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Abstract. Sanger sequencing of viral quasispecies has limited sensitivity in 
detecting drug resistance mutations (DRMs) at frequencies less than 20%. On 
the other hand, deep sequencing is effective in detecting such mutations, but 
the protocol still requires manual and time-consuming working steps. Sentosa® 
SQ HIV-1 Genotyping Assay based on deep sequencing provides an integrated 
workflow, a robotic liquid handling system for automatic RNA extraction and 
library preparation, an Ion-torrent-based deep sequencing system and software 
for data analysis. Thus, we evaluated the performance of deep sequencing assay 
and compared the results with those from Sanger sequencing for determining 
DRMs of 120 previously genotyped clinical samples. Deep sequencing assay 
took 27.7 hours to complete, including 2.3 hours of manual working steps. DRM 
analysis revealed a total number of 913 and 789 mutations by deep sequencing 
assay and Sanger sequencing, respectively. Deep sequencing assay detected 99.4% 
of all DRMs found by Sanger sequencing and additional 129 DRMs at frequencies 
below and above 20%. Thus, with an integrated workflow, the deep sequencing 
assay provides a user-friendly platform and has a relatively short turnover time, 
requirements suitable for adoption in a routine clinical laboratory. 
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for management of HIV-1 patients (Gün-
thard et al, 2014). The assay plays a vital 
role in detecting drug resistant muta-
tions (DRMs) in relevant viral genes, 
thereby assisting clinicians to select and 
construct an optimal antiretroviral regi-
men more likely to achieve and maintain 
viral suppression. Currently, HIV treat-
ment guidelines recommended that drug 
resistance testing should be performed 
in treatment-experienced patients with 

INTRODUCTION

Genotypic HIV-1 drug resistance 
typing is considered an important tool 
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virologic failure and in treatment-naïve 
patients for baseline virus resistance 
evaluation prior to therapy (Vandamme 
et al, 2011; Günthard et al, 2014; Panel on 
Antiretroviral Guidelines for Adults and 
Adolescent, 2016). 

The gold standard method for ge-
notyping DRMs is based on Sanger 
sequencing, using in-house protocols 
or FDA-approved commercial kits such 
as TRUGENE HIV-1 Genotyping Kit, to 
sequence protease (PR) and reverse tran-
scriptase (RT) genes. Nevertheless, the 
Sanger sequencing method has a limited 
sensitivity in detecting DRMs present 
at frequencies < 20% (low-frequency 
DRMs) in viral quasispecies (Palmer et 
al, 2005; Church et al, 2006; Halvas et al, 
2006). Next-generation sequencing or 
deep sequencing, an ultrasensitive and 
high-throughput sequencing method, 
is capable of generating millions of se-
quence reads, which allow detection of 
mutations at frequencies <20%. Previ-
ous studies evaluating deep sequencing 
and Sanger methods in detecting HIV-1 
DRMs demonstrated that deep sequenc-
ing detects all DRMs found by the Sanger 
sequencing method including  additional 
low-frequency DRMs undetected by the 
latter (Stelzl et al, 2011; Avidor et al, 2013; 
Garcia-Diaz et al, 2013; Gibson et al, 2014). 
This feature has allowed studies on the 
clinical significance of low-frequency 
DRMs and HIV-1 evolution (Simen et al, 
2009; Hedskog et al, 2010; Li et al, 2011). 
However, the deep sequencing protocol 
still requires technical expertise in per-
forming a number of manual and time-
consuming working steps, especially in 
library preparation and in analyzing the 
large amounts of sequencing data, result-
ing in a long turnover time.

Hence, this study evaluated the per-
formance of the Sentosa® SQ HIV-1 Geno-

typing Assay equipped with an integrated 
workflow with that of Sanger sequencing 
in detecting DRMs. The results should 
help in deciding the suitability of adopt-
ing the deep sequencing method for HIV-1 
DRMs screening in a clinical laboratory.

