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a b s t r a c t

Background: HIV-1 group M is classified into 9 subtypes and recombinants (CRFs/URFs). Variants other
than subtype B (non-B) cause 90% of infections worldwide. HIV is often subtyped using automated tools
instead of the gold-standard phylogenetic analysis. We evaluated the reliability of subtyping tools vs.
phylogeny in a panel of HIV-1 pol sequences from the cohort of naïve patients of the HIV/AIDS Spanish
Research Network (CoRIS).
Methods: HIV-1 subtyping was performed using seven automated subtyping tools (Stanford, Geno2pheno,
Rega, NCBI, EuResist, STAR, TherapyEdge) in HIV-1 pol sequences from 670 CoRIS patients previously
subtyped by phylogeny (587 subtype B/83 non-B). Sensitivity with respect to phylogeny was assessed.
Results: Most tools correctly classified subtype B, although up to 15% of non-B sequences were wrongly
identified as B depending on the tool. For subtype B and CRF02 AG identification, Stanford/NCBI and
Geno2pheno/Rega presented the highest/lowest sensitivities, respectively. EuResist and Geno2pheno
correctly classified all 13 non-B “pure”subtypes at pol. The efficacy of all subtyping tools dropped clearly
when identifying recombinants different from CRF02 AG. Only NCBI05, Rega and STAR identified URF, but

with very low sensitivities. NCBI classified the highest number of subtypes B as non-B, and overestimated
recombinants, especially when including references of 2009.
Conclusions: Automated tools are useful for subtype B identification, although they present serious limi-
tations in classifying variants uncommon in developed regions, especially recombinants. Their sensitivity
depends on the prevalence of non-B variants in the population, and decreases drastically when the fre-
quency of recombinants increases. Furthermore, HIV-1 variant distribution differs according to the tool

used.

. Introduction
Human immunodeficiency virus type 1 (HIV-1) has been
ivided in four groups: M (main), O (outlier), N (non-M, non-O)
nd the recently identified P (Plantier et al., 2009). Most variants
re included in group M, which is subdivided into 9 subtypes

∗ Corresponding author at: HIV-1 Molecular Epidemiology Laboratory, Depart-
ent of Microbiology, Hospital Universitario Ramón y Cajal, Ctra. Colmenar Viejo

m. 9,100, 28034 Madrid, Spain. Tel.: +34 91 3368330; fax: +34 91 3368809.
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© 2010 Elsevier B.V. All rights reserved.

(A–D, F–H, J, K), at least 45 circulating recombinant forms (CRFs)
(http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html)
and multiple unique recombinant forms (URFs). URFs are widely
spread throughout the world, with different recombination
breakpoints from those found in CRFs. The global distribution
of HIV-1 clades is unequal. Subtype B only accounts for around
10% of the total infections worldwide (Hemelaar et al., 2006), but

is prevalent in developed countries, including Western Europe
and North America. Thus, most clinical and biological studies are
based on this clade. The remaining subtypes and the recombinant
forms (grouped as “non-B” variants) have been studied less, even
though they cause about 90% of the estimated 33 million HIV
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nfections. Among them, subtypes C and A and recombinants
RF01 AE and CRF02 AG are responsible for nearly 70% of all HIV

nfections. HIV-1 molecular epidemiology studies have revealed
n increasing prevalence of non-B subtypes and recombinants
n developed countries in the last decade (Wensing et al., 2005;
agir et al., 2007; Yerly et al., 2007; Frange et al., 2008; Holguín
t al., 2008a). In Spain, non-B variants have been increasing
mong newly diagnosed HIV-1 natives and immigrants in the last
ears, and their current prevalence is about 15% (Holguín et al.,
008a; Cuevas et al., 2009; De Mendoza et al., 2009), although it is
igher when the surveillance studies include a larger immigrant
opulation.

In addition to the epidemiological impact, the presence of non-
subtypes and recombinants has implications for the diagnosis

Candotti et al., 2000), the viral load quantification (Gottesman
t al., 2004; Kim et al., 2007; Rouet et al., 2007, 2010; Steegen
t al., 2007; Holguín et al., 2008b; Korn et al., 2009; Wirden et al.,
009), the vaccine design (Zhang et al., 2010), the progression to
IDS (Vasan et al., 2006; Baeten et al., 2007) and the cognitive

mpairment (Sacktor et al., 2009). The genetic peculiarities of non-
variants (Kantor and Katzenstein, 2003; Yebra et al., 2010) could

ffect the emergence of resistance (Grossman et al., 2004; Gonzalez
t al., 2008), the viral replicative capacity (Holguín et al., 2006),
he genetic barrier of certain drugs (Van de Vijver et al., 2005), the
rug-binding affinity (Kinomoto et al., 2005) and the reliability of
lgorithms of genetic resistance interpretation (Snoeck et al., 2006;
hampenois et al., 2008; Yebra et al., 2010). Thus, a proper detec-
ion and description of HIV-1 variants in representative cohorts are
f clinical importance. Phylogenetic analysis (phy) is the gold stan-
ard method for subtyping and discrimination between subtypes
nd/or CRFs. However, it is not widely implemented in clinical set-
ings because of its complexity. Several automated subtyping tools
ave been developed for HIV-1 classification in the clinical routine.
hey are fast and easy to use, and most are free-of-charge. How-
ver, they have considerable limitations vs. phy that confound their
esults especially in the analysis of non-B variants (Smith et al.,
005; Holguín et al., 2008c,d; Ntemgwa et al., 2008; Galán et al.,
009; Wilkinson and Engelbrecht, 2009; Yebra et al., 2010). Fur-
hermore, the results of different tools are usually in disagreement
Gifford et al., 2006; Loveday and MacRae, 2006), especially in the
nalysis of recombinants.

