. However, 
due to the high heterogeneity of most studies and dif-
ferent methodologies, meta-analysis could not be per-
formed.

Seven studies were selected, and all were estimated 
to have no overall risk of bias (supplementary data). 
Only one study30 had a high risk of bias, due to the 
scarce information provided by the authors for all the 
parameters we evaluated. 
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JA.F and N.C evaluated the overall quality of the 
studies, pointing out their strengths and weakness, 
according to STROBE recommendations31. Three cat-
egories were given for the quality parameter (high, 
medium, low). Here, several discrepancies were found 
between the two reviewers. When this happened, F.G 
was asked to re-evaluate and discrepancies were 
solved accordingly. 

Selection of the studies

Our search selected 611 studies. After removing all 
the studies that were not research studies and by the 
date in which NGS was introduced, 161 papers were 
removed. After irrelevant studies were removed, only 
36 studies remained eligible. From these, 29 papers 
were removed, 15 because they focused only on de-
tection cut-offs, five because they did not deal with 454 
NGS errors, two due to a poor description of the meth-
odology used, and seven for some other reasons (non-
plasma samples, non-HIV studies, and not showing the 
results). We finally selected seven papers that met all 
the eligibility criteria (Fig. 1). Three of them dealt with 
protocol modifications to avoid or diminish sequenc-
ing errors32-34. These studies reported data on the 

number of reads, the percentage of recombination, 
and error rates (Table 1). The other four studies dealt 
with bioinformatics aiming to eliminate errors30,35-37. In 
this case, the studies provided data on the number of 
reads, error rate, indels, single nucleotide polymor-
phism (SNP) variant calling, and software characteris-
tics (Table 1). 

Modifications to the amplification protocol

Some previous reports have shown how error rates, 
as well as chimera and indel formation, increase after 
30 cycles of amplification, whatever the fidelity of the 
polymerase may be38-40. Three of the studies we have 
included in this systematic review aimed to minimize 
sequencing errors by modifying the amplification pro-
tocol32-34 (Table 2). Two of the studies we have evalu-
ated optimized the PCR by lowering the number of PCR 
cycles and doubling PCR reagent concentrations, with 
no variation on RNA input. One of the studies esti-
mated that median (95% CI) recombination was 48.7% 
(53.6-43.9) for standard PCR, compared to 0.8% (0.07-
2.1) after PCR optimization32. The error rate for both, 
standard and optimized PCR, was also analyzed; a 
drop from 23.2% (95% CI: 18.8-27.6) for standard PCR 

Figure 1. Flowchart for study selection. NGS: next-generation sequencing.

611 papers 
potentially relevant

450 papers to review

36 relevant papers

7 papers selected

145 papers outside  
the study period

12 abstracts
1 letter to the Editor

3 reviews

414 papers not relevant 

29 papers not suitable
  15 detection thresholds
  5 other NGS platforms
  1 not using plasma samples
  1 not HIV
  2 no methodology details
  5 other reasons
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Table 1. Studies based on modifications to the amplification protocol or bioinformatics solutions

Study Year NGS 
platform

Region Design Procedure

Di 
Giallonardo, 
et al.32

2013 454 FLX Protease (271 
bp)

Protocol modification;
Use of several HIV-1 
strains to allow 
recombination.
PCR reagent optimization

1) Standard PCR: 40 cycles (94ºC 
15”/55ºC 30”/72ºC 30”) plus 72º/8’. 
Reagents: Primers (uM) 0.4; dNTPs 
(mM) 0.2; FastStart High Fidelity DNA 
polymerase (U) 1.25.
2) Optimized PCR: 35 cycles (94ºC 
30”/55ºC 60”/72ºC 60”). Primers (uM) 1; 
dNTPs (mM) 0.4; FastStart High Fidelity 
DNA polymerase (U) 3

Shao,  
et al.33

2013 454 FLX RT (pol) Protocol modification;
Use of several HIV-1 
strains to allow 
recombination.
PCR reagent optimization

