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Analysing  the  HIV-1  near full-length  genome  (HIV-NFLG)  facilitates  new  understanding  into  the  diversity
of virus  population  dynamics  at individual  or population  level.  In this  study  we  developed  a simple  but
high-throughput  next generation  sequencing  (NGS)  protocol  for  HIV-NFLG  using  clinical  specimens  and
validated  the  method  against  an external  quality  control  (EQC)  panel.  Clinical  specimens  (n  =  105)  were
obtained  from  three  cohorts  from  two  highly  conserved  HIV-1C  epidemics  (India  and  Ethiopia)  and  one
diverse  epidemic  (Sweden).  Additionally  an  EQC  panel  (n = 10)  was  used  to  validate  the  protocol.  HIV-
NFLG  was  performed  amplifying  the  HIV-genome  (Gag-to-nef)  in  two  fragments.  NGS  was  performed
using  the  Illumina  HiSeq2500  after multiplexing  24  samples,  followed  by  de  novo  assembly  in Iterative
Virus  Assembler  or VICUNA.  Subtyping  was  carried  out  using  several  bioinformatics  tools.  Amplification  of

HIV-NFLG  has  90%  (95/105)  success-rate  in  clinical  specimens.  NGS  was successful  in  all  clinical  specimens
(n  = 45)  and  EQA  samples  (n = 10)  attempted.  The  mean  error  for mutations  for  the  EQC  panel  viruses
were  <1%.  Subtyping  identified  two  as A1C  recombinant.  Our results  demonstrate  the  feasibility  of a
simple  NGS-based  HIV-NFLG  that can  potentially  be used  in the  molecular  surveillance  for  effective
identification  of subtypes  and  transmission  clusters  for operational  public  health  intervention.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

One of the most prominent characteristics of HIV is the incred-
ble genetic diversity due to its error prone reverse transcriptase,
igh replication rate and selection pressure exerted by the host
nd antiretrovirals. The constant genetic evolution within the host
esults in viral quasispecies (Perelson et al., 1996). High genetic

iversity not only presents major challenges for vaccine develop-
ent but also foremost risk for effective diagnostics and monitoring

ssays.
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E-mail address: ujjwal.neogi@ki.se (U. Neogi).

1 These authors contributed equally to this work.
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166-0934/© 2016 Elsevier B.V. All rights reserved.
Population-based Sanger sequencing has been the stan-
dard method for clinical HIV-1 genotypic assays like genotypic
resistance testing (GRT) or tropism testing (GTT). Moreover,
Sanger-based whole HIV-1 genome sequencing and phylogenetic
analyses have also become instrumental for efficient characteri-
zation of viruses as well as transmission clusters in an epidemic.
Several studies have developed protocols for HIV-1 near full-length
genome (HIV-NFLG) sequencing from cultured cells or proviral DNA
from blood mononuclear cells (Lole et al., 1999; Salminen et al.,
1995; Sanabani et al., 2011). Data obtained directly from plasma
viruses are scarce, albeit they are routinely used in clinical HIV-1

genotypic assays (Kemal et al., 2009; Nadai et al., 2008; Sanchez
et al., 2014). Recently we  developed a subtype-independent HIV-
NFLG amplification with two large amplicons of 5.5 kb and 3.7 kb

dx.doi.org/10.1016/j.jviromet.2016.07.010
http://www.sciencedirect.com/science/journal/01660934
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ollowed by Sanger sequencing with 17 primers to obtain HIV-NFLG
Grossmann et al., 2015).

