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Objective: HIVseq was developed in 2000 to make published data on the frequency of
HIV-1 group M protease and reverse transcriptase (RT) mutations available in real time
to laboratories and researchers sequencing these genes. Because most published
protease and RT sequences belonged to subtype B, the initial version of HIVseq was
based on this subtype. As additional non-B sequences from persons with well-charac-
terized antiretroviral treatment histories have become available, the program has been
extended to subtypes A, C, D, F, G, CRF01, and CRF02.

Methods: The latest frequency of each protease and RT mutation according to subtype
and drug-class exposure was calculated using published sequences in the Stanford HIV
RT and Protease Sequence Database. Each mutation was hyperlinked to published
reports of viruses containing the mutation.

Results: As of September 2005, the mean number of protease sequences per non-B
subtype was 534 from protease inhibitor-naive persons and 133 from protease inhibitor-
treated persons, representing 13.2% and 2.3%, respectively, of the data available for
subtype B. The mean number of RT sequences per non-B subtype was 373 from RT
inhibitor-naive persons and 288 from RT inhibitor-treated persons, representing 17.9%
and 3.8%, respectively, of the data available for subtype B.

Conclusions: HIVseq allows users to examine protease and RT mutations within the
context of previously published sequences of these genes. The publication of additional
non-B protease and RT sequences from persons with well-characterized treatment
histories, however, will be required to perform the same types of analysis possible with
the much larger number of subtype B sequences. � 2006 Lippincott Williams & Wilkins
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Introduction

HIV-1 protease and reverse transcriptase (RT) sequencing
is frequently performed to identify viruses likely to have
decreased drug susceptibility as a result of either primary
or acquired drug-resistance mutations. Sequencing
results, however, are often difficult to interpret because
of the high mutation rate and genetic variability of HIV-1.
Although many HIV-1 protease and RT drug-resistance
mutations have been well characterized, the significance
of many other mutations in these genes is uncertain,
particularly in non-subtype B HIV-1 isolates [1].

HIVseq (http://hivdb6.stanford.edu/asi/deployed/HIV
seq.html) was designed in 2000 to accept user-submitted
protease and RT sequences, compare them with a
consensus reference sequence, and to use the differences
(mutations) as query parameters for interrogating the
HIV RT and Protease Sequence Database [2,3]. The
program output listed the frequency of each observed
mutation in treated and untreated persons and provided
links to previous reports of these mutations. By allowing
users to examine new sequences in the context of those
previously published, the program facilitates the identi-
fication of sequences with unusual mutations, which can
be immediately rechecked for sequence quality (e.g.,
electrophoretic intensity of observed peaks and back-
ground noise in the questionable region of the sequence).
In addition, unexpected associations between specific
mutations and previous drug treatment could be iden-
tified. For each gene, program output included one table
for subtype B viruses and another table containing pooled
data for all non-subtype B viruses. Although each of
the subtypes differs from other subtypes genetically by as
much as they differ from subtype B, insufficient sequence
data have been available to determine mutation frequ-
encies for each subtype.

The authors have recently collaborated to compile a large
number of non-B subtype sequences from persons with
well-characterized antiretroviral treatment histories [4]. To
assist laboratories performing HIV-1 sequencing, data from
this collaboration and from other published studies have
been used to extend HIVseq to include non-subtype
B viruses. Here, the process used to create subtype-specific
mutation frequency datasets and the usefulness of these data
to laboratories submitting individual sequences or
researchers examining the complete dataset are described.

