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Abstract

Accurate HIV-1 genome sequencing is necessary to identify drug resistance muta-
tions (DRMs) in people with HIV-1 (PWH). Next-generation-sequencing (NGS) al-
lows the detection of minor variants and is now available in many laboratories. Our
study aimed to compare two NGS approaches, a “short read” sequencing protocol
using DeepChek® Whole Genome HIV-1 Assay on lllumina, and a “long read”
sequencing protocol of HIV-1 pol and env single-molecule real-time sequencing
(SMRT) on Pacific Biosciences (PacBio). We analyzed 16 plasma samples and 13
cellular samples from PWH. HIV-1 whole genome was amplified into five amplicons
using DeepChek® Whole Genome HIV-1 Assay and sequenced on an iSeq. 100. In
parallel, HIV-1 pol and env genes were separately amplified and sequenced using
PacBio SMRT system with the circular consensus sequencing mode on a Sequel lle.
Concordance rates for determining DRMs with both approaches varied depending
on the HIV-1 region, with higher concordance in the integrase region compared to
the reverse transcriptase and protease regions. DeepChek® Whole Genome HIV-1
Assay exhibited better sensitivity in HIV-1 RNA sequencing of plasmas with lower
viral loads. In cell HIV-1 DNA sequencing, the DeepChek® Whole Genome HIV-1
Assay performed better in pol and env sequencing but detected more APOBEC-
induced DRMs, which can represent defective proviruses. Our findings indicate that
both DeepChek® Whole Genome HIV-1 Assay and PacBio SMRT sequencing exhibit
good performance for subtype determination, detection, and quantification of DRMs
of the HIV-1 genome. However, some discrepancies were found in cellular samples,
highlighting the challenges of interpreting HIV-1 DNA DRMs.
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1 | INTRODUCTION

Despite the success of combination antiretroviral therapy (ART) in
treating HIV-1 infection, the risk of emergence of HIV-1 resistance to
ART remains a challenge to effective treatment.! Therefore, HIV-1
drug-resistance tests are necessary to identify drug-resistance
mutations (DRMs). These tests are routinely carried out to enhance
the likelihood of treatment success by guiding the selection of ART
for individuals newly diagnosed with HIV-1 or experiencing treat-
ment failure. In recent years, novel sequencing approaches capable of
identifying minor drug-resistant variants in clinical samples have been
developed. A suitable HIV-1 drug-resistance test requires strong
performance, including the ability to detect DRMs in samples with
low plasma viral load or cell HIV-1 DNA. Analyzing cell DNA through
sequencing can offer valuable information for individuals with low or
undetectable plasma HIV-1 RNA levels, and when no previous
genotype is available.2® However, the interpretation of drug resist-
ance on cell DNA requires consideration of the potential presence of
defective, replication-incompetent proviruses.*>

In the past few years, HIV-1 drug resistance tests have been
performed by sequencing the protease (PR), the reverse transcriptase
(RT), and the integrase (INT) regions of the HIV-1 genome. However,
new HIV-1 drugs, including capsid inhibitors,® CD4-directed mono-
clonal antibodies (mAbs),” and broadly neutralizing antibodies have
been developed. Sequencing the whole HIV-1 genome appears to
be necessary to assess the presence or absence of DRMs for all
potential therapeutic options.

HIV-1 has elevated rates of reverse transcriptase-related mutation
and a rapid viral turnover that conduct to various genetically diverse
variants which coexist as a quasispecies.”° During non-suppressive ART,
ongoing evolution of the quasispecies seems to be driven by genetic drift,
fitness-driven selection, and recombination.* Several studies have shown
that drug-resistant variants present at low frequencies in people with
HIV-1 (PWH) under ART may play a role in the evolution of resistance
and treatment failure.*~*> Minor variants initially present at low levels,
could evolve into major DRMs when subjected to selective pressure. NGS
represents a powerful tool to identify all drug-resistant variants within the
HIV-1 genome, including minor ones. These technologies with enhanced
sensitivity can detect subpopulations of drug-resistant variants in clinical
samples at very low frequencies and improved our capacity to identify
individuals at risk of virological failure compared to the 20% detection
threshold utilized in Sanger sequencing.26~%8

The DeepChek® Whole Genome HIV-1 Assay kit (ABL Diagnostics)
has been developed for routine HIV-1 genotyping using both plasma
RNA and cell DNA.Y? This assay enables sequencing of the whole
HIV-1 genome in five fragments. However, it is performed on an lllu-
mina platform, requiring DNA fragmentation before sequencing.
Alternatively, other NGS approaches, such as Single Molecule Real
Time (SMRT) sequencing, developed by Pacific Biosciences (PacBio),
provide long-read capabilities, enabling the detection of all haplotypes
of a quasispecies on the amplified fragments within a sample.