MATERIALS AND METHODS

Study samples
A retrospective study was conducted 

on 120 EDTA blood samples collected 
from HIV-1 infected patients whose plas-
ma samples contained HIV-1 viral load 
>1,000 copies/ml and which were previ-
ously genotyped using a TRUGENE HIV-1 
Genotyping Kit (Siemens Healthcare Di-
agnostics, Tarrytown, NY) with consensus 
sequences submitted to Stanford Uni-
versity HIV drug resistance database for 
HIV-1 subtyping analysis (https://hivdb.
stanford.edu). All plasma samples were 
obtained from the Virology Unit, Depart-
ment of Pathology, Faculty of Medicine 
Ramathibodi Hospital, Mahidol Univer-
sity, Bangkok, Thailand collected from 
June to August 2015 and were stripped of 
data regarding patients’ treatment history, 
antiretroviral regimen history as well as 
clinical and demographic information. 

The study was approved by the Com-
mittee on Human Rights Related to Re-
search Involving Human Subjects, Faculty 
of Medicine Ramathibodi Hospital, Mahi-
dol University (MURA 2015/561). 

Sentosa® SQ HIV-1 Genotyping Assay with 
an integrated workflow 

Sentosa® SQ HIV-1 Genotyping As-
say (Vela Diagnostics, Singapore) can 
detect DRMs simultaneously in HIV-1 
protease (PR), reverse transcriptase (RT) 
and integrase (IN) genes in 15 clinical 
samples per run (Fig 1). HIV-1 RNA was 
extracted from 730 µl each of 15 plasma 
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Fig 1–Workflow of Sentosa® SQ HIV-1 Genotyping Assay.

sample, performed using a robotic liquid 
handling system (Eppendorf Emotion 
5075 system, Hamburg, Germany), to 
obtain 60 µl of RNA eluate. HIV extrac-
tion control (HIV-EC) was added to all 
samples at the beginning of RNA extrac-
tion process to normalize both RNA ex-
traction efficiency and library preparation 
steps. Then a master mix for RT-PCR was 
mixed with each RNA sample including 
a HIV-EC blank control in a reaction plate 
using the robotic liquid handling system. 
RT-PCR amplification was performed us-
ing Veriti™ Dx 96-well Thermal Cycler 
(Applied Biosystems™, Foster City, CA). 
Amplicons of HIV-1 PR, RT and IN genes 
were used for automatic library prepara-
tion performed on the same robotic liquid 
handling system. Pooled DNA libraries 
were utilized for template preparation 
and emulsion (em)PCR followed by en-
richment of template-positive ion sphere 

particles (ISPs)  by using Sentosa® ST 401i 
and ST 401e, respectively. The template-
positive ISPs were loaded onto a Sentosa® 
SQ 318 chip and sequenced using Sentosa® 
SQ 301 sequencer based on a semiconduc-
tor sequencing technology. Sentosa® SQ 
Reporter was employed to analyze the 
raw sequence readouts to detect DRMs 
and generate the results.

DRM analysis

The DRMs were analyzed using 
the 2015 edition of the IAS-USA drug 
resistance mutation list (Wensing et al, 
2015). DRMs were divided into two main 
groups, which were composed of muta-
tions in PR gene associated with resistance 
to protease inhibitors (PI mutations) and 
mutations in RT gene associated with re-
sistance to RT inhibitors (RTI mutations) 
comprising mutations associated with 
nucleoside and nucleotide analogs (NRTI 
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Fig 2–Prevalence of mutations associated with resistance to antiretrovirals against   HIV-1 of 120 
blood plasma samples from the Virology Unit, Department of Pathology, Faculty of Medicine 
Ramathibodi Hospital, Mahidol University. PI, protease inhibitor; NRTI, nucleoside and 
nucleotide analog reverse transcriptase inhibitor; NNRTI, non-nucleoside analogue reverse 
transcriptase inhibitor.

mutations) and those associated with non-
nucleoside analogue (NNRTI mutations). 

RESULTS

Performance of  Sentosa® SQ HIV-1 Geno- 
typing equipped with an integrated work-
flow compared to Sanger sequencing 

The 120 plasma samples contained 
a median viral load of 15,600 copies/ml 
(range 1,080 - >10,000,000 copies/ml). 
Deep sequencing assay equipped with an 
integrated workflow took 27.7 hours to 
process the samples, which included 2.3, 
21.4 and 4 hours for the manual steps of 
operating the instruments, data analysis 
and generating results, respectively.

One hundred and nine (91%) sam-
ples had PR and RT genes successfully 
genotyped by both Sanger and deep se-
quencing methods, comprising 100 (92%) 
samples with HIV-1 subtype CRE01_AE, 8 

(7%) subtype B and 1 (1%) subtype C. Of 
the 11 samples untyped by both methods, 
2, 8 and 1 samples were genotyped by 
the Sanger method only, deep sequenc-
ing method only and neither method, 
respectively.