The objective of the present study was to assess the sensi-
ivity and specificity of seven subtyping tools (Stanford, Rega,
eno2pheno, NCBI, STAR, EuResist and TherapyEdge) in clas-
ifying a panel of HIV-1 pol sequences (587 subtype B/83
on-B) subtyped by phy from 670 different patients included in
oRIS, a large cohort of HIV-infected treatment-naïve patients in
pain.

. Materials and methods

.1. Study population

The Spanish cohort of ARV-naïve HIV-infected patients included
n the Research Network on HIV/AIDS (CoRIS) is a multicenter,
ospital-based prospective cohort of subjects over 13-years-old
een at 31 hospitals of the 19 Autonomous Regions in Spain from
anuary 2004. This study was approved by a review board and
thical Committee of the CoRIS Cohort. It was designed to pro-
ect the rights of all subjects involved under the appropriate local

egulations. About 60% of these patients have started ARV ther-
py and more than 30% of subjects are immigrants (Caro-Murillo
t al., 2007). Out of the 670 patients included in this study, 375
56%) were Spanish, 181 (27%) were immigrants (118 Central and
outh Americans, 17 Sub-Saharan Africans, 16 West Europeans,
arch 89 (2011) 19–25

11 East Europeans, 10 North Africans, 6 North Americans and 3
Asians) and 114 were of unknown origin. Basal pol sequences in
fasta format were collected including the complete protease (PR)
(codons 1–99) and part of the reverse transcriptase (RT) (codons
38–260 or 1–335) from the 670 naïve patients with available
sequence.

2.2. HIV-1 variants identified by phy

HIV-1 subtypes and CRF were identified by phylogenetic
analysis (phy) of the 670 pol sequences. The 2008 version
of the subtype reference dataset provided by Los Alamos
National Laboratory (available at: http://www.hiv.lanl.gov/
content/sequence/NEWALIGN/align.html) was used. It was
updated including more sequences of CRF absent or scarcely
represented (26 AU, 30 0206, 32 06A1, 34 01B, 38 BF, 41 CD and
42 BF). Therefore, at least two representative sequences of each 9
subtypes and the 43 CRF of HIV-1 group M available at the moment
of the analysis were taken as references. The tree topology was
obtained using the Neighbor-Joining method. DNA sequences were
aligned using the ClustalX 2.0.11 program. The pairwise distance
matrix was estimated using the Kimura two-parameter model
within the DNADIST program, as implemented in the PHYLIP
software package. Bootstrap re-sampling (1000 data sets) of the
multiple alignments was performed, with the bootstrap cut-off
set at 700. Out of the 670 sequences, 587 (87.6%) were subtype
B, and 83 (12.4%) non-B variants. Only 13 (15.7%) were “pure”
non-B subtypes: 1 A1, 3C, 4 F1, 4 F2, and 1 G. The remaining 70
(84.3%) non-B were recombinant. Forty-seven (67.1%) clustered
with 12 different CRFs (1 CRF01 AE, 31 CRF02 AG, 2 CRF03 AB, 1
CRF06 cpx, 1 CRF11 cpx, 1 CRF12 BF, 4 CRF14 BG, 1 CRF15 01B, 2
CRF19 cpx, 1 CRF20 BG, 1 CRF28 BF, 1 CRF42 BF) and 23 were URF.
They did not cluster to any known subtype/CRF, and presented
complex mosaic patterns, including fragments from 8 different
subtypes (A, B, C, D, F, G, J and K) and 3 different CRF (01 AE, 02 AG
and 03 AB). In more detail, they carried B/CRF02 AG sequences
(17.4%), A1/CRF03 AB (13%), B/A1/CRF03 AB (13%), B/F1 (8.7%),
B/A1 (8.7%) or others (39.1%).

2.3. Automated HIV-1 subtyping tools

HIV-1 subtyping by seven automated tools was also assessed
using all sequences. Six were free-of-charge and available online:
Stanford HIVdb 6.0.5, Geno2pheno 3.0, Rega 2.0, NCBI (including
both 2005 and 2009 reference sets), EuResist 2009, STAR 2006;
however TherapyEdge-HIV 2009 was a commercial tool. They
were available at: http://hivdb.stanford.edu/pages/algs/sierra
sequence.html (HIV-1 Drug Resistance Database; Stanford
University, Palo Alto, CA); http://www.geno2pheno.org (Max
Planck Institute for Informatics, Saarbrücken, Germany);
http://www.bioafrica.net/subtypetool/html (Rega Institute for
Medical Research, Leuven, Belgium); http://www.ncbi.nlm.nih.
gov/projects/genotyping/formpage.cgi (National Center for
Biotechnology Information, Bethesda, MD); http://engine.
euresist.org/data analysis/viral sequence/new (EuResist Project,
Rome, Italy); http://www.vgb.ucl.ac.uk/starn.shtml (UCL Divi-
sion of Infection and Immunity, Royal Free & University College
Medical School, London, UK) and http://www.therapyedge.com

(TherapyEdge-HIV, ABL, Luxembourg). A discrepancy was consid-
ered when the tool assigned a different HIV-1 subtype/CRF than
phy. For NCBI tool, we used two different reference sequences’ sets
(2005 and 2009) in the analysis, because NCBI09 included 22 more
CRFs than NCBI05.

http://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html
http://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html
http://hivdb.stanford.edu/pages/algs/sierra_sequence.html
http://hivdb.stanford.edu/pages/algs/sierra_sequence.html
http://www.geno2pheno.org/
http://www.bioafrica.net/subtypetool/html
http://www.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi
http://www.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi
http://engine.euresist.org/data_analysis/viral_sequence/new
http://engine.euresist.org/data_analysis/viral_sequence/new
http://www.vgb.ucl.ac.uk/starn.shtml
http://www.therapyedge.com/
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Table 1
Sensitivity of the automated subtyping tools vs. phy in the 670 HIV-1 pol sequences classification.