Evaluating the performance of short and long reads NGS tech-
nologies in identifying DRMs in people with HIV remains crucial. The
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aim of our study was to compare two NGS approaches for geno-
typing plasma HIV-1 RNA and cell HIV-1 DNA: the DeepChek®
whole genome HIV-1 genotyping assay on lllumina, and HIV-1 pol

and env PacBio SMRT sequencing.

2 | METHODS
2.1 | Patients and samples

We collected 23 blood samples from 23 PWH, who were being
monitored at the Toulouse University Hospital for the determination
of HIV genotypic resistance, between February 2022 and April 2024.
Plasma HIV-1 RNA load ranged from 4.5 to 6.6 log,o copies/mL in 11
patients and was undetectable in the 12 remaining patients. These
latter had cell HIV-1 DNA ranging from <1.4 (undetectable with a
routine assay) to 3.3 logyo copies/million cells. To approximate the
threshold where results in routine analyses are challenging (around 3
log1o copies/mL), we diluted three plasmas in PBS 7% BSA (Sigma
Aldrich), to assess the sensitivity of the sequencing protocols, giving
five samples with viral load ranging from 2.6 to 3.8 log,o copies/mL.

Fifty microliters of HIV-1 RNA was extracted from 1000 pL of
plasma using the Viral NA Large Volume kit on the MagNA Pure 96
instrument (Roche Diagnostics). One hundred microliters of HIV-1
DNA was extracted from 200 uL of buffy coat (PBMC-enriched blood
fraction) using the Viral NA Small Volume Kit on the MagNA Pure 96

instrument (Roche Diagnostics).

2.2 | Plasma HIV-1 RNA assay and cell HIV-1 DNA
assay

Plasma HIV-1 RNA (pol and LTR regions) was quantified by real-time
TMA on a Panther instrument using the Aptima® HIV-1 Quant Dx
(Hologic).?° Cell HIV-1 DNA (LTR region) was quantified by real-time PCR
(LightCycler 480 system, Roche) from DNA extracted from PBMCs using
the Generic HIV DNA Cell kit (Biocentric) as previously described.?!

2.3 | DeepChek® whole genome HIV-1 assay

Extracted RNA or DNA was amplified using the DeepChek® whole
genome HIV-1 assay kit (Ref 170B) (ABL Diagnostics). Briefly, five
amplicons were amplified to cover the whole genome, following man-
ufacturer's instructions (Figure 1). Each PCR product was controlled
using the 5200 Fragment Analyzer (Agilent) and quantified using the
Quantifluor dsDNA HS Assay kit (Promega). If the amplified fragments
were insufficient, a nested PCR reaction was performed. PCR products
were purified using clean DNA magnetic beads (ABL diagnostics) and
pooled. The appropriate volume of the pool of amplicons was adjusted
to 3ng/uL. Subsequently, libraries were prepared using the Deep-
Chek® NGS Library preparation kit (Ref 116B) (ABL Diagnostics) ac-
cording to manufacturer's instructions. The libraries were qualified
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FIGURE 1 Median coverage along HIV-1 genome (reference HXB2) of plasma HIV-1 RNA (A) and cell HIV-1 DNA (B) sequences, and
localization of the DeepChek® Whole Genome HIV-1 Assay and PacBio SMRT amplicons for HIV drug resistance. Gray, HIV-1 proteins; blue,
DeepChek® Whole Genome HIV-1 assay and red, PacBio SMRT. PacBio, Pacific Biosciences; SMRT, single-molecule real-time sequencing.