Comparison of HIV-1 DRMs detection by 
Sentosa® SQ HIV-1 Genotyping and Sanger 
sequencing methods

In order to compare the performance 
in detecting DRMs between sequencing 
deep sequencing and Sanger sequenc-
ing methods, mutations detected in 109 
samples by both assays were analyzed 
for PI and RTI mutations using IAS-USA 
DRM list (Wensing et al, 2015). PI muta-
tions were detected in 108 (99%) samples 
and none in one sample, while RTI muta-
tions were present in 81 (74%) samples 
and none in 24 (22%). Deep sequencing 
assay detected ≥1 RTI mutations present at 
frequencies  <20% of viral quasispecies in 
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4 (4%) samples, and these RTI mutations 
had sequence reads >1,000 per nucleotide 
position of variant nucleotides.

Of the 918 DRMs detected, 913 were 
by the deep sequencing assay and 789 by 
Sanger sequencing procedure, with 784 
(99%) of the latter obtained by the deep 
sequencing assay, while 773 (99%) DRMs 
were detected by both assays and 11 (1%) 
by deep sequencing assay at frequencies 
of 5-20%. There were 5 DRMs identified 
only by Sanger sequencing method.  Deep 
sequencing assay detected an additional 
129 DRMs unidentified by Sanger’s meth-
od, consisting of 102 low-frequency DRMs 
and 27 high-frequency DRMs at frequen-
cies of 21-85%. Based on the IAS-USA 
DRM list, the 918 DRMs comprised 532 
(57.9%), 170 (18.5%) and 216 (23.5%) PI, 
NRTI and NNRTI mutations, respectively. 
Deep sequencing assay detected all PI 
mutations and 99.2% of NRTI and 97.6% 
NNRTI mutations of DRMs revealed by 
Sanger’s method (Fig 2). The most fre-
quent codons associated with PI resistance 
were M36I, H69K and L89M, that of NRTI 
resistance was M184V and that of NNRTI 
resistance was K103N (Fig 3).
Low-frequency DRMs

Low-frequency DRM was defined 
as that with frequency <20% of the vi-
ral quasispecies. One hundred and two 
low-frequency DRMs in 29 samples were 
detected by deep sequencing assay. The 
most common low-frequency PI muta-
tions were minor types but two major 
mutations (M46I and L90M) also were 
found. There were 27 (26%) low-frequency 
NRTI mutations found in 22 samples, the 
most frequent being the thymidine analog 
mutations (TAMs), namely, D67N (30%), 
K70R (7%), T215F (7%), and K219Q/E 
(7%), and M41L (4%); while there were 38 
(37%)  low-frequency NNRTI mutations 

from 28 subjects, the most frequent being 
V106I (16%), G190A (13%), A98G (10%) 
K103N (10%), and V108I (8%).

DISCUSSION

Deep sequencing has revolutionized 
genotypic HIV-1 drug resistance screening 
allowing detection of DRMs at frequen-
cies <20% of viral quasispecies (Stelzl  
et al, 2011; Avidor et al, 2013; Garcia-Diaz 
et al, 2013; Gibson et al, 2014). However, 
the original deep sequencing protocol 
required several manual and time-con-
suming working steps, particularly in 
library preparation resulting in human 
errors and a long total turnover time. 
Integration of a workflow has solved this 
problem (Manee et al, 2017). Although 
both Sanger sequencing and deep se-
quencing assay genotyped PR and RT 
genes in 91% of the samples, the remain-
ing samples could only be genotyped by 
either method or not at all. The failure of 
Sanger’s method might be due to inad-
equate extracted RNA required for this 
technique compared to that of the deep 
sequencing assay. Failure in both assays 
was probably stemmed from insufficient 
amounts of viral RNA. 

