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BACKGROUND: HIV infections often develop drug resist-
ance mutations (DRMs), which can increase the risk of 
virological failure. However, it has been difficult to deter-
mine if minor mutations occur in the same genome or in 
different virions using Sanger sequencing and short-read 
sequencing methods. Oxford Nanopore Technologies 
(ONT) sequencing may improve antiretroviral resistance 
profiling by allowing for long-read clustering.

METHODS: A new ONT sequencing-based method for 
profiling DRMs in HIV quasispecies was developed and va-
lidated. The method used hierarchical clustering of long 
amplicons that cover regions associated with different types 
of antiretroviral drugs. A gradient series of an HIV plasmid 
and 2 plasma samples was prepared to validate the clustering 
performance. The ONT results were compared to those ob-
tained with Sanger sequencing and Illumina sequencing in 
77 HIV-positive plasma samples to evaluate the diagnostic 
performance.

RESULTS: In the validation study, the abundance of 
detected quasispecies was concordant with the pre-
dicted result with the R2 of > 0.99. During the diag-
nostic evaluation, 59/77 samples were successfully 
sequenced for DRMs. Among 18 failed samples, 17 
were below the limit of detection of 303.9 copies/μL. 
Based on the receiver operating characteristic analysis, 
the ONT workflow achieved an F1 score of 0.96 with a 
cutoff of 0.4 variant allele frequency. Four cases were 
found to have quasispecies with DRMs, in which 2 
harbored quasispecies with more than one class of 
DRMs. Treatment modifications were recommended 
for these cases.

CONCLUSIONS: Long-read sequencing coupled with 
hierarchical clustering could differentiate the 
quasispecies resistance profiles in HIV-infected samples, 
providing a clearer picture for medical care.
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Introduction

AIDS, caused by HIV, is a significant public health 
concern that affected an estimated 38.4 million people 
worldwide in 2021 (1). Long-term antiretroviral (ARV) 
treatment is often required to combat this incurable 
disease. Although a wide range of ARV classes, such 
as protease inhibitors, nucleotide/nucleoside reverse 
transcriptase inhibitors (NRTI), nonnucleoside reverse 
transcriptase inhibitors (NNRTI), and integrase 
inhibitors are currently available for HIV treatment, 
the drug of choice could be highly limited by the devel-
opment of drug resistance mutations (DRMs) during 
the course of treatment. Furthermore, the presence of 
mixed quasispecies with different drug resistance pro-
files could further complicate treatment (2). Previous 
studies showed that minority quasispecies of 
drug-resistant viruses with a frequency range of 
0.07% to 2.5%, detected at baseline can rapidly out-
grow and become the major virus population and sub-
sequently lead to early therapy failure in 
treatment-naive patients who receive antiretroviral 
therapy regimens with a low genetic resistance barrier 
(2–5).

Sanger sequencing is commonly used to identify 
DRMs in HIV-infected patients (6–9). Since minor 
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variants, which are defined as mutations with low variant 
allele frequencies (VAFs), are usually masked by the 
dominant base signals, Sanger sequencing can only detect 
quasispecies with a VAF up to 30% of a population (10), 
resulting in incomprehensive ARV resistance information 
of the quasispecies within the host viral population. The 
variant analysis using Sanger sequencing also has 
limited ability to characterize heterozygous insertions 
and deletions (10, 11). Massively parallel sequencers, in-
cluding next-generation sequencing (NGS) and third- 
generation long-read sequencing, are able to overcome 
these issues and are thus preferred in the study of HIV 
quasispecies.

NGS allows highly accurate sequencing (99.9% ac-
curacy) that enables the identification of minor variants 
(12, 13), with the recommended allele frequency cutoff 
set at 0.2 by the WHO (14). With the PCR-tiling strat-
egy, full coverage of the targeted genomic regions can be 
supported (15). However, the profiling of ARV 
resistance in HIV quasispecies may be hampered by 
the read-length restrictions, where mutations cannot 
be assigned to specific HIV quasispecies, greatly 
underestimating the complexity of a patient’s ARV re-
sistance profile. Additionally, for HIV with a small gen-
ome size (9 kb), the fixed sequencing capacity of NGS 
may not financially benefit laboratories with a low sam-
ple throughput.