HIV-1 variants (no.) % Sensitivity (95% CI)

Stanford 6.0.5 Rega 2.0 Geno2pheno 3.0 TherapyEdge 2009 STAR 2006 EuResist 2009 NCBI 2005 NCBI 2009

Subtype B (587) 98.6 (98;99) 85.9 (83;89) 95.9 (94;97) 95.6 (94;97) 95.1 (93;97) 97.6 (96;99) 81.3 (78;84) 48.7 (45;53)
Non-B variants (83) 47 (36;58) 48.2 (37;59) 59 (48;70) 55.4 (45;66) 50.6 (40;61) 57.8 (47;68) 54.2 (43;65) 16.9 (9;53)

Pure non-B subtypes (13) 76.9 (54;100) 92.3 (78;100) 100 92.3 (78;100) 84.6 (65;100) 100 76.9 (54;100) 53.8 (27;81)
CRF02 AG (31) 90.3 (80;100) 71 (55;87) 93.5 (85;100) 83.9 (71;97) 83.9 (71;97) 87.1 (75;99) 77.4 (63;92) 9.7 (−1;20)
CRF non-02 AG (16) 6.2 (−6;18) 12.5 (−4;29) 43.75 (19;68) 50 (25;74) 6.2 (−6;18) 50 (25;74) 31.2 (8;54) 25 (4;46)
URF (23) 0 17.4a (2;33) 0 0 17.4a (2;33) 0 26.1 (8;44) 0

Total (670) 77.3 (74;80) 81.2 (78;84) 91.3 (89;93) 90.6 (88;93) 89.5 (87;92) 92.7 (91;95) 77.9 (75;81) 44.8 (41;48)

No., number of sequences; CI, confidence interval; CRF, circulating recombinant form; URF, unique recombinant form; Phy, phylogenetic analysis. We considered as correct
classification when the subtyping tool assigned the same HIV-1 subtype or CRF as that provided by phylogenetic analysis for each pol sequence. Pure non-B subtypes included:
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most of them, although EuResist, TherapyEdge, and Geno2pheno
provided the best results (Table 1).

Regarding the identification of the complex recombinant
mosaics or URF (n = 23) previously characterized in our cohort by
phylogenetic analysis and bootscanning, only NCBI05, Rega and

Table 2
Subtyping of HIV-1 recombinant forms by automated tools.

HIV-1 recombinants by phy (no.) Correct identifications (no.) by
each subtyping tool vs. phy

CRF01 AE (1) EuR, G2p, NCBI05, Rega, Stanf,
STAR, and TE (1)

CRF02 AG (31) G2p (29); Stanf (28); EuR (27);
STAR and TE (26); NCBI05 (24);
Rega (22); NCBI09 (3)

CRF03 AB (2) None
CRF06 cpx (1) EuR, G2p and TE (1)
CRF11 cpx (1) TE (1)
CRF12 BF (1) G2p, NCBI05, Rega and TE (1)
CRF14 BG (4) EuR, G2p (4); NCBI05, NCBI09

and TE (3)
CRF15 01B (1) NCBI05 (1)
CRF19 cpx (2) EuR (2); TE (1)
CRF20 BG (1) NCBI09 (1)
CRF28 BF (1) None
CRF42 BF (1) None
A1, 3C, 4 F1, 4 F2 and 1 G. CRF non-02 AG included: 1 CRF01 AE, 2 CRF03 AB, 1 CR
RF28 BF and 1 CRF42 BF (see Table 2). Complex recombinants or URFs not ascribed
ethod (Simplot) (Yebra et al., unpublished data).
a All the URFs whose mosaic patterns were correctly identified by Rega and STAR

.4. Statistical analysis

Sensitivity and specificity were obtained using a calcu-
ator available at: http://www.hrc.es/investigacion/bioest/otras
alculadoras.html.

. Results

.1. Different sensitivities of automated subtyping tools for HIV-1
ariant identification

.1.1. In the complete cohort
The sensitivity of the seven automated tools for HIV-1 identifi-

ation when compared to phy differed among HIV-1 variants and
ools. Including our entire study cohort (n = 670) with predomi-
ance of clade B (87.6%), sensitivity exceeded 90% for Geno2pheno,
uResist and TherapyEdge. However, when only the 83 HIV-1 non-B
ubtypes and recombinants were included, Geno2pheno, EuRe-
ist, TherapyEdge and NCBI05 only identified about 55% of them
Table 1). The remaining tools identified a half at best. Of note, a
igh rate (9.3% and 17.2%, respectively) of the 670 pol sequences
as not assigned to any subtype/recombinant using STAR and Rega.

TAR unassigned 33 (40%) non-B variants and 83 (14.1%) subtypes
and Rega 32 (38.5%) non-B variants and 29 (4.9%) subtypes B.

tanford and TherapyEdge provided the subtype at PR and RT sep-
rately, even when the complete pol (PR and RT) in one file was
sed. Stanford provided very similar sensitivities for HIV-1 variant
etection in PR/RT meanwhile TherapyEdge subtyped RT slightly
etter than PR (data not shown).

.1.2. In HIV-1 pure subtypes
For subtype B (n = 587) identification, Stanford presented the

ighest sensitivity (98.6%) and only misclassified 6 subtypes B
Table 1), but only in PR and not in RT. The specificity of subtyp-
ng tools was also high, ranging from 84.3% (Geno2pheno) to 100%
Rega). However, we observed misclassifications. In fact, all rapid
ubtyping tools, except Rega and STAR, identified as non-B vari-
nts from 1.4% (Stanford) to 51.3% (NCBI09) of the 587 subtype B
equences defined by phy. NCBI presented the highest overestima-
ion of non-B variants, since it only correctly classified 71.3% or
8.7% of the subtype B sequences defined by phy when the 2005
r 2009 versions were used, respectively (Table 1). In the remain-
ng cases, NCBI included regions of other subtypes or CRF besides

ubtype B, especially in the case of NCBI09.