Next generation sequencing (NGS) technologies are increasingly
eing integrated into clinical practice (Curnutte et al., 2014). Fur-
her, the recent evolution and continuous improvement of the NGS
echnologies provides unprecedented promises for the large-scale
equencing of the virus genome in a simpler, cost and time efficient
anner. Though all the NGS platforms generate enormous amount

f comparable data, the key differences are in the quality of the data.
llumina platforms have simpler laboratory workflows, reduced
ands-on time, and the highest throughput with the lowest sys-
emic error rate (∼0.1%) (Loman et al., 2012; Quinones-Mateu et al.,
014). The advantage of NGS has also been demonstrated for a
ariety of applications related to HIV-1 clinical management. It
an effectively identify drug resistance mutations (DRMs) in the
inor viral quasispecies (Ekici et al., 2014; Gibson et al., 2014) pre-

icting co-receptor tropism (Archer et al., 2012) or tracking the
mmune escape induced by host selection pressure (Henn et al.,
012). It has also been applied in generation of HIV-NFLG (Berg
t al., 2016; Gall et al., 2012). However, given the extensive hetero-
eneity and past failure with other HIV-genotypic tests (Aghokeng
t al., 2011) further advancement and adaptation to newer tech-
iques are important.

In this study we have developed a simple high throughput next
eneration sequencing protocol to generate HIV-NFLG from plasma
fter multiplexing several patient samples together. We  also eval-
ated the method using an external quality control panel and
olecular plasmid to examine analytical biases and intrinsic errors

n sequence assembly. The method was applied on three cohorts
rom settings with highly conserved HIV-1C epidemics (India and
thiopia) and from the highly diverse Swedish HIV-1 epidemic in
rder to describe the subtypes and investigate the genetic diversity
f HIV-1.

. Materials and methods

.1. Virus and plasmids

To examine analytical biases and intrinsic errors in sequence
eads we used nine viruses (QC panel herein) obtained from either
he NIH AIDS Reagent Program, NIH, US (97ZA009, 93IN101 and
4KE105) or the EQAPOL Viral Diversity program, Duke Univer-
ity, US (DEMB11US015.S1, DEMB11US006.S1, DEMC11ZM006.S1,
EMC09ZA001.S1, DEMC07ZA011.S1, DEMC08NG001.S1). Addi-

ionally to examine PCR induced errors and errors from the NGS
un; we used a HIV-1C infectious molecular clone, MJ4  (Ndung’u
t al., 2001). 293 T cells were transfected with 3 �g of MJ4  plas-
id  using Fugene HD reagent (Promega, US). Seventy-two hrs. post

ransfection the culture supernatant (vMJ4 herein) was collected
nd stored. The MJ4  plasmid was also cut with SacI and EcoRI to
btain 9.9 kb fragment (pMJ4 herein) and used directly for NGS.

.2. Clinical specimens

Plasma samples (n = 105) were obtained from three cohorts:
wedish InfCare cohort (n = 65), Ethiopian HIV-1C cohort (n = 29)
nd Indian HIV-1C cohort (n = 11). The Swedish and Ethiopian sam-
les were processed and analysed at Karolinska Institutet, Sweden

hile the Indian samples were processed at the National Insti-

ute for Research in Tuberculosis, Chennai, India. All the samples
re collected from therapy naïve individuals with viral load >3000
opies/mL(range 3060–6600000 copies/mL)
ical Methods 236 (2016) 98–104 99

2.3. Development of the amplification strategy

To identify the sensitivity and specificity of the method, in total
10 QC panel and 105 plasma samples were used. Viral RNA was
extracted from 140 �l of plasma input using QIAamp Viral RNA
Mini Kit (Qiagen, US). We  applied our earlier developed proto-
col for HIV-NFLG with modifications with lower detection level
for successful amplification of 3000 copies/mL (Grossmann et al.,
2015). The HIV-NFLG was performed after amplifying the 9 kb HIV-
genome in two fragments (F1-Gag-to-vpu and F2-Tat-to-3LTR). All
PCR was  reduced to 20 cycles for KAPA HiFi Taq DNA  polymerase
as per manufacturer’s protocol.