Although long-read nanopore sequencing has 
comparatively lower read accuracy than Sanger sequen-
cing and NGS, the use of nanopore sequencing 
for generating near-full-length HIV genomic sequences 
has been reported in other studies (16, 17). Long-read 
sequencing can reveal the linkage of one amino acid 
mutation to another found in the same quasispecies. 
With its low adoption cost and the compact size of 
the MinION sequencer, this technology is now under 
the spotlight for the clinical diagnosis of infectious 
diseases.

In this study, an ONT workflow and a novel bio-
informatics software, ClusterV, were developed for detect-
ing quasispecies in HIV-infected samples and the 
corresponding ARV resistance profile to each quasispecies. 
The performance of long-read nanopore sequencing 
coupled with hierarchical clustering in bioinformatics 
was investigated with reference to Sanger sequencing 
and Illumina sequencing.

Materials and Methods

SAMPLE COLLECTION

A total of 77 plasma samples, collected from 70 male 
and 7 female patients ages 18 to 68, were obtained 
from the Queen Mary Hospital in Hong Kong between 
2002 and 2014 (Supplemental Table 1).

RNA EXTRACTION AND LONG REGION AMPLIFICATION

Frozen plasma sample (approximately 1.5 mL) was 
thawed on ice for 2 hours, then resuspended and centri-
fuged at 20 800g  for 1.5 hours at 4°C. Supernatant was 
removed. Viral RNA in the pellet was extracted using 
QIAamp Viral RNA Kit, according to the manufac-
turer’s instructions. Then, 8 μL of extracted RNA was 
subjected to DNA removal using ezDNase™, reverse 
transcription with LunaScript RT SuperMix (5X), and 
amplification targeting the long genomic region 
(NC_001802.1: 1413–7363, amplicon length: 5951 
base pairs) using the reagents and cycling conditions de-
scribed in Supplemental Table 2. Amplicons were puri-
fied with 0.5×AMPure XP beads (for nanopore 
sequencing) or with QIAquick PCR Purification Kit 
(for Illumina) and quantified with Qubit® dsDNA HS 
Assay Kits.

SANGER SEQUENCING

Protease and reverse transcriptase nucleotide sequences 
were determined by our in-house Sanger sequencing- 
based genotypic resistance test (18), whereas the se-
quences of integrase were characterized by another in- 
house Sanger sequencing protocol developed by our 
team (19).

NANOPORE SEQUENCING

For nanopore sequencing, libraries were constructed with 
SQK-LSK109, EXP-NBD104, and EXP-NBD114, fol-
lowing the official protocols of Native Barcoding 
Amplicons. At most 12 libraries were pooled and se-
quenced on ONT GridION for 48 hours using the 
SUP basecalling mode, with the minimum quality score 
for read filtering as 10 and the modified demultiplexing 
setting (trim_barcodes = “on”, require_barcodes_both_ 
ends = “on”, detect_mid_strand_barcodes = “on”, min_ 
score = 85).

ILLUMINA SEQUENCING

For Illumina sequencing, 1 ng of amplicon was used for 
library preparation with the Nextera XT DNA Library 
Preparation Kit and IDT® for Illumina® DNA/RNA 
UD Indexes Set A, Tagmentation. The quality and 
quantity of the library were assessed with the 
Bioanalyzer and QIAseq Library Quant Assay Kit, re-
spectively. Libraries were pooled and sequenced with 
the MiSeq Reagent Kit Nano V2 on the Illumina 
MiSeq System (250 × 2 cycles).

QUANTITATIVE REVERSE TRANSCRIPTION POLYMERASE CHAIN 

REACTION

The viral load (copies per μL) of each RNA sample was 
determined using the GeneSig Standard Real-time PCR 
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Detection Kit for HIV-1 and the Oasig Lyophilized 
OneStep qRT-PCR MasterMix Kit.