using the 5200 Fragment Analyzer (Agilent) and quantified using the
Qubit DSDNA HS Assay kit (Thermo Fisher Scientific). The resulting
libraries were sequenced on an iSeq. 100 sequencer (lllumina) with a
run time of 19 h. HIV libraries were subjected to paired-end sequencing
(2x 150 bp read length, forward and reverse). Sequencing analyzers'
outputs (sequences) were analyzed using tailored bioinformatics pipe-
lines from DeepChek® software as previously described by Mohamed
et al.!? Briefly, sequences were aligned against the HIV-1 reference
(HXB2) using BWA (bioinformatics pipeline for lllumina outputs) and
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split by regions. HIV-1 subtype was determined by BLAST. Variants
calling and filtering were performed by an expert system. The minimum
coverage depth was 100 reads to analyze the results. The 2022
International AIDS Society list of mutations was used to identify
resistance-associated mutations, and the interpretation of antiretroviral
drug resistance was done by selecting the ANRS resistance algorithm
(2023, v.34, available at http://www.hivfrenchresistance.org) and the
Stanford HIV Drug Resistance Database interpretation system (v.9.5,
available at https://hivdb.stanford.edu) on Deepchek® software.
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TABLE 1  HIV-1RNA pol and HIV-1 RNA env sequencing success and failure using the DeepChek® Whole Genome HIV-1 Assay and PacBio
SMRT Sequencing on plasma samples for HIV-1 drug resistance genotyping.
Pol region Env region
Viral load (log1o DeepChek® PacBio DeepChek® PacBio
Sample ID Subtype copies/mL) WG HIV-1 SMRT WG HIV-1 SMRT
1 B 5.9
2 F1 6.6
3 CRF02-AG 5.8
4 CRFO6 6.4
5 CRF02-AG 5.6
6 CRF02-AG 5.0
7 B 5.5
8 CRF06 5.0
9 CRF02-AG 5.8
10 CRF02-AG 4.5
11 CRF02-AG 5.5
12 (#1 1/100) B 3.8
13 (#1 1/1000) B 2.8
14 (#2 1/1000) F1 3.6
15 (#2 1/10000) F1 2.6
16 (#3 1/500) CRF02-AG 3.1

Note: Samples from 12 to 16 correspond to diluted plasma from samples 1, 2, and 3. Green, sequencing success; orange, partially covered; red, sequencing

failure.

Two thresholds (25% and 220%) were selected for reporting.
APOBEC-induced DRMs were detected using the HIV Drug Resist-
ance Database algorithm (2021, available at https://hivdb.stanford.
edu/page/apobecs/).

2.4 | PacBio SMRT sequencing

The pol and the env regions were separately amplified with a one-
step RT-PCR from the extracted RNA or DNA (Figure 1). A nested
PCR reaction with barcoded primers was then performed on each
PCR products, as previously described.?? Details of the PCR condi-
tions and primers are provided in the supplementary methods. Each
nested product was controlled using the 5200 Fragment Analyzer
(Agilent) and quantified using the Quantifluor dsDNA HS Assay kit
(Promega). PCR products were purified using AMPure PB magnetic
beads (Pacific Biosciences). Barcoded amplicon libraries were pre-
pared using the SMRT Bell Express Template Prep kit 3.0 (Pacific
BioSciences) and sequenced by SMRT on a Sequel lle System
sequencer (Pacific BioSciences) with a 4-h pre-extension and 15-h
movie time. HiFi reads were generated on the instrument using
PacBio circular consensus sequencing (CCS) mode.

HiFi reads were demultiplexed with lima (v.2.2.0, https://github.
com/PacificBiosciences/barcoding) and filtered with a minimum
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threshold on their quality (Q30) and their length (env 2000 bp, pol
3000 bp). The minimum coverage depth was 200 reads to analyze the
results. The resulting reads were mapped against the HIV-1 reference
(HXB2), and variant calling was performed with Juliet (v1.12.0, PacBio
https://github.com/PacificBiosciences/minorseq). Concurrently, the fil-
tered reads were clustered by pbAA to generate the haplotypes (PacBio
tool, v.0.1.3 https://github.com/PacificBiosciences/pbAA). Chimeric and
low frequency (<2%) haplotypes were discarded. The HIV-1 subtype of
each sample was determined using a maximum likelihood phylogenetic
analysis processed by IQ-TREE (v.2.0.3)2° with the best-fit model
automatically selected by Model Finder (TVM + F + R9) and 1000 boot-
straps (ultra-fast bootstrap), using the 2017 curated alignment from
online HIV databases as the reference set of sequences. The absence of
inter-sample contamination was verified using a homemade script and
the phylogenetic tree. The drug resistance of each haplotype was
compiled by a homemade script. We used the 2022 International AIDS
Society list of mutations to identify resistance-associated mutations, and
the interpretation of antiretroviral drug resistance was done using the
ANRS resistance algorithm (2023, v.34, available at http://www.
hivfrenchresistance.org) and the Stanford HIV Drug Resistance Data-
base interpretation system (v.9.5, available at https://hivdb.stanford.edu).
Two thresholds (25% and >220%) were selected for reporting. APOBEC-
induced DRMs were detected using the HIV Drug Resistance Database
algorithm (2021, available at https://hivdb.stanford.edu/page/apobecs/).
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The mean error rate of amplification and sequencing was performed
using HIV-1 clones giving a result of 4.52 x 107 nucleotides for the pol
region and 1.85 x 10 nucleotides for the env region (supplementary
methods). The accuracy and reproducibility of the method were vali-
dated by amplifying and sequencing the env region of HIV-1 clone
mixtures with theoretical numbers of haplotypes and frequencies of 0%,
5%, 10%, 20%, 50%, 75%, and 100% (Supplementary Methods).