For non-B pure subtypes (n = 13, including A1, C, F1, F2 and
), the rate of correct identifications was high as well. EuResist
nd Geno2pheno correctly classified all of them. The sensitivity
as 77–92% in the remaining tools (Table 1). The specificity was
x, 1 CRF11 cpx, 1 CRF12 BF, 4 CRF14 BG, 1 CRF15 01B, 2 CRF19 cpx, 1 CRF20 BG, 1
HIV-1 subtype or circulating recombinant (CRF) were defined using a bootscanning

each) were, however, unassigned by each tool.

also high (>99%) in most cases. Of note, among the 24 sequences
misclassified by Geno2pheno, 19 were assigned to subtype D. Ther-
apyEdge provided 4.4% of false non-B variants, 11 of them subtyped
as DPR/BRT. Thus, Geno2pheno and TherapyEdge could overesti-
mate subtype D, which has been demonstrated to have a faster
progression to AIDS and a higher pathogenicity (Vasan et al., 2006;
Baeten et al., 2007; Sacktor et al., 2009).

3.1.3. In HIV-1 recombinant forms: CRFs and URFs
All subtyping tools presented a high sensitivity for CRF01 AE

and CRF02 AG detection, although 7–29% of the 31 CRF02 AG
were underestimated using subtyping tools excluding NCBI09,
which presented important limitations in detecting both variants
(Table 1). The specificity for CRF01 AE and CRF02 AG was very high,
ranging from 98.4% (EuResist) to 100% (NCBI’05) and 99.7% (EuRe-
sist) to 100% (Rega and NCBI09), respectively.

However, the efficacy of all subtyping tools clearly dropped
when identifying recombinants different from CRF02 AG (Table 2).
Among the 15 pol sequences ascribed by phy to 10 different CRFs
non-CRF01 AE, non-CRF02 AG, automated tools failed to detect
URF (23) NCBI05 (6); Rega and STAR (4)

No., number of sequences; CRF, Circulating Recombinant Form; URF, Unique Recom-
binant Form; EuR, EuResist 2009; G2p, Geno2pheno 3.0; Stanf, Stanford-HIVdb 6.0.5;
TE, TherapyEdge-HIV 2009; NCBI05 and NCBI09, versions with reference datasets of
2005 and 2009 respectively; Rega, Rega version 2.0; STAR, STAR version 2006.

http://www.hrc.es/investigacion/bioest/otras_calculadoras.html
http://www.hrc.es/investigacion/bioest/otras_calculadoras.html
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Fig. 1. Distribution of HIV-1 variants in the CoRIS cohort according to each subtyping method. PHY, phylogenetic analysis considered the gold standard method to classify
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IV-1; no., number of sequences; CRF, circulating recombinant forms; URF, unique
eno2pheno 3.0, TherapyEdge-HIV 2009, STAR 2006, EuResist 2009 and NCBI (inc

ndependent results for protease and reverse transcriptase, and the cases with di
ncluding regions ascribed to different HIV-1 subtypes and/or CRF were considered

TAR were capable of identifying URF, but with very low sensi-
ivities (Table 1). Rega and STAR unassigned 15 and 16 of the 23
RF, respectively, and the remaining URF were wrongly classified as
ure subtypes or CRF using both tools. Nevertheless, Rega correctly
howed the subtypes involved in the recombinants in 4 unassigned
RF (2 URF BF1, 1 BA1, 1 BC) and so did STAR in 4 other unassigned
RF (3 URF B02, 1 BC). On the other hand, NCBI05 correctly detected
URF (3 URF 02B, 1 03B, 1 BG02 and 1 BC). The URF BC was the only
ne correctly identified by the three tools.

.2. HIV-1 non-B variants identified as subtype B by automated
ubtyping tools

A considerable rate (1–16%) of the 83 non-B variants by phy was
rongly identified as subtype B by automated subtyping tools, with

he exception of NCBI09 and Rega (Table 2). Among the 83 non-B
ariants, Geno2pheno identified as subtype B 16% of cases, EuRe-
ist 14%, TherapyEdge 6%, Stanford 5% and STAR and NCBI05, 1%.
herefore, Geno2pheno and EuResist presented the highest over-
stimation of subtype B, and NCBI and Rega the lowest.

.3. HIV-1 variant distribution in CoRIS according to the
ubtyping tool

The distribution of HIV-1 subtypes and recombinants among the
70 patients from CoRIS was different according to each tool (Fig. 1).

n STAR and Rega, a high rate (9 and 17%, respectively) of sequences
as not assigned to any subtype/CRF. The differences between tools
ere especially pronounced in CRFs non-02 AG: present in 2.4% of
atients according to phy, but ≤0.6% for STAR, Stanford and Rega,
nd almost fivefold for EuResist. Finally, although URF represented
nly 3.4% of cohort by phy, this estimation was 55.2% for NCBI09 and
2.1% for NCBI05. For TherapyEdge and Stanford, different results

n PR and RT were considered as URF (7.6% and 5.5%, respectively).

. Discussion

.1. Reliability of automated subtyping tools

HIV-1 subtyping is of clinical importance, as previously men-
ioned. The correct identification of non-B variants is important
ue to their high prevalence in pandemics and their increasing
ate in industrialized countries by population movements from
reas where non-B variants are epidemic (Wensing et al., 2005;

erly et al., 2007; Holguín et al., 2008a). In fact, a third of newly
IV-diagnosed cases in Spain are immigrants (Caro-Murillo et al.,
009). Since the HIV/AIDS pandemic tends to constantly grow in
omplexity (Zhang et al., 2010) by the increasing spread of CRF
nd URF favored by coinfections and/or superinfections, the expan-
binant forms. The automated tools included were: Stanford HIVdb 6.0.5, Rega 2.0,
both set of references from 2005 and 2009). Stanford and TherapyEdge provided

t results in the two regions were considered as URF. For NCBI, the pol sequences
F.

sion of recombinant viruses has complicated the HIV-1 subtyping.
Thus, an improvement in complex recombinant variants detec-
tion is strongly recommended. Phylogeny (phy) is considered the
gold-standard method for HIV subtyping. However, since it can
be laborious and complex, automated tools have been developed.
Although useful for subtype B identification, they present limita-
tions (Smith et al., 2005; Gifford et al., 2006; Loveday and MacRae,
2006; Ntemgwa et al., 2008; Galán et al., 2009; Wilkinson and
Engelbrecht, 2009; Yebra et al., 2010).