LIMIT OF DETECTION

Limit of detection (LOD) was defined as the minimum 
input viral concentration (copies/μL) required for hav-
ing 0.9 probability to reach the average depth of cover-
age (DP). For LOD analysis, 2 DP cutoffs, 50×  and 
1500×, were employed. A minimum DP of 50×  is suf-
ficient for variant calling in a quasispecies with high con-
fidence in nanopore sequencing data when using 
Clair-ensemble embedded in ClusterV (20). However, 
a DP of 1500×  was recommended to detect 30 quasis-
pecies with an abundance as low as 0.03. A sample that 
passed the DP was set as 1, while a sample that did not 
pass was set as 0. Logistic regression was used for esti-
mating the LOD.

BIOINFORMATICS

ONT sequencing reads were used to iteratively cluster 
quasispecies and call variants using ClusterV 
(Supplemental information S1 and S2) to generate 
abundance, DRM profiles, and clinical reports for 
each quasispecies based on the input of the alignment 
files and Browser Extensible Data files (Supplemental 
Fig. 1). In brief, sequencing reads were mapped to the 
HIV reference genome NC 001802.1 (2.24-r1122) using 
Minimap2; reads with an defective genome or that failed 
to cover the targeted region were excluded. Then variants 
were called using Clair-ensemble and used as markers for 
iterating hierarchical clustering processes in order to iden-
tify HIV quasispecies within a sample. A consensus se-
quence for each quasispecies was generated based on its 
variants. Finally, an ARV resistance report was generated 
using SierraPy, based on the consensus sequences of all 
quasispecies found within a sample.

Illumina data was first aligned to HIV genome 
NC_001802.1 with bwa mem (v1.15.1) (21). 
Unmapped reads and secondary alignments were filtered 
with the SAMtools view function (with –F 3844) (22). 
Variant calling of the filtered alignments was performed 
using Clair3 (20) with Illumina mode (v0.1-r11, with – 
haploid_sensitive, --no_phasing_for_fa flag).

VALIDATION OF CLUSTERING PERFORMANCE IN THE ONT 

WORKFLOW

One HIV plasmid (pHIV-1_pr-V82A, provided by the 
European Virus Archive—Global), and 2 clinical sam-
ples (Sample ID: KB2061 and KB2979), each of which 
has a unique quasispecies with a median VAF > 0.9 
(Supplemental Table 3), were used to evaluate the clus-
tering performance of ClusterV. An in silico simulation 
data set was prepared by mixing the HIV plasmid and 2 
clinical samples (Sample ID: KB2061 and KB2979) in 

various combinations (10:10:80, 33:33:33, 80:20:0, 
50:50:0, 5:95:0). Also, a gradient series of HIV plasmid 
and KB2061 amplicons was prepared in triplicate with 
the following ratios: 95:5, 90:10, 85:15, and 80:20. 
The abundance of quasispecies determined by 
ClusterV was compared with the corresponding mixing 
ratio; R2 was used for evaluating their linear relationship.

EVALUATION OF THE DIAGNOSTIC PERFORMANCE OF THE 

ONT SEQUENCING WORKFLOW

To evaluate the diagnostic performance of the ONT 
workflow, the reported amino acid mutations (including 
AVR resistance associated and non-AVR related muta-
tions) and their associated genomic variants were com-
pared with those reported in Sanger and Illumina 
sequencing, with the assistance of Integrative Genome 
Viewer (23). Illumina genomic variants with a VAF 
greater than 0.03 (13, 24–26) were considered valid. 
To determine the accuracy of ONT mutations, it was 
considered true if they were concordant with Sanger se-
quencing. In cases where there was a discrepancy with or 
no Sanger reference available, the ONT mutations were 
compared with Illumina results, and they were consid-
ered true if the results were concordant. If the ONT mu-
tations were discordant or could not be validated with 
Illumina, they were considered false or inconclusive, re-
spectively (Fig. 1).