1) Standard PCR: 95ºC 2’; 45 cycles 
(95ºC 30”/50ºC 30”/72ºC 30”). 
Reagents; Primers (Nm) 400; dNTPs 
(uM) 200, MgSO4 (mM) 4; Hi Fidelity 
Platinum Taq (U) 2.5.
2) Optimized PCR: 95ºC 15’; 25 cycles 
(95ºC 15”/51ºC 30”/68ºC 1’30”). Primers 
(uM) 1; dNTPs (uM) 200; MgCl2 (mM) 
2.3; Taq Gold (U) 5

Waugh,  
et al.34

2015 454 FLX Gag Protocol modification;
Use of several HIV-1 
strains to allow 
recombination.
Changes in PCR cycle 
number and RNA input

Two PCRs in parallel for each of 3 RNA 
inputs (ng): 160, 1600, 3990. 1st PCR: 
27 cycles; 2nd PCR: 35 cycles; 98ºC 
30”/98ºC 10”/72ºC 1’. Primers (Nm) 400; 
dNTP (uM) 200; Phusion DNA 
polymerase (U) 0.3

Iyer,  
et al.35

2013 454 FLX gag/env/nef 
(1,500 
bp/2550/681)

Software: “CorQ”.
Data learning for massive 
sequencing data 
generated from a mixture 
of strains, and from 
artificial SNP errors

CorQ that utilizes a multiple sequence 
alignment to map base qualities to the 
positions within the alignment. Reads 
bases according to coverage, quality 
between adjacent bases, and the base 
in question

Deng,  
et al.36

2013 454 FLX gag and pol 
(269 bp-443 bp)

Software: “Indel and 
Carryforward Correction 
(ICC)”
Data learning for massive 
sequencing data 
generated from a mixture 
of strains

Unique sequences ranking by their 
abundance, and align the sequences 
taking into account the abundances of 
the aligned unique sequences and 
scoring parameters; match, mismatch, 
gap, penalty. Reads are filtered based 
on parameters; ambiguous bases, 
length, and average quality

Brodin,  
et al.37

2013 454 FLX pol (167 bp) Software: “BioPerl” using 
error correction scripts.
Data learning from env 
SG3∆ plasmid subjected to 
nested PCR (30+30 
cycles) using Faststart 
high fidelity

Filtering reads with: less than 80% 
similarity to a user reference sequence, 
taking ambiguous nucleotide calls, 
indels and stop codons into 
consideration

Kijak,  
et al.30

2013 454 FLX Pol Software: “Nautilus” Using as an input an alignment 
determines the nucleotide base 
frequency and read depth at each 
position and computes the haplotype 
frequencies based on the linkage 
among polymorphisms. Also computes 
the frequency of the variants in the 
setting of their sequence context and 
mapping orientation

Bp: base pairs; dNTP: deoxynucleotide; NGS: next-generation sequencing; PCR: polymerase chain reaction; SNP: single nucleoside polymorphism.
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Table 2. Standard vs. optimized polymerase chain reaction: differences in the number of reads and other quality variables

Study Reads median (95% CI) Recombination: % (95% CI) Error rate: % (95% CI)

Di Giallonardo, et al.32* S; 52,389 (84,645-20,133)
O; 7,827.5(23,15.6-14,548.7)

S; 48.7(53.6-43.9)
O; 0.8 (0.07-2.1)

S; 23.2 (18.8-27.6)
O; 2 (0.6-3.1)

Shao, et al.33 S; 12,2327
O; 62,437

S; 12
O; 0.8

Waugh, et al.34

27 cycles
RNA 160 ng 0.006 (0-0.01)
RNA 1600 ng 0.1 (0.08-0.1)
RNA 3,990 ng 0.9 (0.4-1.8)

35 cycles
RNA 160 ng 2.9 (2.8-3.2)
RNA 1,600 ng 4.6 (4.5-4.8)
RNA 3,990 ng 1.1 (0.8-1.4)

*Not provided in the study (calculated). 
O: optimized; PCR: polymerase chain reaction; S: standard.