This study compared the sensitivity of seven widely used HIV-
1 subtyping tools [Stanford, Geno2pheno, Rega, NCBI (2005 and
2009 versions), EuResist, STAR and TherapyEdge] with respect to
phy in the identification of subtypes and recombinants in a large
and representative Spanish HIV-infected Cohort (CoRIS). To our
knowledge, this work includes the highest numbers of tools, HIV-1
sequences and different CRFs among the studies which compare
results of automated tools with phylogeny (Table 3).

We have shown that the sensitivity of certain automated sub-
typing tools (especially EuResist and Geno2pheno) in large cohorts
of HIV-1 infected patients can be very high if subtype B is pre-
dominant, as in our cohort. This good sensitivity is due to the
overrepresentation of subtype B in the databases because of its
dominance in the HIV epidemic in developed countries, where
more pol sequences are routinely available for resistance testing
(Table 3). However, we observed important failures in the subtype
B identification for specific tools. Most of the automated subtyping
tools provided, to a greater or lesser extent, false subtype B among
the non-B sequences, overestimating the rate of subtype B isolates
in a given population. In more detail, between 10 and 15% of non-B
sequences were identified as subtype B when using Geno2pheno,
EuResist, and the separate analysis of PR and RT by Stanford and
TherapyEdge.

For pure non-B subtypes identification, the best tools were also
Geno2pheno and EuResist (sensitivity 100%). Previous reports have
also described specific limitations in pure non-B subtypes identi-
fication using online subtyping tools. For instance, subtype D was
usually underestimated using Rega (Gifford et al., 2006; Holguín
et al., 2008c) but overestimated using Geno2pheno, Stanford (Galán
et al., 2009) and TherapyEdge due to its confusion with subtype B
especially in the PR, as our study confirmed. The misclassification
of subtype D is of special relevance because this variant seems to be
more pathogenic than others (Vasan et al., 2006; Baeten et al., 2007;
Sacktor et al., 2009). An inadequate detection of subtype G by STAR
(Gifford et al., 2006), subtype J by Rega (Gifford et al., 2006; Holguín

et al., 2008c) and subtype A by Stanford (Gifford et al., 2006) has
also been published.

Focusing on recombinant variants, our data demonstrate that
the sensitivity of the automated tools decreases drastically when
there is an increase in non-B recombinants other than CRF01 AE
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and CRF02 AG, as they are absent or scarcely represented in the
databases of these tools. For instance, neither STAR nor Stanford
could subtype any single CRF other than 01 AE and 02 AG (Table 2),
reflecting the lack of sufficient sequences in their databases.
Regarding URFs, subtyping tools were inefficient in their detection.
Only NCBI05, Rega and STAR were capable of identify URF, but with
very low sensitivity. Our study presents a low number of non-01,
non-02 CRFs (n = 15), due to their low prevalence in Spain, which
is probably insufficient to extract a conclusion with statistical sup-
port. However, our results agree with other studies (Holguín et al.,
2008c; Galán et al., 2009; Yebra et al., 2010), and the presented data
could be very useful in countries where complex recombinants are
more frequent.

In addition, our data reveals that the HIV-1 subtype distribu-
tion in any study cohort is different according to the automated
subtyping tool used. In other words, the results of a molecular epi-
demiology study would change depending on the tool used and on
the prevalence of non-B variants, especially recombinants (Fig. 1).

4.2. Technical differences among subtyping tools

The described discrepancies between various automated tools
vs. phy could be explained by differences in both the subtyping
methods applied and the reference datasets included. HIV-1 vari-
ants were defined by phy using the Neighbor-Joining (NJ) method.
Among the automated tools assessed here, only Rega was based on
phylogeny, also applying NJ combined with bootscanning. How-
ever, this tool has a threshold which prevents the assignation of
a subtype/CRF when it does not obtain enough statistical support.
This restricts its efficacy despite using phylogeny. It is remarkable
that the highest sensitivity was obtained by tools which per-
formed a simple BLAST search, assigning to the query sequence
the subtype/CRF of the most similar reference in their databases
(Geno2pheno, EuResist, TherapyEdge, Stanford and NCBI). In par-
ticular, NCBI uses a sliding-window along the query sequence and
each window is compared to the references by BLAST. However, this
sliding-window causes an overestimation of recombination, mag-
nified when more reference sequences are included as we reported
comparing 2005 vs. 2009 versions. With this method, the inclu-
sion of multiple references which share similarity confounded the
results instead of improving them. In several cases when NCBI05
assigned a specific subtype/CRF, NCBI09 provided a mixture of
subtypes/CRFs with common regions. Some CRFs are very close
and difficult to discriminate in the studied region and it is thus
extremely difficult to obtain reliable results with systems based on
Blast analysis. In contrast, STAR is a statistical method that uses
position-specific scoring matrices of each subtype to perform pro-
file subtype alignments. But, as well as Rega, there are many cases
where STAR does not assign any subtype if the assignment’s P-
score does not reach the threshold. The different reference sets
used by each tool are also important in the discrepancies. Mean-
while STAR and Stanford excluded any CRF different from CRF01 AE
and CRF02 AG, Rega and Geno2pheno included up to CRF14 BG and
TherapyEdge up to CRF19 cpx. Only NCBI09 includes references of
the CRFs as they are described (at the moment of the analyses, there
were 45 different CRFs).