2.5 | Statistical analysis

Correlations between frequencies of DRMs quantified by both NGS
approaches were estimated by calculating Spearman's rank correla-
tion coefficients. All tests were two-sided, and p values < 0.05 were
considered statistically significant. Statistical analyses and Graphs
were performed with GraphPad Prism 9.0. The concordance rate of
DRMs detection was calculated as the number of samples where the
same DRMs were detected by both approaches, divided by the total

number of samples successfully sequenced by both methods.

3 | RESULTS
3.1 | Plasma HIV-1 RNA
3.1.1 | Limit of detection

Firstly, we compared the viral load thresholds required to achieve
sufficient coverage with the two approaches. For plasma HIV-1
RNA sequenced, we observed a median coverage of 4957 (IQR,
1734-5987) reads and 9114 (IQR, 6541-9131) reads for the Deep-
Chek® Whole Genome HIV-1 Assay and PacBio SMRT sequencing,
respectively (Figure 1A).

For the 11 plasmas, both approaches achieved a 100% success
rate in sequencing the pol region. When considering lower viral loads
obtained after plasma dilutions, the DeepChek® Whole Genome
HIV-1 Assay successfully sequenced the pol region of all diluted
plasma samples (ranging from 2.5 to 3.8 log,o copies/mL) whereas
the PacBio SMRT sequencing approach experienced failures in two
out of five samples (Table 1).

Concerning env sequencing on HIV-1 RNA, all 11 plasma samples
were successfully sequenced. However, for the five diluted plasma
samples, two were successfully sequenced using the PacBio SMRT
sequencing approach, and four using the DeepChek® Whole Genome

HIV-1 Assay (including one that was only partially covered) (Table 1).

3.1.2 | HIV-1 subtype determination and HIV-1
drug-resistance mutation

HIV-1 subtype prediction was performed using the pol sequences
obtained with each NGS approach. We found a 100% concordance
for the determination of plasma HIV-1 RNA subtypes. Results of
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HIV-1 subtype prediction using the env sequences are available in the the protease region. Using a 5% threshold, we found 86% concor-
supplementary results. dance for the presence of mutations of interest in the RT region, 93%

Then, we compared the results of HIV-1 drug resistance by ex- in the integrase region, and 100% in the envelope region. Although a
amining mutations of interest. In HIV-1 RNA sequencing, we lower concordance rate of 71% was noted for the protease region,
observed an overall good correlation between the two approaches. these discrepancies did not impact the interpretation regarding sen-
Using a 20% threshold, we found 100% concordance for the pres- sitivity to HIV-1 drug resistance (Table 2, Figure 2). When examining
ence of DRMs in the RT, integrase, and envelope region, and 93% in the percentage of mutations, disparities were observed for the 43 K
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FIGURE 2 (A) Positions and number of drug-resistance mutations identified in the HIV-1 polymerase (PR, RT, IN) and envelope (env) region
from 16 plasma samples using DeepChek® Whole Genome HIV-1 Assay and PacBio SMRT sequencing. Each bar represents the number of
mutations at one position of the protease (PR), reverse transcriptase (RT), integrase (IN), or envelope (Env) region identified by the indicated
sequencing method from 16 plasma samples. (B) Comparison of DeepChek® Whole Genome HIV-1 Assay and PacBio SMRT sequencing for the
quantifying drug-resistance mutations in plasma HIV-1 RNA samples. Each point represents one of the 74 mutations quantified by both NGS
approaches (5% threshold). Spearman's correlation coefficients (p) with 95% confidence intervals and p values are shown.
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TABLE 3 HIV-1 DNA pol and HIV-1 DNA env sequencing success and failure using the DeepChek® Whole Genome HIV-1 Assay and
PacBio SMRT Sequencing on cellular samples for HIV-1 drug resistance genotyping.