Amino acid mutations exclusively found in Sanger 
but not in ONT were also validated with Illumina. 
Concordant mutations were considered true while dis-
cordant mutations were considered false (Fig. 1). The 
F1 score [2× (precision × recall) / (precision + recall)] 
was used for evaluating performance of variant calling 
and ARV resistance detection. To determine the VAF 
cutoff, an overall VAF of each amino acid mutation 
within a sample was calculated. Then a receiver operat-
ing characteristic (ROC) analysis was performed; the 
VAF with the highest sensitivity and the lowest false- 
positive rate was regarded as the cutoff value. 
Statistical analysis was performed with GraphPad 
Prism (v9.4.1) and Microsoft Excel.

Results

VALIDATION OF CLUSTERING PERFORMANCE IN THE ONT 

WORKFLOW

The number of detected quasispecies by ClusterV was 
concordant with the expected number of quasispecies in 
the gradient series and in silico simulation data set; the pre-
dicted abundance was in a linear relationship with the true 
abundance (Supplemental Table 4). The R2 for HIV plas-
mid and KB2061 gradient series were both 0.996 
(Supplemental Figs. 2A and B), while the R2 for the in 
silico simulation data set was 0.9939 (Supplemental 
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Fig. 2C). The median VAF for variants found in each qua-
sispecies was 0.89 or above (Supplemental Table 4).

THE VARIANT CALLING AND DIAGNOSTIC PERFORMANCE OF 

THE TARGETED SEQUENCING ONT WORKFLOW

Fifty-nine out of 77 plasma samples were successfully se-
quenced using the ONT workflow, while sequencing fail-
ures occurred with the remaining 18 samples due to low 
viral load (<250 copies/μL), except for one sample 
KB2992 (745.36 copies/μL). Sanger sequencing results 
covering protease and reverse transcriptase (RT) (amino 
acid position 1–401) were available for 54 samples, except 
for 5 samples (KB0097, KB0270, KB0548, KB0552, and 
KB0553) covering RT amino acid position 1 to 335; results 
for integrase were only available in 16 samples. Illumina 
data was not available in 16 samples with insufficient sam-
ple volume; 43 samples were sequenced by Illumina as a 
result.

One HIV quasispecies was found in 28/59 samples 
(47.45%), followed by 2 quasispecies in 10 samples 
(16.94%) and 3 quasispecies in 6 samples (10.17%), and 
more than 3 quasispecies were found in 19 samples 
(25.42%). Subtypes B (38.98%) and CRF01_AE 
(35.59%) were dominant in the sample set, followed by 
CRF07_BC (11.29%). Three samples, KB2974, KB2980, 
and KB2998, carried a mixture of subtypes (Supplemental 
Table 5A).

A total of 4104 amino acid mutations were found in 
59 samples in the ONT workflow (Fig. 2A, Supplemental 
Table 5B). Of these, 2200 mutations and 271 mutations 
were respectively concordant and discordant with Sanger 

sequencing, whereas 1506 (36.7%) mutations could not 
be validated due to the unavailability of Sanger sequencing 
results. The remaining 127 (3.1%) mutations were classi-
fied as unknown amino acid mutations due to compli-
cated insertion-deletion variants. Among the 271 
discordant and 1506 nonvalidated mutations, 1153 
(28%) and 222 (5%) mutations were concordant and dis-
cordant with Illumina, respectively, and 49 (1%) discord-
ant with Sanger could not be validated with Illumina. The 
remaining 353 mutations (9%) could not be validated be-
cause of unavailable Sanger and Illumina results.