As anticipated, deep sequencing as-
say was able to detect nearly all DRMs 
found by Sanger sequencing and, in addi-
tion, detected low-frequency DRMs, 10% 
of which could only be reliably identify 
by Sanger’s method. Deep sequencing 
was unable to find five DRMs indicated 
by the Sanger’s method, but detected four 
wild-type viruses and a non-identical 
DRM. A manual review of the electro-
pherograms and BAM of these five DRMs 
demonstrated that the four wild-type 
viruses, sorted from BAM files, had only 
wild-type nucleotides, while electrophe-
rograms showed peaks that included a 
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Fig 3–Prevalence of codon 
substitutions associ-
ated with resistance to 
antiretrovirals against  
HIV-1 of 120 blood 
plasma samples from 
the Virology Unit, De-
partment of Pathology, 
Faculty of Medicine 
Ramathibodi Hospital, 
Mahidol University. A. 
Protease inhibitors. B. 
Nucleoside and nucleo-
tide analogue reverse 
transcriptase inhibitors. 
C. Non-nucleoside ana-
logue reverse transcrip-
tase inhibitors.

A

B
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mixture of a major (wild type) and minor 
nucleotide. As for the non-identical DRM, 
each assay detected a different nucleotide. 
Stelzl et al (2011), testing the accuracy 
of deep sequencing using samples from 
QCMD ENVA HIV drug resistance typing 
EQA program, reported one DRM codon 
(AAG) detected by deep sequencing is 
not identical to the expected result (ARR). 
In addition, Ram et al (2015), employing 
other NGS platforms, showed these NGS 
platforms are unable to detect a number 
of mutations found only by TRUGENE 
HIV-1 Genotyping kit. 

Sanger sequencing method missed 27 
high-frequency DRMs detected by deep 
sequencing assay. This finding is similar 
to previous studies reporting certain high-
frequency DRMs are detected only by 
deep sequencing (Le et al, 2009; Fisher et al, 
2012; Mohamed et al, 2014). A manual re-
view of the electropherograms of these 27 
DRMs that (i) Sanger sequencing detected 
only wild-type nucleotides but could not 
identify any mutant nucleotide (data not 
shown but will be supplied upon request), 
(ii) sequences were edited from a mixture 
of nucleotides from both wild-type and 
variant nucleotides, and (iii) the software 
picked out only major (wild-type) nucleo-
tides even though there existed minor 
peaks underneath (data not shown but 
will be supplied upon request) (Ram et al, 
2015). Furthermore, deep sequencing as-
say detected a few high-frequency DRMs 
that had been found in previous resistance 
testing while Sanger sequencing missed 
these DRMs. This finding is probably not 
due to deep sequencing false positives, 
as  according to EQA program reports, 
a codon containing a mixture of DRMs 
can be missed by laboratories owing to 
differences in performance of capability 
of each laboratory and in both the qual-

ity of sequence data analysis and editing 
(Schuurman et al, 2002; Pandit et al, 2008).

Results of previous resistance testing 
form part of the important information 
used for constructing optimal antiret-
roviral (ARV) regimens in treatment-
experienced patients (Günthard et al, 
2014). Being an ultrasensitive method, 
deep sequencing may be able to detect 
DRMs responsible for the results of the 
previous resistance tests. Thus, this study 
investigated whether deep sequencing 
assay could detect HIV-1 DRMs found in 
a previous genotypic resistance testing 
using Sanger sequencing protocol. The re-
sults showed that deep sequencing assay 
was not only capable of detecting DRMs 
indicated by the Sanger’s method, which 
were mostly mutations in the RT gene but 
also revealed the presence of wild-type 
viruses and other additional amino acid 
substitutions (data not shown). The DRMs 
had been found in samples of previous 
resistance testing conducted during the 
previous 1 to 7 years before the tests were 
carried out by the deep sequencing assay. 
The previous study employed ultra-deep 
pyrosequencing to detect resistant viruses 
after treatment interruption and showed 
that resistant viruses rapidly disappeared 
after treatment interruption and was 
undetectable as early as after 3 months 
(Hedskog et al, 2010). This study had no 
ARV regimen history, so these samples 
were assumed not to be exposed to 
drug-selective pressure, which results in 
reduced replication fitness of DRMs such 
as M184V mutation (Paredes et al, 2009). 
Consequently, such DRMs in plasma may 
have either decreased rapidly to frequen-
cies below the detection limit or were 
cleared from the plasma compartment 
to be replaced by wild-type viruses. The 
finding suggests that despite using deep 
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sequencing as an ultrasensitive detection 
method, it is difficult to detect DRMs 
found in previous resistance tests if they 
are not exposed to a long period of drug-
selective pressure.