2.4. Frequency of in vitro recombination

To find out the frequency of recombination due to PCR, we have
mixed DEMB11US015.S1 and DEMC09ZA001.S1 samples with 1:1,
1:4 and 4:1 based on the viral copy number (9.01 × 109 copies/mL
and 3.94 × 109 copies/mL respectively) cDNA for F1-Gag-to-vpu was
converted using gene specific primer. cDNA were further endpoint
diluted (dilution factor of 10 and upto 6th dilutions; 10−6) and
F1-Gag-to-vpu were amplified as described previously (Grossmann
et al., 2015). As Gag gene was reported to be one of the major
hot spot for recombination (Smyth et al., 2014), we sequenced the
complete Gag region.

2.5. NGS using illumina HiSeq2500

For NGS, we  selected 10 culture supernatants and 45 plasma
samples. Both amplified fragments (F1-Gag-to-vpu and F2-Tat-to-
3LTR) were gel-purified using PureLink Quick Gel Extraction Kit
(Invitrogen, USA) and mixed in equimolar concentration (10 nM
each). The mix  was then fragmented on the Covaris S200 at 300bp
for 75 s with peak power- 50 and cycle/burst -200. The library
was prepared using NEBNext® UltraTM DNA Library Prep Kit for
Illumina® (New England Biolab, US) with multiplexed NEB next
adaptors. The samples were then pooled together (either 24 or
10) along with other unrelated non-viral indexed libraries. Paired
end sequencing of length 250 bp was  carried out on the Illumina
HiSeq2500. Of the 24 samples run there was at least one culture
supernatant as QC sample. To define the reproducibility, 10 sam-
ples were also re-sequenced. We  totally perform 2 × 24 samples
and 2 × 10 samples run.

2.6. HIV-NFLG de novo assembly

The generated sequences were de-multiplexed and adapter
trimmed using Cutadapt v1.8 program using the default setting
(error rate <0.1) (Martin, 2011) followed by removal of the low
quality bases (phred value score <Q30) by Sickle ver 1.33 (Joshi
and Fass, 2011). Duplicate reads were removed using FastUniq (Xu
et al., 2012). The de novo genome assembly was  performed by IVA
(Iterative Virus Assembler) (Hunt et al., 2015). For any sample,
when IVA was not able to yield a single contig of length ∼9KB,
we used VICUNA (Yang et al., 2012). Then the filtered sequences
were re-aligned against individual NFLG in order to estimate ‘posi-
tion specific base count’ which, was performed using the ‘count’
program available in IGV (Robinson et al., 2011). The consensus
sequences were generated from the base-count data with occur-

rence of a particular nucleotide >50% in a given position and used
for subtyping and phylogenetic analysis. Circos was  used to visual-
ize the genome diversity (Krzywinski et al., 2009). The scheme and
bioinformatics pipeline is presented in Fig. 1.
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Fig. 1. Scheme of HIV-NFLG us

.7. HIV-NFLG by Sanger sequencing

To validate the consensus assembly generated from NGS (Henn
t al., 2012), we used a subset of samples (n = 20) for genera-
ion of HIV-NFLG by Sanger sequencing as described previously
Grossmann et al., 2015). The contig was generated using the Con-
igExpress in Vector NTI Express v1.1.5 (Life Technologies, US).

.8. Subtyping, phylogenetic analysis and recombination analysis

Subtyping was performed using Rega v3 (Pineda-Pena et al.,
013) and COMET HIV-1 (Struck et al., 2014) followed by HIV-1

pHMM (Schultz et al., 2009). Maximum likelihood phylogenetic
nalysis was performed in Fast tree v3 with general time-reversible
ucleotide substitution model with inverse gamma distribution
Price et al., 2010). The recombination was further identified in
DP2 (Martin et al., 2005) and bootscan analysis in SimPlot Version
.5.1 (Lole et al., 1999).

.9. Ethical considerations

Ethical permissions were obtained from the respective sites.

wedish samples: Regional Ethics Committee Stockholm (Dnr:
006/1367-31/4). Ethiopian samples: the Ethiopian Science and
echnology Agency (Ref. No. RPHE/126-83/08), and the Drug
dministration and Control, Authority of Ethiopia (Ref. No.
S and bioinformatics pipeline.