Additionally, 135 amino acid mutations were uniquely 
found in Sanger sequencing (Fig. 2B), with 27 of the muta-
tions concordant with Illumina, 62 mutations discordant, 
and 46 mutations that could not be validated because of un-
available Illumina results. To conclude, the precision and re-
call of the ONT workflow were 93.79% (2200 + 1153)/ 
(2200 + 1153 + 222) and 99.2% (2200 + 1153)/(2200 +  
1153 + 27), respectively, and the F1 score was 0.964. A 
ROC curve was generated (Fig. 2E; Supplemental Table 6) 
with the area under the curve of 0.903. In this case, the 
VAF cutoff for ONT sequencing was 0.4 with the true mu-
tation rate of 0.9072 and false mutation rate of 0.1712.

With the ONT workflow, 33 DRMs were found in 
22 samples (Fig. 2C; Supplemental Table 7A). By com-
paring with the Sanger sequencing results, 26 out of 33 
DRMs (78.8%) were considered as true mutations, 6 
DRMs (18.2%) were discordant, and one DRM (3%) 
was inconclusive. When comparing the 6 discordant 
DRMs with Illumina, one was considered as a true mu-
tation, 4 were considered as false mutations, and one was 

Fig. 1. A flowchart to demonstrate how amino acid mutations found in the ONT workflow were classified 
as true or false mutations.
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inconclusive. Additionally, the 1 DRM without a refer-
ence Sanger result was also considered as a true mutation 
since it was concordant with Illumina.

There were 3 DRMs with mixed alleles uniquely 
found in Sanger (Supplemental Table 7B). With reference 
to the results of Illumina sequencing, one DRM was con-
sidered a true mutation while the other 2 were considered 
false mutations. The precision and the recall of the diag-
nostic performance were 0.875 (28/32) and 0.965 [28/ 
(28 + 1)], respectively, and the F1 score was 0.918.

With the cutoff of 0.4 from the ROC analysis, a to-
tal of 7 mutations with an overall VAF below the cutoff 
were excluded (Fig. 2D). The precision and the recall of 
the diagnostic performance were 0.96 (24/25) and 0.96 
[24/(24 + 1)], and the F1 score was 0.96.

DETECTION OF THE MUTATIONS WITH THE QUASISPECIES

With the ONT workflow, 4 samples were found harboring 
different patterns of DRMs in different quasispecies. For ex-
ample, all of the quasispecies (KB2070_1 and KB0270_2) 

in the sample KB0270 (Fig. 3A, B, and C) harbored muta-
tion G73S in the protease gene, as well as mutations M41L, 
S68G, and M184V in the RT gene, conferring a potentially 
low-level protease inhibitors resistance (atazanavir, fosam-
prenavir, indinavir, saquinavir, and nelfinavir) and a low- 
level to high-level of NRTI resistance (abacavir, didanosine, 
emtricitabine, and lamivudine). However, mutation 
T215F was exclusively found in the quasispecies 
KB0270_2 (abundance = 32.27%), conferring an add-
itional low-intermediate resistance level of NRTI (abacavir, 
azidothymidine, stavudine, didanosine, and tenofovir).

Another example, KB2987 (Fig. 3D, E, and F), mu-
tation V106I in RT, conferring a potentially low resist-
ance level of NNRTI (doravirine, etravirine, nevirapine, 
and rilpivirine), was found in 5 out of 7 quasispecies 
(KB2987_2, KB2987_3, KB2987_4, KB2987_5, and 
KB2987_7) with a total abundance of 63.2%. 
However, G190E, a minor mutation (overall VAF of 
0.063) that conferred intermediate-high resistance of 
NNRTI (doravirine, efavirenz, nevirapine, rilpivirine, 

Fig. 2. (A), The distribution of the amino acid mutations (n = 4104) found in ONT and their agreements 
with Sanger and Illumina; (B), the agreement between unique amino acid mutations (n = 135) in Sanger 
and Illumina; (C), the distribution of AVR associated amino acid mutations (n = 33) found in ONT with 
the agreement with Sanger or Illumina before the cutoff (VAF = 0.4) and (D), after the cutoff; (E), The 
ROC analysis of variant calling performance in the ONT workflow. Each data point on the curve displayed 
sensitivity and false-positive rate. The overall VAF cutoff of 0.4 is highlighted in red.                                                                                                                          

Figure continued on next page
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and etravirine), was uniquely found in the quasispecies 
KB2987_6 (abundance = 6.79%). This minor mutation 
was also detected by the Illumina method.