4.3. Important considerations

Several main considerations should be considered for under-
standing the incorrect HIV-1 subtyping using automated subtyping

tools in a given population. First, the rate of non-B variants in the
study cohort; second, the rate of recombinants other than CRF01 AE
and CRF02 AG among these non-B variants; third, the automated
tool used for subtyping; fourth, the rate of non-B variants wrongly
identified as subtype B and vice versa, which underestimates the

http://jphmm.gobics.de/
http://www.hiv.lanl.gov/
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revalence of non-B or B variants; fifth, the high rate of sequences
especially non-B) unassigned in the cases of STAR and Rega.

Thus, our data reveals that subtyping tools should be regularly
pdated as is done for resistance mutations before their use in
outine clinical settings by increasing the number of non-B/CRF
equences to improve their detection. In light of our results, when
he use of phylogenetic analysis is not available we would suggest
uResist, Geno2pheno and/or TherapyEdge as the best subtyping
ools for cohorts with predominance of clade B as in our cohort.
espite the great specificity of Rega and STAR for subtype B, too
any sequences were unassigned. On the other hand, in areas
here non-B variants and especially recombinant forms are preva-

ent, none of the tools evaluated here would be sufficiently reliable.
n these cases, the use of several subtyping tools instead of just
ne is recommended in order to compare their results. HIV-1 sub-
ypes and predominant recombinants need to be identified with
ools providing high specificities and sensitivities and subsequent
hylogenetic analysis is recommended on samples that cannot be
lassified.
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uevas, M.T., Muñoz-Nieto, M., Thomson, M.M., Delgado, E., Iribarren, J.A., Cilla, G.,
Fernández-García, A., Santamaría, J.M., Lezaun, M.J., Jiménez, L., López-Soria,
L.M., Sota, M., Contreras, G., Nájera, R., Pérez-Álvarez, L., 2009. HIV-1 transmis-
sion cluster with T215D revertant mutation among newly diagnosed patients
from the Basque Country, Spain. J. Acquir. Immune Defic. Syndr. 51, 99–103.

hampenois, K., Bocket, L., Deuffic-Burban, S., Cotte, L., André, P., Choisy, P., Yaz-
danpanah, Y., 2008. Expected response to protease inhibitors of HIV-1 non-B
subtype viruses according to resistance algorithms. AIDS 22, 1087–1089.

e Mendoza, C., Garrido, C., Poveda, E., Corral, A., Zahonero, N., Treviño, A., Anta, L.,
Soriano, V., 2009. Changes in drug resistance patterns following the introduction
of HIV type 1 non-B subtypes in Spain. AIDS Res. Hum. Retroviruses 25, 967–972.

range, P., Galimand, J., Vidal, N., Goujard, C., Deveau, C., Souala, F., Peeters, M.,
Meyer, L., Rouzioux, C., Chaix, M.L., 2008. New and old complex recombinant
HIV-1 strains among patients with primary infection in 1996–2006 in France:
the French ANRS CO06 primo cohort study. Retrovirology 5, 69.

alán, J.C., Aguilera, A., González-Alba, J.M., Rodríguez-Calviño, J.J., Moldes Suárez,
L.M., Pérez-Elías, M.J., Regueiro, B., 2009. Can the rapid subtyping tools iden-
tify the increasing new HIV-recombinant forms? In: 7th European HIV Drug
Resistance Workshop, Stockholm, Sweden.

ifford, R., de Oliveira, T., Rambaut, A., Myers, R.E., Gale, C.V., Dunn, D., Shafer, R.,
Vandamme, A.M., Kellam, P., Pillay, D., 2006. Assessment of automated geno-
typing protocols as tools for surveillance of HIV-1 genetic diversity. AIDS 20,
1521–1529.

onzalez, L.M., Santos, A.F., Abecasis, A.B., Van Laethem, K., Soares, E.A., Deforche,
K., Tanuri, A., Camacho, R., Vandamme, A.M., Soares, M.A., 2008. Impact of HIV-1
protease mutations A71V/T and T74S on M89I/V-mediated protease inhibitor
resistance in subtype G isolates. J. Antimicrob. Chemother. 61, 1201–1204.

ottesman, B.S., Grosman, Z., Lorber, M., Levi, I., Shitrit, P., Mileguir, F., Gottesman, G.,
Chowers, M.Y., 2004. Measurement of HIV RNA in patients infected by subtype
C by assays optimized for subtype B results in an underestimation of the viral
load. J. Med. Virol. 73, 167–171.

rossman, Z., Paxinos, E.E., Averbuch, D., Maayan, S., Parkin, N.T., Engelhard, D., Lor-
ber, M., Istomin, V., Shaked, Y., Mendelson, E., Ram, D., Petropoulos, C.J., Schapiro,
J.M., 2004. Mutation D30N is not preferentially selected by human immunode-
ficiency virus type 1 subtype C in the development of resistance to nelfinavir.
Antimicrob. Agents Chemother. 48, 2159–2165.

emelaar, J., Gouws, E., Ghys, P.D., Osmanov, S., 2006. Global and regional distribu-
tion of HIV-1 genetic subtypes and recombinants in 2004. AIDS 20, w13–23.

olguín, Á., Sune, C., Hamy, F., Soriano, V., Klimkait, T., 2006. Natural polymorphisms
in the protease gene modulate the replicative capacity of non-B HIV-1 variants
in the absence of drug pressure. J. Clin. Virol. 36, 264–271.

olguín, Á., de Mulder, M., Yebra, G., López, M., Soriano, V., 2008a. Increase of non-
B subtypes and recombinants among newly diagnosed HIV-1 native Spaniards
and immigrants in Spain. Curr. HIV Res. 6, 327–334.

