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Abstract

The advent of next generation sequencing technologies is providing new insight into HIV-1 diversity and evo-
lution, which has created the need for bioinformatics tools that could be applied to the characterization of viral
quasispecies. Here we present Nautilus, a bioinformatics package for the analysis of HIV-1 targeted deep se-
quencing data. The DeepHaplo module determines the nucleotide base frequency and read depth at each position
and computes the haplotype frequencies based on the linkage among polymorphisms in the same next generation
sequence read. The Motifs module computes the frequency of the variants in the setting of their sequence context
and mapping orientation, which allows for the validation of polymorphisms and haplotypes when strand bias is
suspected. Both modules are accessed through a user-friendly GUI, which runs on Mac OS X (version 10.7.4 or
later), and are based on Python, JAVA, and R scripts. Nautilus is available from www.hivresearch.org/
research.php?ServiceID = 5&SubServiceID = 6.

Within an infected individual, HIV-1 viral popula-
tions can exhibit an enormous level of genetic diversity,

which presents major obstacles for the sustained control of
viral replication by host immune responses and antiretroviral
treatments.1 Until recently, the molecular tools for the char-
acterization of viral quasispecies were extremely arduous and
costly.2 The advent of next generation sequencing (NGS)
technologies, with their expanded sampling depth and ca-
pacity for automation,3 is providing new insight into viral
diversity and evolution.4 The main experimental approaches
of NGS have been whole genome sequencing,5 whole gene
sequencing,6 and targeted deep sequencing (TDS).7–9 The
latter examines a defined subgenomic region of interest at
great sampling and sequencing depth to determine the fre-
quency of the different variants. As the capacity to obtain
longer reads has increased over the past years, it is now
possible to accurately determine, rather than just infer, the
linkage among measured polymorphisms. The quantity and
the quality of the data generated in TDS experiments present
major challenges for traditional analysis tools. Unfortunately,
most of the existing NGS bioinformatics tools10,11 have been
developed for the analysis of haploid or diploid organisms,
preventing their seamless application to HIV-1 populations.

Here we present Nautilus, a bioinformatics package for the
analysis of HIV-1 TDS data. The program consists of a

graphical user interface (GUI) with two modules: DeepHaplo
and Motifs. Using as an input an alignment file in the SAM
format,10 DeepHaplo computes the nucleotide base frequency
and read depth at each position, and presents the results in
tabular and graphic formats (Fig. 1a–f). To facilitate the vi-
sualization of the different facets of the data, results are re-
presented including or omitting alignment gaps, and in linear
or logarithmic scales. A novel feature of DeepHaplo is the
implementation of a hash algorithm (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/aid) to efficiently compute the frequency of haplotypes
(i.e., polymorphisms that are present in the same NGS read).
Positions of interest are either entered by the user or are
identified by the software based on a user-defined threshold
for minor-allele frequency (MAF) (Fig. 1g).

DeepHaplo uses the mapping orientation information
provided in the bitwise FLAG value in the SAM file10 to
compute the frequencies of nucleotide bases at each position
and the haplotypes in each orientation. This feature, com-
bined with the analysis of the Motifs module, allows the
validation of polymorphisms and haplotypes when strand
bias is suspected. In Motifs, interrogated positions are iden-
tified through a user-defined threshold for MAF, and the
frequency of variants at each position is computed for
the forward and reverse orientations. Motifs also calculates
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FIG. 1. Read depth and frequencies of single nucleotide variants and haplotypes can be computed by the DeepHaplo
module. (a) Histogram of the distribution of sequencing depth at each position. (b) Scatterplot of the sequencing depth at
each position acknowledging or ignoring alignment gaps (blue and red symbols, respectively). The frequency of each variant
at each position can be visualized either acknowledging (d, f) or ignoring alignment gaps (c, e) in linear (c, e) or logarithmic
scales (d, f). (g) The frequency of haplotypes that involve linkage among polymorphisms in positions of interest is computed
using a hash algorithm. The number of reads in each mapping orientation that support each haplotype can be used to discern
true signals from sequencing artifacts.
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the number of forward and reverse reads supporting a given
variant in the setting of the sequence context surrounding the
candidate variant, as this has been shown to strongly influ-
ence strand bias (e.g., homopolymers).12 Figure 2a shows a
real case of a polymorphic position where the variants are
equally supported by reads in both orientations (compare the
blue and red bars), whereas Fig. 2b shows that the A variant is
observed only in reads in the reverse orientation, likely re-
flecting a sequencing artifact.

In summary, Nautilus represents a new suite of bioinfor-
matics tools to support the analysis of TDS data in order to
facilitate the application of NGS to the characterization of
HIV-1 populations and evolution. Nautilus runs on Mac OS X
(version 10.7.4 or later), and is based on Python, JAVA, and R
scripts (required packages are stated in the accompa-
nying user manual), and is freely available from www
.hivresearch.org/research.php?ServiceID = 5&SubServiceID = 6.
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