Table 3. Main characteristics of bioinformatics tools available to eliminate next-generation sequencing errors

Study Reads median 
(95% CI)

Error rate: % (95% CI) Indel SNP  
variant 
calling

Software characteristics

Prior to 
filtering

Post filtering Chim Trim Var L (n) Qual. k

Iyer, et al.35* 26,620 gag 
48,927 env 
21,963 nef

Reduction
93-97%

Sensitivity: 
99%

Specificity: 
88%

 ?    

Deng,  
et al.36*

12,617  
(8,247-16,987) 
gag 17,228.5 

(12,001-22,456) 
pol

0.3  
(0-1)

gag; 0.02  
(0-0.04)
pol; 0.01 
(0-0.04)

Reduction
98-99%

Sensitivity: 
100%

Specificity: 
98%

     

Brodin,  
et al.37*

Prior to filtering; 
8,749.5 

(4,137.1-11,760.5) 
Post filtering; 

5,394 
(1,958.4-8,951.6)

0.2 
(0.08-0.4)

0.06  
(0.05-0.08)

? ? ? ? ? ?

Kijak, et al.30 ? ? ? ? ? ?

*Not provided in the study (calculated).
Chim: chimeric; k: k-mer; n: number of reads; trim: trimming; qual: quality scores; SNP: single-nucleotide polymorphism; var L: variation lengths.

to 2% (95% CI: 0.6-3.1) was described. A second 
paper also observed a reduction in median values of 
recombination from 12% (standard PCR) to 0.8% (op-
timized PCR)33. Finally, the last study used different 
RNA inputs, changing PCR conditions, but with the 
same reagent concentrations34. A higher number of 
PCR cycles always resulted in a higher degree of re-
combination. This study demonstrates that a higher 
RNA input at first stages of amplification, together with 

a reduction in the number of cycles, minimizes se-
quencing errors. 

Bioinformatics-based solutions

Four studies evaluated the use of bioinformatics to 
locate and diminish/eliminate sequencing errors30,35-37 
(Table 3). Two of them tested for different variables 
before and after they were used, and describe less 
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Table 4.  GS Reference Mapper characteristics

Region Reads median (95% CI) Error rate: % (95% CI) Indel SNP
variant 
calling

Software characteristics

Prior to 
filtering

Post  
filtering

Prior to 
filtering

Post 
filtering

Chim Trim Var L (n) Qual k

pol  
(533 bp)

7,214
(5,321-9,106)

7,184
(5,299-9,069)

0.3 
(0.18-0.42)

0.03
(0.02-0.05)

Reduction
99%

Sensitivity: 
99%

Specificity: 
98%

     

Bp: base pair; Chim: chimeric; k: k-mer; n: number of reads; trim: trimming; qual: quality scores; SNP: single-nucleotide polymorphism; var L: variation lengths.

numbers of errors after their usage36,37. Deng, et al., 
used the indel and Carryforward Correction (ICC) 
software, finding that error rates decreased from a 
median value (95% CI) of 0.3% (0-1) for both gag 
and pol regions, to 0.02% (0-0.04) for gag and 0.01% 
(0-0.04), after using ICC36. Indels were reduced in 
98-99%, and sensitivity and specificity for SNP variant 
calling was 100 and 98%, respectively. Brodin, et al., 
used BioPerl for sequence processing: error rates 
decreased from a median value (95% CI) of 0.2% 
(0.008-0.4) before processing to 0.06% (0.05-0.08); 
using the software resulted in the filtering of approxi-
mately 2,000 reads per sample (from 8,749.5 reads 
[95% CI: 4,137.1-11,760.5], to 5,394 reads (95% CI: 
1,958.4-8,951.6])37. Iyer, et al. used CorQ that resulted 
in a reduction on indels of 93-97% for gag/env/nef 
regions, with a sensitivity and specificity of 99 and 88%, 
respectively, for SNP variant calling35. The last study, 
performed by Kijak, et al., used Nautilus software, 
which is an observational tool that helps to discern 
between errors; in contrast to the other three, this 
study did not show any data on the parameters that 
were analyzed30. 