olguín, Á., López, M., Molinero, M., Soriano, V., 2008b. Performance of three com-
mercial viral load assays, Versant human immunodeficiency virus type 1 (HIV-1)
RNA bDNA v3.0, Cobas AmpliPrep/Cobas TaqMan HIV-1, and NucliSens HIV-
1 EasyQ v1.2, testing HIV-1 non-B subtypes and recombinant variants. J. Clin.
Microbiol. 46, 2918–2923.

olguín, Á., López, M., Soriano, V., 2008c. Reliability of rapid subtyping tools
compared to that of phylogenetic analysis for characterization of human
immunodeficiency virus type 1 non-B subtypes and recombinant forms. J. Clin.
Microbiol. 46, 3896–3899.

olguín, Á., Lospitao, E., López, M., de Arellano, E.R., Pena, M.J., del Romero, J., Martín,
C., Soriano, V., 2008d. Genetic characterization of complex inter-recombinant
HIV-1 strains circulating in Spain and reliability of distinct rapid subtyping tools.
J. Med. Virol. 80, 383–391.

antor, R., Katzenstein, D., 2003. Polymorphism in HIV-1 non-subtype B protease
and reverse transcriptase and its potential impact on drug susceptibility and
drug resistance evolution. AIDS Rev. 5, 25–35.

im, J.E., Beckthold, B., Chen, Z., Mihowich, J., Malloch, L., Gill, M.J., 2007. Short com-
munication: identification of a novel HIV type 1 subtype H/J recombinant in
Canada with discordant HIV viral load (RNA) values in three different commer-
cial assays. AIDS Res. Hum. Retroviruses 23, 1309–1313.

inomoto, M., Appiah-Opong, R., Brandful, J.A., Yokoyama, M., Nii-Trebi, N., Ugly-
Kwame, E., Sato, H., Ofori-Adjei, D., Kurata, T., Barre-Sinoussi, F., Sata, T.,
Tokunaga, K., 2005. HIV-1 proteases from drug-naive West African patients
are differentially less susceptible to protease inhibitors. Clin. Infect. Dis. 41,
243–251.

orn, K., Weissbrich, B., Henke-Gendo, C., Heim, A., Jauer, C.M., Taylor, N., Eberle,
J., 2009. Single-point mutations causing more than 100-fold underestimation
of human immunodeficiency virus type 1 (HIV-1) load with the Cobas TaqMan
HIV-1 real-time PCR assay. J. Clin. Microbiol. 47, 1238–1240.
oveday, C., MacRae, E., 2006. Limitations in using online tools to determine HIV-1
subtype in clinical patients: a comparison of 5 tools. Antivir. Ther. 11, S129.

temgwa, M., Gill, M.J., Brenner, B.G., Moisi, D., Wainberg, M.A., 2008. Discrepancies
in assignment of subtype/recombinant forms by genotyping programs for HIV
type 1 drug resistance testing may falsely predict superinfection. AIDS Res. Hum.
Retroviruses 24, 995–1002.
arch 89 (2011) 19–25 25

Plantier, J.C., Leoz, M., Dickerson, J.E., De Oliveira, F., Cordonnier, F., Lemee, V.,
Damond, F., Robertson, D.L., Simon, F., 2009. A new human immunodeficiency
virus derived from gorillas. Nat. Med. 15, 871–872.

Rouet, F., Chaix, M.L., Nerrienet, E., Ngo-Giang-Huong, N., Plantier, J.C., Burgard,
M., Peeters, M., Damond, F., Ekouevi, D.K., Msellati, P., Ferradini, L., Rukobo, S.,
Marechal, V., Schvachsa, N., Wakrim, L., Rafalimanana, C., Rakotoambinina, B.,
Viard, J.P., Seigneurin, J.M., Rouzioux, C., 2007. Impact of HIV-1 genetic diver-
sity on plasma HIV-1 RNA Quantification: usefulness of the Agence Nationale de
Recherches sur le SIDA second-generation long terminal repeat-based real-time
reverse transcriptase polymerase chain reaction test. J. Acquir. Immune Defic.
Syndr. 45, 380–388.

Rouet, F., Foulongne, V., Viljoen, J., Steegen, K., Becquart, P., Valea, D., Danaviah, S.,
Segondy, M., Verhofstede, C., Van de Perre, P., 2010. Comparison of the generic
HIV viral load assay with the Amplicor HIV-1 monitor v1.5 and Nuclisens HIV-1
EasyQ v1.2 techniques for plasma HIV-1 RNA quantitation of non-B subtypes:
the Kesho Bora preparatory study. J. Virol. Methods 163, 253–257.

Sacktor, N., Nakasujja, N., Skolasky, R.L., Rezapour, M., Robertson, K., Musisi, S.,
Katabira, E., Ronald, A., Clifford, D.B., Laeyendecker, O., Quinn, T.C., 2009. HIV
subtype D is associated with dementia, compared with subtype A, in immuno-
suppressed individuals at risk of cognitive impairment in Kampala, Uganda. Clin.
Infect. Dis. 49, 780–786.

Sagir, A., Oette, M., Kaiser, R., Daumer, M., Fatkenheuer, G., Rockstroh, J.K., Knechten,
H., Schmutz, G., Hower, M., Emmelkamp, J., Pfister, H., Haussinger, D., 2007.
Trends of prevalence of primary HIV drug resistance in Germany. J. Antimicrob.
Chemother. 60, 843–848.

Smith, M., Geretti, A.M., Osner, N., Easterbrook, P., Zuckerman, M., 2005. High levels
of discordance between sequencing and serological subtyping in a predomi-
nantly non-B subtype HIV-1 infected cohort. J. Clin. Virol. 33, 312–318.