Methods and results

Mutation frequency data
HIV-1 subtype
Similarity plotting and bootscanning [5] using a window
size of 400 and a step size of 40 nucleotides were performed
incott Williams & Wilkins. Unautho
using the Los Alamos HIV Sequence Database reference
sequences for each of the nine pure subtypes and
CRF01_AE and CRF02_AG [6]. Isolates that contained
a combination of more than one subtype were excluded
from analysis, unless subtypes A and G were detected in a
pattern consistent with CRF02_AG. Because CRF01_AE
pol sequences do not contain recombinant breakpoints,
subtype assignment was based on the fact that pol
CRF01_AE and pure A sequences are divergent. This
approach had an accuracy of 96% when applied to the
genes for protease and RT of 137 well-characterized
subtype A, CRF01_AE, and CRF02_AG isolates with
known subtypes based on pol and gag and/or env, with
most errors resulting from the misclassification of subtype
A protease sequences as CRF01_AE (data not shown).

Antiretroviral treatment history
Sequences were classified according to the treatment
history of the persons from whom the sequenced isolates
were obtained. Protease sequences were classified as
protease inhibitor (PI) naive or treated based upon
whether or not the person from whom the sequence was
obtained had ever received a PI [regardless of history of
use of RT inhibitors (RTI)]. RT sequences were classified
as untreated, treated with nucleoside RTI (NRTI) or
treated with non-nucleoside RTI (NNRTI). Sequences
were classified as NRTI treated only if they were obtained
from persons who had received one or more NRTI but
no NNRTI. Persons having more than one isolate with
the same mutation were counted only once.

To reduce the influence of possible transmitted resistance
and omissions in treatment history, sequences were
excluded from the drug class-naive category if they came
from individuals with primary HIV-1 infection in regions
of theworld where antiretroviral therapy was in widespread
use or if the sequences came from untreated persons
containing two or more established non-polymorphic
drug-resistance mutations.

Sequence quality control
Only sequences determined by dideoxyterminator sequ-
encing were included. The consensus amino acid sequence
was used to represent isolates when multiple clones were
sequenced. To reduce the impact of sequencing errors, a
sequence quality score was assigned to all sequences in the
database. This score equaled the total number of stop
codons, highly ambiguous nucleotides (B, D, H, V, N), and
highly unusual mutations (defined as mutations occurring
at a frequency of less than 0.05% in pooled treated and
untreated group M sequences). Positions containing mix-
tures in which one of the components of the mixture was a
stop codon or a highly unusual residue (e.g. a mutation at a
highly conserved site such as the active site of an enzyme)
rized reproduction of this article is prohibited.
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Fig. 1. HIVseq graphical user interface including the sequence upload form (a), program output showing the frequency of each
mutation by subtype and treatment for those mutations in the submitted sequence (b), and the detailed isolate information page
accessible through each mutation’s hyperlink (c). The example shown here is a subtype C protease sequence. The circled text in
(b) shows the frequency of N88D in protease inhibitor-treated individuals with subtype C viruses. (c) The top of a list of all
published reports of N88D in protease inhibitor-treated persons with subtype C viruses.
contributed to the sequence quality score. Protease sequ-
ences with a sequence quality score of four or higher and
RT sequences (positions 1–240) with a sequence quality
score of six or higher were excluded from the dataset.
opyright © Lippincott Williams & Wilkins. Unauth

Table 1. HIV-1 protease sequences according to subtype and treatment e
HIVseq program (September 2005).

Subtype

PI naivea

Virusesb Persons Citati

Subtype B 4037 3369 124
Non-B subtypes

A 637 621 52
AE 532 524 53
AG 794 791 55
C 993 973 83
D 343 311 55
F 178 173 41
G 261 259 31
Non-B total 3738 3652

PI, protease inhibitor.
aNever received a PI, regardless of their reverse transcriptase inhibitor trea
bTotal number of virus isolates for which sequences exist in the Stanford
treatment). The number of viruses is higher than the number of patients bec
cNumber of different published references (or unpublished studies associa
obtained.
Based on the sequence quality control criteria, 47 subtype
B (28 protease, 19 RT) and 79 non-B sequences
(19 protease, 60 RT) were excluded. More than half of
the excluded sequences had one or more stop codons,
orized reproduction of this article is prohibited.

xposure: datasets used to provide mutation frequency data for the

PI experienced

onsc Virusesb Persons Citationsc

5720 3354 104

71 59 10
71 64 12

101 83 16
276 216 20
89 73 23

139 129 18
185 169 10
932 793

tment history.
HIV RT and Protease Sequence Database (according to subtype and
ause some patients have had viruses assessed a multiple time points.
ted with GenBank submissions) from which the sequence data were
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Table 2. HIV-1 reverse transcriptase sequences according to subtype and treatment exposure: datasets used to provide mutation frequency data
for the HIVseq Program (September 2005).