LIMIT OF DETECTION

Two logistic regression models were constructed based on 
the 2 DP cutoffs: 50×  and 1500× (Supplemental Fig. 3; 
Supplemental Table 8). The area under the curve for the 
cutoffs DP = 50× and DP = 1500× were 0.8795 and 
0.853, respectively. By calculating the viral load (copies/ 
μL) required for having a probability 0.9 of reaching the 
DP = 50× and DP = 1500×, the LODs were 303.9 cop-
ies/μL and 1930.6 copies/μL, respectively.

TIME TO REPORT AND OPERATION COST

For a batch of 12 plasma samples, 5 hours and another 
3.5 hours were respectively required for viral RNA ex-
traction and real-time PCR on the first working day. 
On the next day, the amplicons were purified and 

enzymatically converted to a library (3 hours). After 
the 48-hour sequencing, data analysis was performed 
on the fourth working day, which lasted for 2 hours gen-
erally (based on a computer with 2 12-core Intel Xeon 
Silver 4116 processors with 126GB RAM running in 
10 threads). An additional 6 hours was required for a 
computer with 32 GB RAM, a CPU of Intel(R) 
Xeon(R) CPU E5-2678 v3 or equivalent, and a clock 
speed of 2.5 GHz or equivalent. Therefore, the time to 
report for this ONT workflow was 4 working days 
(Fig. 4). The running cost per sample was $120.93 
(12 samples per flow cell) and $88.02 (24 samples per 
flow cell) (Supplemental Table 9).

Discussion

The clinical significance of detecting low-frequency 
DRMs in HIV remains controversial. Some studies 
have shown a marginal correlation between detecting 

Fig. 2. Continued
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minor DRMs in treatment-naïve patients and the clinic-
al failure of first-line ARV therapy (27–29). However, 
these studies detected low-frequency DRMs based on 
short sequence reads with a read length of no more 

than 150 bp. One common limitation of short-read se-
quencing is that researchers cannot analyze viral variants 
at the single genome level, making it difficult to deter-
mine whether these minor mutations are linked with 

Fig. 3. Two examples demonstrating different DRM patterns in different quasispecies in the same sam-
ples. (A), the example in KB0270 with the abundance; (B), different resistance patterns and (C), resistance 
level found in different quasispecies; (D), the example in KB2987 with the abundance, (E), different resist-
ance patterns, and (F), resistance level found in different quasispecies.
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each other on the same genome or occur separately in 
different quasispecies virions.

Linked dual-class resistance mutations occurring in a 
single genome have been previously associated with an in-
creased risk of virological failure (30). As shown in Fig. 5, var-
iants with a VAF of 0.33 could originate from the same 
genome, conferring quasispecies coresistance to multiple 
classes of ARV. In this scenario, the strain is likely to survive 
even under combined ARV therapy and become a predom-
inant strain, eventually resulting in virological failure. 
Conversely, if the DRMs are separately carried by different 
viral particles, they can still be suppressed by the other effect-
ive ARV class under highly active antiretroviral therapy with-
out requiring treatment modification. Therefore, whether 
low-frequency DRMs eventually lead to therapy failure de-
pends on whether they are present on the same viral genome.

However, different classes of DRMs located distantly 
apart from each other cannot be revealed by Sanger and 
short-read sequencing, and their linkage cannot be deter-
mined. Our long-read sequencing (>6 kbp in length) 
coupled with hierarchical clustering can accurately link 
DNA mutations to different quasispecies, addressing the 
limitations of Sanger and Illumina sequencing. This pro-
vides a more precise prediction of the clinical outcome for 
samples with low-frequency DRMs. For treatment-naïve 
patients, detecting drug-resistant minorities before com-
mencing treatment can guide the choice of ARV and reduce 
the chance of treatment failure.