Snoeck, J., Kantor, R., Shafer, R.W., Van Laethem, K., Deforche, K., Carvalho, A.P., Wyn-
hoven, B., Soares, M.A., Cane, P., Clarke, J., Pillay, C., Sirivichayakul, S., Ariyoshi,
K., Holguin, A., Rudich, H., Rodrigues, R., Bouzas, M.B., Brun-Vezinet, F., Reid,
C., Cahn, P., Brigido, L.F., Grossman, Z., Soriano, V., Sugiura, W., Phanuphak, P.,
Morris, L., Weber, J., Pillay, D., Tanuri, A., Harrigan, R.P., Camacho, R., Schapiro,
J.M., Katzenstein, D., Vandamme, A.M., 2006. Discordances between interpreta-
tion algorithms for genotypic resistance to protease and reverse transcriptase
inhibitors of human immunodeficiency virus are subtype dependent. Antimi-
crob. Agents Chemother. 50, 694–701.

Steegen, K., Luchters, S., De Cabooter, N., Reynaerts, J., Mandaliya, K., Plum, J., Jaoko,
W., Verhofstede, C., Temmerman, M., 2007. Evaluation of two commercially
available alternatives for HIV-1 viral load testing in resource-limited settings. J.
Virol. Methods 146, 178–187.

Van de Vijver, D.A.M.C., Wensing, A.M.J., Angarano, G., Asjö, B., Balotta, C., Boeri, E.,
Camacho, R., Chaix, M.L., Costagliola, D., Op de Coul, E.L., De Luca, A., Maljkovic,
I., De Mendoza, C., Derdelinckx, I., Grossman, Z., Hamouda, O., Hatzakis, A.,
Hoepelman, I.M., Hemmer, R., Horban, A., Korn, K., Kücherer, C., Leitner, T., Love-
day, C., MacRae, E., Meyer, L., Nielsen, C., Ormaasen, V., Perrin, L., Paraskevis,
D., Puchhammer-Stockl, E., Ruiz, L., Salminen, M., Schmit, J.C.C., Schneider, F.,
Schuurman, R., Soriano, V., Stanczak, G., Stanojevic, M., vandamme, A.M., van
Laethem, K., Violin, M., Wilbe, K., yerly, S., Zazzi, M., Boucher, C.A.B., 2005. Dif-
ferences in the frequency of minor substitutions between HIV-1 subtypes and
their potential impact on the genetic barrier for resistance to protease inhibitors.
Antivir. Ther. 10, S145.

Vasan, A., Renjifo, B., Hertzmark, E., Chaplin, B., Msamanga, G., Essex, M., Fawzi, W.,
Hunter, D., 2006. Different rates of disease progression of HIV type 1 infection
in Tanzania based on infecting subtype. Clin. Infect. Dis. 42, 843–852.

Wensing, A.M., van de Vijver, D.A., Angarano, G., Asjö, B., Balotta, C., Boeri, E., Cama-
cho, R., Chaix, M.L., Costagliola, D., De Luca, A., Derdelinckx, I., Grossman, Z.,
Hamouda, O., Hatzakis, A., Hemmer, R., Hoepelman, A., Horban, A., Korn, K.,
Kucherer, C., Leitner, T., Loveday, C., MacRae, E., Maljkovic, I., de Mendoza, C.,
Meyer, L., Nielsen, C., Op de Coul, E.L., Ormaasen, V., Paraskevis, D., Perrin, L.,
Puchhammer-Stockl, E., Ruiz, L., Salminen, M., Schmit, J.C., Schneider, F., Schuur-
man, R., Soriano, V., Stanczak, G., Stanojevic, M., Vandamme, A.M., Van Laethem,
K., Violin, M., Wilbe, K., Yerly, S., Zazzi, M., Boucher, C.A., 2005. Prevalence of
drug-resistant HIV-1 variants in untreated individuals in Europe: implications
for clinical management. J. Infect. Dis. 192, 958–966.

Wilkinson, E., Engelbrecht, S., 2009. Molecular characterization of non-subtype C
and recombinant HIV-1 viruses from Cape Town, South Africa. Infect. Genet.
Evol. 9, 840–846.

Wirden, M., Tubiana, R., Marguet, F., Leroy, I., Simon, A., Bonmarchand, M., Ait-
Arkoub, Z., Murphy, R., Marcelin, A.G., Katlama, C., Calvez, V., 2009. Impact of
discrepancies between the Abbott realtime and cobas TaqMan assays for quan-
tification of human immunodeficiency virus type 1 group M non-B subtypes. J.
Clin. Microbiol. 47, 1543–1545.

Yebra, G., de Mulder, M., del Romero, J., Rodríguez, C., Holguín, Á., 2010. HIV-1 non-B
subtypes: high transmitted NNRTI-resistance in Spain and impaired genotypic
resistance interpretation due to variability. Antiviral Res. 85, 409–417.

Yerly, S., von Wyl, V., Ledergerber, B., Boni, J., Schupbach, J., Burgisser, P., Klimkait, T.,
drug resistance in Switzerland: a 10-year molecular epidemiology survey. AIDS
21, 2223–2229.

Zhang, M., Foley, B., Schultz, A.K., Macke, J.P., Bulla, I., Stanke, M., Morgenstern, B.,
Korber, B., Leitner, T., 2010. The role of recombination in the emergence of a
complex and dynamic HIV epidemic. Retrovirology 7, 25.


	Sensitivity of seven HIV subtyping tools differs among subtypes/recombinants in the Spanish cohort of naïve HIV-infected p...
	Introduction
	Materials and methods
	Study population
	HIV-1 variants identified by phy
	Automated HIV-1 subtyping tools
	Statistical analysis

	Results
	Different sensitivities of automated subtyping tools for HIV-1 variant identification
	In the complete cohort
	In HIV-1 pure subtypes
	In HIV-1 recombinant forms: CRFs and URFs

	HIV-1 non-B variants identified as subtype B by automated subtyping tools
	HIV-1 variant distribution in CoRIS according to the subtyping tool

	Discussion
	Reliability of automated subtyping tools
	Technical differences among subtyping tools
	Important considerations

	Acknowledgements
	References