Subtype

RTI naivea NRTI experienced but NNRTI naiveb NNRTI experiencedb

Virusesc Persons Citationsd Virusesc Persons Citationsd Virusesc Persons Citationsd

Subtype B 2080 2077 101 4245 3205 106 3334 1772 76
Non-B Subtypes

A 454 453 50 60 54 16 251 222 11
AE 444 443 47 196 191 15 116 111 12
AG 441 441 34 63 56 15 76 66 8
C 888 863 67 249 198 23 246 222 14
D 135 135 30 75 69 15 206 160 13
F 123 123 32 76 69 19 76 67 12
G 127 127 26 122 118 4 204 194 7
Non-B total 2612 2585 841 755 1175 1042

aRTI-naive persons are those who never received a nucleoside (NRTI) or non-nucleoside (NNRTI) reverse transcriptase inhibitor regardless of
their protease inhibitor treatment history.
bTwo separate categories for NRTI-experienced persons were created to enable the identification of mutations associated with NRTI therapy (by
comparing viruses from RTI-naive persons with those from NRTI-experienced but NNRTI-naive persons) and those associated with NNRTI therapy
(by comparing viruses from NNRTI-experienced persons with those from both categories of NNRTI-naive persons.).
cTotal number of virus isolates for which sequences exist in the Stanford HIV RT and Protease Sequence Database (according to subtype and
treatment). The number of viruses is higher than the number of patients because some patients have had viruses assessed from multiple time points.
dNumber of different published references (or unpublished studies associated with GenBank submissions) from which the sequence data were
obtained.
catalytic residue mutations (D25, T26, and G27 in
protease and D110, D185, D186 in RT), or highly
ambiguous nucleotides. In future versions of the program,
users will be provided with the option of adjusting this
sequence quality score cut-off.

Although most mutations occurring as part of a mixture
usually reflect true mixed virus populations [7], these
mutations are also statistically more likely to result from
technical artifact or overinterpretation of sequence
chromatograms than to be mutations that are present as
the dominant variant in a sample [8]. Excluding such
mutations is useful for some purposes – for example to
pyright © Lippincott Williams & Wilkins. Unautho

Fig. 2. Two examples of published inter-subtype differences in th
strated by HIVseq output. (a) Association of the protease mutations
G viruses [12]. V82I is the consensus amino acid sequence in subtyp
in only one nucleotide, in contrast to 82A (the most common PI-asso
two nucleotides in subtype G. (b) Association of the reverse transcri
non-nucleoside reverse transcriptase inhibitors [10,11].
facilitate the identification of non-polymorphic mutations
(i.e., mutations observed only as part of mixtures are more
likely to be artifactual). However, because most mutations
occurring as part of a mixture are clinically and epid-
emiologically significant, these mutations should be coun-
ted for other purposes. Therefore, users are provided with
the option to obtain results that include or do not include
mutations present as part of an electrophoretic mixture.

HIVseq program
Users submit single sequences or sets of multiple
sequences encompassing HIV-1 protease and/or RT by
uploading a file containing nucleotide sequences in fasta
rized reproduction of this article is prohibited.