The total time to obtain from results 
of 120 samples using the Sentosa® SQ 
HIV-1 Genotyping assay was shorter 
than that of other HIV-1 deep sequencing 
protocols (>29 hours) (Stelzl et al, 2011; 
Mohamed et al, 2014). As a result of the 
integrated workflow, the robotic liquid 
handling system reduced manual work-
ing procedures and errors, particularly 
in library preparation; in addition the 
semiconductor sequencer performed deep 
sequencing in less than that of other NGS 
platforms (Quiñones-Mateu et al, 2014). 
The software automatically analyzed NGS 
data and generated results. Moreover, 
the cost effective per sample of deep se-
quencing assay will tend to be competi-
tive to that of Sanger sequencing method 
because deep sequencing assay detects 
DRMs in HIV-1 PR, RT and IN genes 
concurrently, whereas Sanger sequenc-
ing, such as FDA-approved commercial 
kits, generally detects DRMs in PR and  
RT genes. 

In conclusion, the Sentosa® SQ HIV-
1 Genotyping Assay equipped with an 
integrated workflow shows performance 
at least as well as Sanger sequencing 
method in detecting HIV-1 DRMs and 
has the advantage of detecting DRMs at 
frequencies below 20% and some DRMs 
at frequencies above 20% unidentified by 
the Sanger’s method. With an integrated 
workflow, the deep sequencing assay was 
user-friendly and had a relatively shorter 
turnaround time. Furthermore, the cost 
per sample of deep sequencing will tend 
to decrease in the coming future. There-
fore, deep sequencing is a technology for 

HIV-1 drug resistance genotyping suitable 
for adoption in a routine clinical labora-
tory setting.

ACKNOWLEDGEMENTS

The work was supported by the 60th 
Year Supreme Reign of His Majesty King 
Bhumibol Adulyadej Scholarship, the 
Faculty of Graduate Studies Academic 
Year 2014, Mahidol University, the Thai-
land Center of Excellence for Life Sciences 
(TCELS), and Vela Diagnostics Pte, Ltd, 
Singapore (provided the Sentosa SQ® 
HIV-1 Genotyping Assay).

CONFLICTS OF INTEREST

The authors hereby declare no per-
sonal or professional conflicts of interest 
regarding any aspect of this study. Vela 
Diagnostics Pte, Ltd, has no role in the 
design, conduction or publication of this 
study.

REFERENCES

Avidor B, Girshengorn S, Matus N, et al. Evalu-
ation of a benchtop HIV ultradeep pyro-
sequencing drug resistance assay in the 
clinical laboratory. J Clin Microbiol 2013; 
51: 880-6.

Church JD, Jones D, Flys T, et al. Sensitivity of 
the ViroSeq HIV-1 genotyping system for 
detection of the K103N resistance mutation 
in HIV-1 Subtypes A, C, and D. J Mol Diagn 
2006; 8: 430-2.

Fisher R, van Zyl GU, Travers SAA, et al. 
Deep sequencing reveals minor protease 
resistance mutations in patients failing a 
protease inhibitor regimen. J Virol 2012; 
86: 6231-7.

Garcia-Diaz A, Guerrero-Ramos A, McCormick 
AL, et al. Evaluation of the Roche proto-
type 454 HIV-1 ultradeep sequencing drug 



SoutheaSt aSian J trop Med public health

264 Vol  49  No. 2  March  2018

resistance assay in a routine diagnostic 
laboratory. J Clin Virol 2013; 58: 468-73.

Gibson RM, Meyer AM, Winner D, et al. 
Sensitive deep-sequencing-based HIV-1 
genotyping assay to simultaneously de-
termine susceptibility to protease, reverse 
transcriptase, integrase, and maturation 
inhibitors, as well as HIV-1 coreceptor 
tropism. Antimicrob Agents Chemother 2014; 
58: 2167-85.

Günthard HF, Aberg JA, Eron JJ, et al. Antiret-
roviral treatment of adult HIV infection: 
2014 recommendations of the International 
Antiviral Society-USA Panel. JAMA 2014; 
312: 410-25.

Halvas EK, Aldrovandi GM, Balfe P, et al. Blind-
ed, multicenter comparison of methods to 
detect a drug-resistant mutant of human 
immunodeficiency virus type 1 at low 
frequency. J Clin Microbiol 2006; 44: 2612-4.