Pol region Env region

Viral load (logso DeepChek® PacBio DeepChek® PacBio
Sample ID Subtype copies/10° PBMCs) WG HIV-1 SMRT WG HIV-1 SMRT
1 B <14
2 B 1.5
3 B 1.4
4 B 3.3
5 B 2.3
6 B 2.8
7 CRF02-AG 3.0
8 B 2.9
9 B 2.6
10 B 1.7
11 B 2.3
12 CRF02-AG 2.8

Note: Green, sequencing success; orange, partially covered; red, sequencing failure.

mutation in the env gene between the two approaches. However, in
general, the two approaches showed similar results, even detecting
minority variants (e.g., <10% for some) in some samples (e.g. plasma
sample number 4), and the frequencies of the 74 DRMs quantified by
both NGS approaches were well correlated (5% threshold, Spear-
man's correlation coefficients p = 0.93, p < 0.0001) (Figure 2B).

3.2 | Cell HIV-1 DNA

3.2.1 | Limit of detection

For cell HIV-1 DNA, we observed a median coverage of 2653 (IQR,
2179-5792) reads and 5420 (IQR, 3000-5582) reads for the Deep-
Chek® Whole Genome HIV-1 Assay and PacBio SMRT sequencing,
respectively (Figure 1B). We compared the ability of the two ap-
proaches in sequencing HIV-1 pol and HIV-1 env on cell HIV-1 DNA.
We found that DeepChek® Whole Genome HIV-1 Assay achieved
92% and 83% of success for pol and env sequencing, respectively,
whereas PacBio SMRT sequencing approach achieved 83% and 58%

of success for pol and env sequencing, respectively (Table 3).

3.2.2 | HIV-1 subtype determination and HIV-1
drug-resistance mutations

Using the pol sequences, we determined cell HIV-1 DNA subtypes
and found a 100% concordance of subtype determination between
the two approaches. Results of HIV-1 subtype prediction using the
env sequences are available in the supplementary results.
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Concerning HIV-1 DNA DRMS, using a 20% threshold, we found
100% concordance for DRMs detection in the protease, integrase
and envelope region, and 56% in the integrase region.

Using a 5% threshold, the two approaches exhibited lower
concordance regarding the identification of variants at positions of
interest in the protease, RT, integrase, and envelope regions
(Table 4, Figure 3A). The DeepChek® Whole Genome HIV-1 Assay
detected more APOBEC-induced DRMs, whereas these mutations
were less frequently found using PacBio SMRT sequencing, spe-
cifically in the RT region. However, overall frequencies of the 59
DRMs quantified by both NGS approaches were well correlated
(5% threshold, Spearman's correlation coefficients p = 0.84, p < 0.0001)
(Figure 3B).

4 | DISCUSSION

The present study provides insights into the relative performance of
two NGS approaches. Our findings suggest that the DeepChek®
Whole Genome HIV-1 Assay on lllumina and HIV-1 pol and env
SMRT sequencing on Sequel lle demonstrate good performance. The
DeepChek® assay shows slightly better sensitivity in HIV-1 RNA
sequencing of plasmas with lower viral loads, and HIV-1 DNA
sequencing. Concordance rates for determining drug resistance var-
ied depending on the HIV-1 region, with higher concordance in the
integrase region compared to the RT and protease regions.

The presence of low-frequency drug-resistant variants may
affect the response to ART. Studies have demonstrated that for
NNRTIs and entry inhibitors these low-frequency drug-resistant
variants could impact the effectiveness of ART.1*24-2¢ However, no
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FIGURE 3

(A) Positions and number of drug-resistance mutations identified in the HIV-1 polymerase (PR, RT, IN) and envelope (env) region

from 12 cellular samples using DeepChek® Whole Genome HIV-1 Assay and PacBio SMRT sequencing. Each bar represents the number of
mutations at one position of the protease (PR), reverse transcriptase (RT), integrase (IN), or envelope (Env) region identified by the indicated
sequencing method from 12 cellular samples. (B) Comparison of DeepChek® Whole Genome HIV-1 Assay and PacBio SMRT sequencing for the
quantifying drug-resistance mutations in cellular HIV-1 DNA samples. Each point represents one of the 59 mutations quantified by both NGS
approaches (5% threshold). Spearman's correlation coefficients (p) with 95% confidence intervals and p values are shown.

studies have yet found the impact of these low-frequency drug-
resistant variants on the effectiveness of NRTIs, Pls, or integrase
inhibitors.2”-2®