e genetic mechanisms of HIV-1 drug resistance as demon-
V82T and V82M with protease inhibitor (PI) therapy in subtype
e G. As a result, the mutations 82T and 82M require a change
ciated mutation in other subtypes), which requires changes in
ptase mutation V106M in subtype C viruses with therapy with
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Fig. 3(a). Frequency of HIV-1 protease (positions 10–99) (a) and reverse transcriptase (positions 40–240) (b) according to
subtype in previously untreated person. Alanine , cysteine , aspartate , glutamate , phenylalanine , glycine , histidine ,
isoleucine , lysine , leucine , methionine , asparganine , proline , glutamine , arginine , serine , threonine , valine ,
tryptophan , tyrosine , insertion , deletion.
format, pasting fasta nucleotide sequences into a text box,
typing a list of mutations into a text box, or selecting
mutations from a dropdown menu. Submitted sequences
are aligned, translated, and compared with the subtype
B consensus reference sequence to derive a list of
mutations that are used to interrogate the HIV RT and
Protease Sequence Database. Submitted mutations are
used directly to interrogate the HIV RT and Protease
Sequence Database (Fig. 1).
opyright © Lippincott Williams & Wilkins. Unauth
Program output consists of three tables: a protease table
providing protease mutation frequency for HIV-1 isolates
from PI-naive and PI-experienced persons, an NRTI
table providing RT mutation frequency for isolates from
RTI-naive and NRTI-treated (but NNRTI-naive)
persons, and an NNRTI table providing RT mutation
frequency for isolates from NNRTI-naive and NNRTI-
treated persons. Each table contains one row for each
mutation and 20 columns (Fig. 2). Columns 1 to 4 list the
orized reproduction of this article is prohibited.
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Fig. 3(a). (Continued ).
position, the position’s consensus amino acid, the
submitted nucleotide triplet, and the submitted amino
acid. Columns 5 to 12 list the frequency of each mutation
in subtypes A, AE, AG, B, C, D, F, and G in drug-class-
naive persons. Columns 13 to 20 list the frequency of each
mutation in subtypes A, AE, AG, B, C, D, F, and G in
drug-class-experienced persons.

Mutations that occur in at least two persons and have a
frequency of at least 0.5% within a subtype are used
to populate the appropriate columns of the table. A
pyright © Lippincott Williams & Wilkins. Unautho
superscripted number following the mutation indicates
the proportion of isolates belonging to the subtype and
treatment category (drug-class naive or experienced)
containing the mutation. Each mutation is also a hyper-
link to a separate web page with detailed information on
each isolate, including literature references with Medline
abstracts, the GenBank accession number, and complete
sequence and treatment records. Figure 1 summarizes
the flow of information to the user showing the
sequence upload form (Fig. 1a), the mutation frequency
output (Fig. 1b), and the detailed isolate information
rized reproduction of this article is prohibited.
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Fig. 3(b). (Continued ).
page accessible through each mutation’s hyperlink
(Fig. 1c).

Complete dataset view
In contrast to the HIVseq program, which provides
mutation frequency data only for those mutations present
in a user-submitted sequence, the complete dataset
view (http://hivdb.stanford.edu/cgi-bin/MutPrevBy
SubtypeRx. cgi) allows users to examine the frequency
of all mutations according to subtype and treatment.
Those viewing the complete dataset can adjust three
parameters: (i) whether the mutation count is restricted to
a single isolate per individual (i.e., the most recently
obtained isolate while on antiretroviral therapy) or
whether it may include more than one isolate from an
individual if and only if different isolates from a person
have different mutations at the same position; (ii) whether
mutations present as part of electrophoretic mixtures
contribute to mutation frequency; and (iii) the minimum
frequency required for a displayed mutation. Three
mutation frequency thresholds are available: all muta-
tions, mutations with a reported frequency of at least
0.5%, and mutations with a reported frequency of at
least 1% and occurring in at least two persons. The last
opyright © Lippincott Williams & Wilkins. Unauth
option is necessary because fewer than 100 isolates
from treated persons are currently available for some
subtypes.

Tables 1 and 2 summarize the number of isolates in
the dataset according to subtype and treatment classifi-
cation. There are a meannumberof 534protease sequences
per non-B subtype from PI-naive persons and 133 from
PI-treated persons, representing 13.2% and 2.3%, respec-
tively, of the data available for subtype B. There are a mean
of 373 RT sequences per non-B subtype from RTI-naive
persons and 288 from RTI-treated persons, representing
17.9% and 3.8%, respectively, of the data available for
subtype B.