In this study, 4 out of 59 (6.8%) samples were found 
to have quasispecies with DRMs. Notably, 2 cases har-
bored quasispecies with more than one class of DRMs, 
which could potentially lead to virological failure of first- 
line ARV therapy. In the highlighted example of KB0270, 
2 quasispecies carrying DRMs associated with resistance 
to protease inhibitors and NRTI were identified. In an-
other example, KB2897 was found to have a mutation 
that can cause intermediate- to high-level resistance to 5 
NNRTIs in one of the quasispecies with low abundance. 
Treatment modifications were recommended for these 

cases. However, both patients were lost to follow-up 
and thus clinical outcome could not be determined.

In addition to quasispecies, long-read sequencing and 
clustering can identify distant subtypes and their corre-
sponding drug resistance profiles in cases of HIV superinfec-
tion. HIV superinfection occurs when a patient is infected 
with one HIV strain and then becomes infected with an-
other distant HIV strain. Some studies have reported the 
superinfection of susceptible HIV strains with resistant 
strains or vice versa (31, 32). In one special case, a patient 
infected with one resistant strain was then infected with an-
other resistant strain (33). In this study, hierarchical cluster-
ing allowed the identification of mixed subtypes in some 
cases. For example, sample KB2974 was a mixture of 
Subtype B and Subtype CRF01_AE, while only Subtype 
CRF01AE was detected by Sanger sequencing. Another ex-
ample, sample KB2980, was a mixture of Subtype 
CRF07_BC and Subtype CRF01_AE, while only 
CRF07_BC was identified by Sanger sequencing. Sample 
KB2998 was a mixture of Subtype CRF07_BC and 
Subtype B + C. Both of them could be detected by Sanger 
and ONT sequencing. These results supported the occur-
rence of HIV superinfection with different subtypes in these 
3 cases. Using hierarchical clustering, the sequences of dif-
ferent subtypes could be separated and isolated into individ-
ual genomes for phylogenetic analysis, enabling 
epidemiological investigation and transmission tracing.

Another benefit of hierarchical clustering is to avoid 
misinterpreted amino acids caused by mismatching mul-
tiple nucleotide substitutions at mixed alleles in the same 
genetic code. Hierarchical clustering can cluster the reads 
by selecting variants with near VAF peaks prior to the final 
variant calling in different quasispecies (Supplemental 
Table 10). For example, mutation A71I (ATT encoding 
for isoleucine) in protease in sample KB2019 was reported 
in Sanger sequencing, but the genetic codes ACT (encodes 
for theronine) and GTT (encodes for valine) were observed 
in 2 different quasispecies using ONT (Fig. 6A). Another 
example is that V111M (ATG encoding for methionine) 

Fig. 4. The time to report utilizing the ONT workflow for direct AVR resistance detection in HIV.
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in RT in KB2987 was reported by Sanger sequencing; how-
ever, ATA (encodes for isoleucine) and GTG (encodes for 
valine) were found in different quasispecies of the sample 
(Fig. 6B).

Hierarchical clustering can be computationally de-
manding, especially when processing a large batch of long- 
read sequencing data and constructing a distance matrix. 
To simplify the process and reduce the computational bur-
den, the clustering strategy employed in this study was 
based on multiple rounds of selecting variants with near 
VAF peaks rather than a distance matrix between the se-
quences. This approach minimized the need for construct-
ing a distance matrix and simplified the hierarchical 
clustering process. The lower adoption cost of the nanopore 
sequencer and the simplified design of hierarchical cluster-
ing could be of benefit as a workflow in clinical centers that 
require short analysis time and low computer specifications. 
Furthermore, the reduced computational burden of our ap-
proach compared to traditional hierarchical clustering 
methods makes it more accessible for adoption in resource- 
limited settings. In addition, the simplified design of our 

workflow allows for efficient and rapid analysis of large 
amounts of data, making it an ideal solution for clinical ap-
plications where timely results are critical.