Overall, bioinformatics software have shown to be 
highly efficacious to remove sequences that con-
tained sequencing errors, with a 93-99% reduction in 
indels, which is highly relevant, specially for 454-based 
NGS35-37. In a similar way, using these programs also 
decreased error rate, allowing a more accurate esti-
mation of variants, especially when they are present 
at a low relative proportion (1-5%). Filtering may result 
in a significant loss in the number of reads, and may 
enable NGS to go down to 1% for minor variant de-
tection. All the software that have been reviewed in 
this paper did not incur a high loss in the number of 
reads; therefore, this was not seen to be a problem. 

All bioinformatics software also showed excellent 
results for SNP variant calling, with sensitivity and 
specificity values near 100%. 

The GS Reference Mapper in another tool for bioin-
formatic analysis. This software filters the sequences 
based on quality parameters, length of the sequences, 
expected deep and variant coverage. The GS Refer-
ence Mapper allowed improving the quality of se-
quences, especially at their terminal end, improving 
the Q values from 10 to 25 (Table 4). The Q value is 
an index of the probability of a given base of being a 
sequencing error; Q values > 30 are optimal, as the 
probability error is between 1 and 100041. This software 
has been used for the analysis of 73 samples from 
HIV-1-infected patients (84.2% subtype B) that were 
sequenced (RT and protease) on a 454 GS Junior. 
After denoising, most of the resistance mutations that 
were corrected by GS Reference Mapper (43/68) had 
been detected at very low relative prevalence (1-2%), 
and all were below 5%. In addition, after filtering, only 
a small number of sequences are deleted (mean 95% 
CI: 30; 22-37), and it shows a high sensitivity (99%) 
and specificity (98%) for SNP variant calling. This soft-
ware was able to eliminate HIV resistance mutations 
that were artificially detected at low levels, ranging 
1-5% of the whole quasispecies population that was 
infecting the patients. 

Recommendations and conclusions

This is the first systematic review evaluating the ben-
efits of sequence processing after massive parallel 
sequencing for the characterization of HIV drug resis-
tance. There are specific technical recommendations 
and several bioinformatics software that can be very 
useful to improve the results obtained using 454 GS 
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Table 5. Technical recommendations to minimize errors

What How

Lower the number of cycles during PCR Use 5-7 cycles less

Use high fidelity polymerases Phusion High-Fidelity DNA Polymerase or pfu DNA polymerase

Use bioinformatic software to filter short and low quality sequences GS Reference Mapper or CorQ

Filter all bases with a Q value < 25, and sequence depth 10 Delete indels that can affect the final results

PCR: polymerase chain reaction.

Junior NGS. The recommendations proposed in this 
review will certainly help NGS users to be really con-
fident that HIV resistance mutations detected using 
454 protocols are true mutations and not test-associ-
ated artifacts, especially if they are at low proportions 
(1-5%) in the whole viral population. Implementing 
these recommendations will certainly be of benefit and 
will improve patient care.

Considering all these data, there are some specific 
technical recommendations that might help for the 
minimization of the errors generated using the 454 GS 
Junior NGS platform (Table 5). Some of them include; 
lowering the number of cycles during PCR, using high-
fidelity polymerases (Phusion High-Fidelity DNA Poly-
merase or pfu DNA polymerase) and using bioinfor-
matic software to filter short and low quality sequences, 
including all bases with a Q value < 25, and sequence 
depth 10, might help for the minimization of the errors 
generated using the 454 GS Junior NGS platform. 

Supplementary Data

Supplementary data is available at AIDS Reviews journal online (http://www. 
aidsreviews.com).

This data is provided by the author and published online to benefit the 
reader. The contents of all supplementary data are the sole responsibility of 
the authors.
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