For plasma HIV-1 RNA, with a 5% cut-off we observed concor-
dance rates between the two NGS approaches of 71%, 86%, 93%,
and 100% for the protease, RT, integrase, and envelope regions,
respectively, based on the presence of mutations of interest. When
examining the value of the percentages, some discrepancies were

notably found in the env region known for its genetic variability.
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However, in some other samples and regions, comparable mutation
percentages were observed between the two approaches, even for
minority variants (<10%). In analyzing diluted plasma samples with
the DeepChek® Whole Genome HIV-1 Assay, we detected the
presence of mutation 138Q at 9%. Interestingly, this mutation was
absent in the original plasma sample or its other dilutions, and was
not identified using PacBio SMRT. While inadequate coverage in
these regions could have accounted for the disparities, our analysis
revealed sufficient coverage.
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Despite the inherent differences between the two NGS plat-
forms (short and long reads), the regions targeted by the initial PCR
for both methods are relatively similar. The pol PacBio SMRT am-
plicon closely aligns with the amplicon 2 of the ABL Deepchek WG
kit, and the env PacBio SMRT amplicon is quite close to the amplicon
4 of the ABL Deepchek WG kit. However, the ABL Deepchek WG
assay is designed so that parts of the HIV-1 envelope are also cov-
ered by amplicons 3 and 5 that could contribute to a better coverage
of the envelope region.

Both approaches take 3 days from extraction to sequencing
results. A strength of the DeepChek® Whole Genome HIV-1 Assay, is
its kit-based approach which reduces the risks of technical errors, and
the Deepchek® software that enables automated bioinformatics
analyses from the fastq files. The PacBio SMRT requires the develop-
ment of a bioinformatic pipeline and specific computing resources,
however it allows haplotyping analysis. DeepChek® Whole Genome
HIV-1 Assay on lllumina is a short-reads sequencing method, involving
amplicon fragmentation before sequencing. In contrast, PacBio
SMRT sequencing is a long-reads approach that allows detection
of mutations on the same genomic fragment. The lower sensitivity
of PacBio SMRT could be due to the long reads approach requiring
optimization. However, the long reads sequencing allows the iden-
tification of DRMs occurring on the same haplotype, providing
information on HIV-1 drug-resistance at a quasispecies level instead
of focusing on the level of individual mutations. Mutations detected
on the same haplotype or on distinct haplotypes could have a dif-
ferent impact on ARV drug activity. Transmitted drug-resistant
variants can acquire new mutations and the synergistic effect
of certain mutations on a single haplotype can contribute to the
development of drug resistance.?? 31

A previous study has demonstrated the importance of selecting
an appropriate threshold for HIV-1 DNA NGS to achieve a balance
between sensitivity and the presence of defective proviruses
resulting from APOBEC activity.3? In our study, using a 5% threshold,
we identified mutations of interest in the pol region that can arise
from G-to-A mutations induced by APOBEC in 6 out of 12 (50%)
cellular samples using the DeepChek® Whole Genome HIV-1 Assay,
and in 4 out of 12 (33%) cellular samples using PacBio SMRT
sequencing. However, when we increased the threshold to 10%, the
proportion of APOBEC-induced mutations of interest detected
dropped: 3 out of 12 (25%) with both approaches. This discrepancy
between the two NGS approaches does not appear to be related to
the filtering used during sequencing analyses as we retrospectively
examined at the raw sequence data obtained with the PacBio SMRT
sequencing, and did not find more APOBEC-induced DRMs. Our
findings suggest that this observation may likely be due to the first
PCR that is influenced by the low viral load and Poisson distribution
rules conducted to the amplification of certain haplotypes. These
discrepancies highlight the challenges of sequencing and interpreting
HIV-1 DNA in cellular samples, which contain an archived reservoir
with both intact and defective proviruses.

Limitations of our study include the small number of samples
sequenced and the few HIV-1 subtypes tested. However, our data
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demonstrate that both NGS approaches can successfully sequence
recombinants subtypes such as CRF02-AG and CRFO06. Further
testing is necessary to validate the performance of these methods on
additional non-B subtypes.

In conclusion, our study presented the comparison of two NGS
approaches, one “short read” and one “long read” sequencing pro-
tocol, for sequencing plasma HIV-1 RNA and cell HIV-1 DNA. Our
findings indicate good performance with both approaches for the
detection and quantification of DRMs in the pol and env regions of
the HIV-1 genome. Further studies are needed to analyze the rele-
vance of APOBEC mutations detected in cell HIV-1 DNA sequencing
for the interpretation of DRMs.
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