02/6/22/17). Indian samples: National Institute for Research
in Tuberculosis Institutional Ethics Committee (NIRT IEC No:
2009009). All participants gave written informed consent. The
patient information was  anonymized and de-linked prior to analy-
sis.

3. Results

3.1. Amplification efficiency, sensitivity and specificity

As a first step we  used 10 QC panel viruses and 105 plasma sam-
ples with viral load >3000 copies/mL from the three cohorts. From
the QC panel, we  successfully amplified both fragments from all
viruses. Among the 105 plasma samples we were able of amplify
both fragments from 95 samples (90% success rate). In the remain-
ing 10 samples, F1 did not work for eight samples while F2 did not
work for one sample. In one sample both fragments didn’t work.
For specificity, we  used 20 HIV negative clinical specimen, which
didn’t show any amplification, giving a specificity of 100% towards
HIV-1 positive samples.

3.2. PCR induced in vitro recombination
We  have mixed HIV-1B (DEMB11US015.S1) and HIV-1C
(DEMC09ZA001.S1) viruses in 1:1, 1:4 and 4:1 dilutions with dilu-
tion factor 10 and performed limited dilutions upto 10−6 dilutions
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Fig. 2. NGS coverage, intrinsic PCR induced error and reproducibility: (A) The median (IQR) coverage was 13023X (IQR: 10390-16910) with 100% coverage of the HXB2
position 790–9417 (gag-to-nef). (B) The mean error calculated using pMJ4 and vMJ4 were 0.13% vs 0.63%; (p < 0.001) which is less than 1%. (C) The mean nucleotide diversity
per  position at the complete coverage depth based on the sequence available at the GenBank of the QC panel viruses. The obtained mean diversity is <1% per position. (D)
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he  maximum likely (ML) phylogenetic analysis of the consensus sequences obta
ootstrap supports. (E) Concordance between consensus sequences generated from
f  the consensus sequences generated by NGS and Sanger sequencing together with

nd sequenced gag gene from all amplified fragments. In 1:4 (B:C)
ll the sequences were identified as HIV-1C while in 4:1 (B:C) all
he sequences were identified as HIV-1B. In 1:1 dilution samples No
nter-subtype recombinant was identified in the gag region, which
s more prone to recombination (Supplementary Fig. 1)

.3. NGS and de novo assembly success rate

We  attempted 10 QC panel viruses and 45 plasma samples and
uccessfully obtained the NFLG in all panel viruses and samples.
e novo assembly was successful for 49 samples using IVA while

or the remaining six samples VICUNA was used as IVA failed to
enerate the NFLG contig. We  also compared the contig gener-

ted by IVA and VICUNA of the QC panel viruses and observed
97% nucleotide identity by both methods. The median (IQR) cov-
rage depth was 13,023X (IQR: 10,390–16,910) with 100% coverage
f HXB2 position 790–9417 (gag-to-nef) (Fig. 2A). Except sam-
n two  separate runs, identified clustering of the same samples together with 100
GS and the Sanger sequencing. The ML phylogenetic analysis identified clustering

 bootstrap support from a sample.

ple DEMC07ZA011.S1 (95% identity), all the remaining samples
gave >99% identity with the sequences available in the GenBank.

3.4. PCR induced errors and errors generated by NGS

To check PCR induced errors and errors due to NGS we used
two strategies. First the plasmid pMJ4 was digested with SacI  and
EcoRI to obtain 9 kb full length HIV-1 genome. Second, we  amplified
two fragments from the RNA extracted from the virus following
transfection of the plasmid. The mean error calculated based on
the pMJ4 and vMJ4 were <1% (0.13% vs 0.63%; p < 0.001) (Fig. 2B).
Total of eight nucleotide miss-matches were observed between the
MJ4  sequences (GenBank Acc No. AF321523) compared to pMJ4 and