Figure 3(a) and 3(b) provides graphical summaries of the
reported frequency of each mutation by subtype at
protease positions 10–99 and RT positions 40–240. The
complete dataset view on the web also provides the
option of viewing the Shannon entropy [9] at each
position for each subtype: a measure of variability at each
position that is independent of the fact that subtype
B consensus sequence was used as the reference sequence
for all subtypes.
orized reproduction of this article is prohibited.
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Fig. 3(b). (Continued ).
Discussion

The HIVseq program demonstrates that the body of
published sequence data on a gene can be made available
in real time to laboratories and researchers sequencing
new isolates of that gene. Because most published HIV-1
drug-resistance data were originally based on subtype
B sequences, the initial version of HIVseq was designed
primarily for this subtype. However, subtype B represents
only about 10% of the global HIV-1 epidemic. Although
more non-B protease and RT genes are being sequenced
as access to antiretroviral treatment increases worldwide
[1], the mean number of sequences per subtype from
treated subjects is only approximately 2–4% of the
number of sequences from treated subjects with
subtype B.

We have recently collaborated to assess the impact of HIV-1
subtype and antiretroviral treatment on the distribution of
mutations in protease and RT [4]. The analysis showed that
mutations at each of 55 established subtype B drug-
resistance positions occurred in one or more non-B
subtypes, and that mutation at 80% of these positions were
significantly associated with treatment in non-B isolates.
However, to increase the statistical power of the analysis,
no distinction was made between different substitutions
pyright © Lippincott Williams & Wilkins. Unautho
at the same position; all differences from consensus B were
considered mutations. Additional data and further analyses,
therefore, are required to identify differences in the
spectrum of mutations at individual positions. Indeed, two
such differences have been reported and Fig. 2 shows
HIVseq output examples for these [10–12].

There is a potential for biased results whenever data are
derived from retrospective studies rather than from
prospective epidemiological studies designed to obtain
representative samples from the population in question
(HIV-1-infected persons worldwide). However, because
epidemiologically sound global drug-resistance data do
not yet exist, the data we are describing take on added
importance. Nonetheless, this study and the HIVseq
program provide frequency data on mutations from
published studies rather than unbiased estimates of the
prevalence of these mutations.

A sustainable mechanism to expand the data for HIVseq is
required. Although it is customary for authors to submit
nucleotide sequences to GenBank at the time of their
description in a published manuscript, there is no
mechanism compelling authors to submit important
correlated data such as date of virus isolation, geographic
origin, and, in particular, treatment history. In addition,
rized reproduction of this article is prohibited.
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obtaining accurate treatment histories is becoming
progressively more difficult as the number of antiretroviral
drugs and the duration of therapy with these drugs
increases. Mechanisms for making certain of the accuracy
of a person’s treatment history are required to optimize
the reliability of published data and the usefulness
of applications, such as HIVseq, that are based on such data.

Additional considerations are necessary before the data
provided with HIVseq can be used to compare the
reported frequency of mutations between different
subtypes. In creating the mutation datasets, no effort
was made to distinguish mutations developing in multiple
individuals from those that developed in a smaller number
of founder viruses. For example, if a large number of
closely related viruses from one geographic region are
published, the mutations present in these viruses would be
overrepresented in the dataset with respect to their actual
prevalence in all viruses of the same subtype. Although we
have developed an approach for dealing with this problem
of population stratification [4], it is not yet implemented
through a strictly computational approach. However, in
future versions of the program, viewers of the complete
dataset will be provided with the option of adjusting
output for population stratification.

Sponsorship: SYR and RWS were supported in part by
a grant from the National Institutes of Allergy and
Infectious Diseases (AI46148–01); DK and RK
received support from the Doris Duke Charitable
Foundation.
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