Hedskog C, Mild M, Jernberg J, et al. Dynam-
ics of HIV-1 quasispecies during antiviral 
treatment dissected using ultra-deep py-
rosequencing. PLOS One 2010; 5: e11345.

Le T, Chiarella J, Simen BB, et al. Low-abun-
dance HIV drug-resistant viral variants in 
treatment-experienced persons correlate 
with historical antiretroviral use. PLOS 
One 2009; 4: e6079.

Li JZ, Paredes R, Ribaudo HJ, et al. Low-fre-
quency HIV-1 drug resistance mutations 
and risk of NNRTI-based antiretroviral 
treatment failure: a systematic review and 
pooled analysis. JAMA 2011; 305: 1327-35.

Manee N, Thongbaiphet N, Pasomsub E, et al. 
Clinical evaluation of a newly developed 
automated massively parallel sequencing 
assay for hepatitis C virus genotyping and 
detection of resistance-association vari-
ants. Comparison with a line probe assay. 
J Virol Methods 2017; 249: 31-7.

Mohamed S, Penaranda G, Gonzalez D, et al. 
Comparison of ultra-deep versus Sanger 
sequencing detection of minority muta-
tions on the HIV-1 drug resistance inter-
pretations after virological failure. AIDS 

2014; 28: 1315-24.
Palmer S, Kearney M, Maldarelli F, et al. Mul-

tiple, linked human immunodeficiency 
virus type 1 drug resistance mutations in 
treatment-experienced patients are missed 
by standard genotype analysis. J Clin Mi-
crobiol 2005; 43: 406-13.

Pandit A, Mackay WG, Steel C, van Loon AM, 
Schuurman R. HIV-1 drug resistance 
genotyping quality assessment: results 
of the ENVA7 Genotyping Proficiency 
Programme. J Clin Virol 2008; 43: 401-6.

Panel on Antiretroviral Guidelines for Adults 
and Adolescents. Guidelines for the use 
of antiretroviral agents in adults and ado-
lescents living with HIV. Washington DC: 
Department of Health and Human Ser-
vice, 2016. [Cited 2016 Feb 22]. Available 
from: http://aidsinfo.nih.gov/contentfiles/
lvguidelines/AdultandAdolescentGL.pdf 

Paredes R, Sagar M, Marconi VC, et al. In vivo 
fitness cost of the M184V mutation in mul-
tidrug-resistant human immunodeficiency 
virus type 1 in the absence of lamivudine. 
J Virol 2009; 83: 2038-43.

Quiñones-Mateu ME, Avila S, Reyes-Teran G, 
Martinez MA. Deep sequencing: becoming 
a critical tool in clinical virology.  J Clin 
Virol 2014; 61: 9-19.

Ram D, Leshkowitz D, Gonzalez D, et al. 
Evaluation of GS Junior and MiSeq next-
generation sequencing technologies as an 
alternative to Trugene population sequenc-
ing in the clinical HIV laboratory. J Virol 
Methods 2015; 212: 12-6.

Schuurman R, Brambilla D, de Groot T, et al. 
Underestimation of HIV type 1 drug resis-
tance mutations: results from the ENVA-2 
Genotyping Proficiency Program. AIDS 
Res Hum Retroviruses 2002; 18: 243-8.

Simen BB, Simons JF, Hullsiek KH, et al. Low-
abundance drug-resistant viral variants 
in chronically HIV-infected, antiretroviral 
treatment–naive patients significantly im-
pact treatment outcomes. J Infect Dis 2009; 
199: 693-701.



HIV-1 Deep SequencIng For Drug reSIStance genotypIng

Vol  49  No. 2  March  2018 265

Stelzl E, Pröll J, Bizon B, et al. Human immu-
nodeficiency virus type 1 drug resistance 
testing: evaluation of a new ultra-deep 
sequencing-based protocol and compari-
son with the TRUGENE HIV-1 Genotyping 
Kit. J Virol Methods 2011; 178: 94-7.

Vandamme AM, Camacho RJ, Ceccherini-

Silberstein F, et al. European recommen-
dations for the clinical use of HIV drug 
resistance testing: 2011 update. AIDS Rev 
2011; 13: 77-108.

Wensing AM, Calvez V, Günthard HF, et al. 
Update of the drug resistance mutations 
in HIV-1. Top Antivir Med 2015; 23: 132-41.