vMJ4. Between pMJ4 and vMJ4 only one nucleotide mismatch was
observed in the consensus sequences. We also calculated the mean
nucleotide diversity per position at the complete coverage depth
based on the sequence available at the GenBank of the QC panel
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Fig. 3. Phylogenetic analysis and genetic diversity of HIV-1 subtypes: (A) Maximum likelihood phylogenetic analysis of the consensus HIV-NFLG obtained by NGS from
Indian  HIV-1C cohort (pink), Ethiopian HIV-1C cohort (green) and Swedish cohort (blue). Sequenced EQC panel sequences (orange) clustered with the original sequences
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red)  obtained from the database. (B) Genetic diversity of HIV-1 genes at NFLG-lev
inner  six) from three cohorts are shown in circular format. The sequences are com
resented as per open reading frame based on HXB2 co-ordinates. Single nucleotid

iruses and obtained mean diversity <1% per position (Fig. 2C). This
ndicates very low level of PCR induced errors and errors due to
GS. The mean unmapped read on the contig generated by IVA or
ICUNA after cleaning the data is as low as 2.61% (Supplementary
ig. 2).

.5. NGS reproducibility and HiSeq2500 and Sanger sequence
oncordance

To identify the reproducibility 10 samples were run in two
eparate runs, which identified >99% similarity in all the samples.
he phylogenetic analysis revealed clustering of the same sam-
les together with 100 bootstrap supports (Fig. 2D). We observed

 high concordance in nucleotide identity between the consensus
equences generated from NGS and Sanger sequencing. The phy-
ogenetic analysis identified clustering of the consensus sequences
enerated by NGS and Sanger sequencing with 100% bootstrap sup-
ort from a sample (Fig. 2E).

.6. HIV-1 subtyping and genetic diversity

HIV-1 subtyping by automated tools and maximum likelihood
hylogenetic analysis identified 87% (39/45) as HIV-1C, 8% (4/45)
s HIV-1B and the remaining two samples were identified as A1C
ecombinants (Fig. 3A). The mosaic pattern of the A1C recombinant
s presented as a Supplementary Fig. 3. It is to be noted that pol-gene
ubtyping that is mostly used for subtyping described these recom-

inant strains as HIV-1C. We  also compared and visualized the
enetic diversity plot, observing cluster and subtype specific varia-
ions across the genome. As expected, inter-subtype variability was
bserved more in env gene while pol gene was more conserved.
e representative HIV-1 genome sequences from HIV-1B (outer three) and HIV-1C
d to the HXB2 sequences (Acc No K03455) (shown in grey). Nine HIV-1 genes are
morphisms are shown in yellow, insertion in red and deletions in blue.

Representative genome sequences from HIV-1B and HIV-1C are
presented in Fig. 3B.

4. Discussion

In this study we demonstrate the feasibility of a high-
throughput next generation sequencing protocol to assemble near
full-length HIV-1 genome from plasma virus that is used as a source
of most routine HIV-1 genotypic tests. The protocol is simple and
labour-efficient with extremely high-throughput ( >10,000X cover-
age per nucleotide). It showed improved detection of recombinant
forms and can also be more effective in identifying phylogenetic
transmission clusters in a local HIV-1 epidemic (Novitsky et al.,
2015).

Sequence-based genotyping assays in HIV are always challeng-
ing and subject to subtype-specific constraints, especially when
dealing with HIV-1 non-B viruses, which predominate in low- and
middle-income countries (LMICs) (Aghokeng et al., 2011). Even
the US Food and Drug Administration (FDA) approved commercial
assays like ViroSeq HIV-1 Genotyping System (Abbott, US) failed
to perform efficiently in non-B subtype dominated epidemics like
in Cameroon (Aghokeng et al., 2011) and Senegal (Thiam et al.,
2013). Several countries have therefore adapted in house assays
based on circulating subtypes in the local epidemics. Recently
NFLG using NGS has been developed that amplified ∼9 kb HIV-1
genome using four or six fragments followed by deep-sequencing
(Gall et al., 2012; Ode et al., 2015; Zanini et al., 2015). How-