The studies of minor variant detection in a gradient 
series and an in silico simulation data set demonstrated 
that the ONT workflow was able to detect the true minor 
variants. A direct linear relationship between the reported 
abundance in the ONT workflow and the corresponding 
true abundance was obtained, though the reported abun-
dance was generally slightly lower than the gradient ratios. 
However, from the ROC analysis with the 59 plasma sam-
ples, the false-positive rate was still high (> = 0.2) for the 
overall VAF of less than 0.35. As a result, a cutoff of 0.4 
was set to keep the balance between the lower false-positive 
rate (<0.2) and the higher true positive rate (approximately 
0.9). With this cutoff, the F1 score of ARV resistance detec-
tion was increased from 0.918 to 0.96 as the false mutations 
with overall VAF below the cutoff were filtered. Of note, 2 
mutations with overall VAF above the cutoff were discord-
ant with Sanger. The mutation N348I in KB2971 could 
not be validated with unavailable Illumina results, while 

Fig. 5. Schematic diagram of long-read nanopore sequencing coupled with hierarchical clustering for the 
detection and assignment of low-frequency DRMs to different HIV quasispecies of a sample. The DRMs 
with VAFs of 0.33 could be attributed to 2 different scenarios. In the first scenario, 3 different DRMs 
are separately harbored in 3 different quasispecies. Under a standard treatment regimen with combined 
ARV, the quasispecies with only a single class of DRM could be suppressed by the other classes of drugs. In 
scenario 2, a quasispecies, which accounts for one-third of the viral population, harbors 3 DRMs on the 
same genome, conferring the viral strain coresistance to 3 different classes of ARV. The strain is likely 
to survive even under combined ARV therapy and become a predominant strain, eventually resulting in 
virological failure.
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mutation K70R in KB2016 was considered as false because 
of its discordance with Illumina. The reason was still unclear 
but possibly due to the low viral load in KB2016 and 

KB2971 (104.79 copies/μL and 98.79 copies/μL, respect-
ively) that occasionally amplified only one of the quasispe-
cies and dominated the overall VAF. To avoid missing 

Fig. 6. Two examples (upper) KB2019 and (lower) KB2987 demonstrated how the amino acid mutations 
were misinterpreted in Sanger, comparing with the genetic codes found in ONT and Illumina (in red square).
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true mutations in the marginal overall VAF (<0.4), these 
mutations could be reported as possibly true and should 
be confirmed.

There were several limitations in this study: (a) longi-
tudinal samples were not available, and temporal changes 
in the DRMs of each quasispecies could not be deter-
mined; (b) although Illumina was employed to validate 
the clustering performance, the VAF might be varied 
due to the inability to filter defective HIV genomes (34) 
in Illumina, while such genomes were removed in the 
ONT workflow; (c) the clustering performance was vali-
dated with the gradient series and in silico simulation 
data set, but validation with other long-read sequencing 
technologies such as Pacific Biosciences may be beneficial; 
(d) the F1 score might be vulnerable to any discordance 
within this cohort due to a small number of resistant sam-
ples; and (e) the ClusterV algorithm relies on accurate call-
ing of variants. A somatic variant calling is more suitable 
for performing variant calling of quasispecies in HIV 
than the germline variant calling, However, a somatic 
small variant caller was not available for ONT data.

In conclusion, an ONT workflow was developed for 
detecting ARV resistance in HIV with direct sequencing of 
vRNA extracted from plasma samples. It reached an F1 
score of 0.96 with the recommended overall VAF. This 
workflow also demonstrated that long-read sequencing 
technologies and hierarchical clustering could synergistic-
ally reveal the detailed resistance profile by linking the 
ARV resistance to different quasispecies. Overall, this ap-
proach provides a more comprehensive clinical picture to 
better enable medical decision-making.
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Supplemental material is available at Clinical Chemistry 
online.
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quencing; NRTI, nucleotide/nucleoside reverse transcriptase 
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