ever, the risk of amplification failure increases with increasing
numbers of fragment amplifications as in the case of the ViroSeq
method (sequencing primers) in diverse subtypes (Aghokeng et al.,
2011; Thiam et al., 2013). Also the applicability of these methods
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n diverse HIV-1 epidemics is still not evaluated. While applying
he universal amplification protocol developed by Gall et al., for
outh African HIV-1C, three of the four fragments primers were
dapted for HIV-1C which yielded 70% success rate (Danaviah et al.,
015). In our study we first developed primer sets for HIV-1C
nd tested them in three HIV-1C cohorts from Sweden (includ-
ng mainly East Africans), Ethiopia and India, which showed >90%
ensitivity. In addition, the amplification strategy is highly sensi-
ive for HIV-1B, CRFs 01 AE and 02 AG (Grossmann et al., 2015).
hese subtypes together with HIV-1C cover nearly two-thirds
f HIV-infected individuals globally. Recently, Berg et al. devel-
ped a new method of sequencing HIV-1 cDNA (HIV-SMART) to
ncrease the success of HIV-NFLG; however, the complexity of
he RNA extraction (in a closed m2000sp instrument) increases
he operational costs and limited the applicability of the method
n LMICs (Berg et al., 2016). In our current strategy the effec-
ive cost for one sample is $130–$150 if 24 samples are pooled
ogether. The cost can be reduced further after multiplexing a
igher number of samples with lower coverage requirements. The
overage can potentially be adjusted using the Lander–Waterman
quation, which Illumina provides as an Excel spreadsheet for
heir different platforms (http://support.illumina.com/downloads/
equencing coverage calculator.html) (Lander and Waterman,
988).This method for the NGS can easily be established in a cen-
ral core facility centrally in a country or region. Sample processing
o generate the library can be done in a routine molecular biology
aboratory. The bioinformatics pipeline is also simple and can be
dapted in routine NGS bioinformatics facilities.

Some technical limitations and advantages merit comments.
irst, the protocol is efficient only in plasma samples with a viral
oad >3000 copies/mL with the 140 �l input. Increasing the ini-
ial input to 1 ml  of plasma followed by high-speed centrifugation

ay  increase the sensitivity. Second, the de novo assembler IVA
ailed to generate the contig for six samples as the analysis ter-

inated abruptly. Use of a second tool VICUNA was used on the
ailed samples. If both the tools failed to generate contig, other
e novo assemblers can be used after appropriate validation. The
eference-based alignment is not recommended. Finally, despite a
igh viral load we were not able to amplify 10 samples (mainly the
1 fragment). This could be due to mutations in the primer binding
ites. However, several advantages exist. The major advantage is
he broad applicability. Unlike other studies (Berg et al., 2016; Gall
t al., 2012; Henn et al., 2012) we applied the method in three dis-
inct cohorts and obtained high success in all three and it was  found
hat amplification strategy is highly sensitive for HIV-1C, HIV-1B,
1 AE and 02 AG. The method is also less labour-intensive and
imple in both wet (PCR/NGS) and dry (bioinformatics) laboratory
etups. The input plasma sample volume is only 140 �l, thus it can
e combined with the existing routine genotypic resistance testing
ithout any additional blood specimen. Finally, the method is val-

dated against the EQC panel, thus quality assured for large-scale
olecular epidemiological surveillance studies.
In summary, here we demonstrate the practicality of a high-

hroughput NGS protocol to assemble near full-length HIV-1
enomes from plasma virus that is frequently used as the source
or most routine HIV-1 genotypic tests. The method was validated
n an external quality assurance panel as well as in three cohorts,
btained from both high and low income countries. The appli-
ation of the method in population dynamics studies with high
nd efficient identification of recombinant strains and transmission
lusters could enable public health based effective interventions.
he method and the bioinformatics pipeline are simple and can

e adapted for large-scale molecular epidemiological surveillance
tudies, even in LMICs.
ical Methods 236 (2016) 98–104 103
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