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Abstract
Introduction. The aim of the study was to use comparative analysis for assessing efficiency of detection and 
confirmation of dual HIV infection, using conventional population sequencing (PS) and next generation sequenc-
ing (NGS) for an HIV-1 pol gene fragment, which encompasses  protease and partially reverse transcriptase 
(positions 2253–3368).
Materials and methods. The study was performed on intersubtype dual HIV infection model samples containing 
viruses of HIV-1 subtype B, sub-subtype A6 and recombinant form CRF63_02A1. Viruses were mixed pairwise in 
proportions from 10 to 90% to obtain 3 groups of model samples: CRF63vsB, CRF63vsA6, and A6vsB. The nu-
cleotide sequences obtained by using PS and NGS technologies having 5, 10, 15, and 20% sensitivity thresholds 
for minor virus variants (NGS5–NGS20, respectively) were used to estimate the number of degenerate nucleo-
tides or the degenerate base (DB) count and the number of synonymous mutations (SM) or the SM count. The 
fragment of the studied region (positions 2725–2981) was used for the analysis of operational taxonomic units.
Results. The application of NGS5 proved highly efficient for detection of dual HIV infection in the model samples. 
The statistically significant (p < 0.01) increase in DB and SM counts was demonstrated by NGS5 compared to PS. 
As a result, NGS5 helped detect dual HIV infection in 25 out of 27 model samples, while with PS it was detected 
only in 15 samples. The analysis of operational taxonomic units confirmed dual HIV infection in all the groups of 
model samples.
Discussion. The efficiency of detection and confirmation of dual HIV infection depends both on the content of 
each virus in the sample and on genetic characteristics of these viruses.
Conclusion. Using NGS genetic testing in routine practice will be instrumental for efficient identification of genetic 
characteristics of infectious agents and for thorough analysis of the epidemiological situation.
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Аннотация
Введение. Целью исследования был сравнительный анализ эффективности выявления и подтверждения 
двойной ВИЧ-инфекции с применением классического популяционного секвенирования (ПС) и секвениро-

https://crossmark.crossref.org/dialog/?doi=10.36233/0372-9311-153&domain=pdf&date_stamp=2021-12-01


628 629JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2021; 98(6) 
DOI: https://doi.org/10.36233/0372-9311-153

ORIGINAL RESEARCHES

вания следующего поколения (NGS) для фрагмента гена pol ВИЧ-1, кодирующего протеазу и часть обрат-
ной транскриптазы (позиции 2253–3368).
Материалы и методы. Исследованы модельные образцы межсубтиповой двойной ВИЧ-инфекции, со-
держащие вирусы ВИЧ-1 субтипа B, субсубтипа A6 и рекомбинантной формы CRF63_02A1. Вирусы сме-
шивали попарно в соотношении от 10 до 90% для создания 3 групп модельных образцов: CRF63vsB, 
CRF63vsA6 и A6vsB. Нуклеотидные последовательности, полученные технологиями ПС и NGS, с порогами 
чувствительности к минорным вариантам вируса 5, 10, 15 и 20% (NGS5–NGS20 соответственно) использо-
вали для определения величин индекса вырожденности (DB) и индекса синонимичности (SM). Фрагмент 
исследуемого региона (позиции 2725–2981) служил для анализа операционных таксономических единиц.
Результаты. Применение NGS5 оказалось наиболее эффективным для выявления двойной ВИЧ-инфек-
ции в модельных образцах. Было обнаружено статистически достоверное (p < 0,01) увеличение DB- и 
SM-индексов для NGS5 по сравнению с ПС. Это позволило с помощью NGS5 выявить двойную ВИЧ-ин-
фекцию в 25 модельных образцах из 27, в то время как ПС позволяло выявлять её лишь в 15 образцах. 
Анализ операционных таксономических единиц подтвердил двойную ВИЧ-инфекцию во всех группах мо-
дельных образцов.
Обсуждение. Эффективность выявления и подтверждения двойной ВИЧ-инфекции зависит как от доли 
каждого вируса в образце, так и от генетических особенностей данных вирусов.
Заключение. Внедрение в рутинную практику генетического анализа технологии NGS позволит не только 
более эффективно выявлять генетические особенности инфекционных агентов, но и проводить более 
глубокий анализ эпидемиологической ситуации.

Ключевые слова: двойная ВИЧ-инфекция, модельный образец, секвенирование следующего поколения, 
нуклеотидная последовательность, область протеазы и обратной транскриптазы, индекс вырожден-
ности, индекс синонимичности, операционные таксономические единицы
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of this infection [7, 8]. The method offers sequencing 
genomes of individual viral particles after the limiting 
dilution of the sample [7], amplification of individual 
fragments of the viral genome and their subsequent 
cloning for accumulating clones containing fragments 
of each viral variant present in the sample [2]. Each 
clone goes through sequencing; the resulting nucleotide 
sequences (NSs) are put through phylogenetic analysis. 
Dual HIV infection is confirmed when there are statis-
tically significant (with a bootstrap value of more than 
80%) individual clusters on the tree diagram, which are 
typical of individual viral variants [2].

Studies are normally focused on short genomic 
fragments: V2–V3 loops of the env gene, fragment of 
the gag gene encoding p17 and/or p24 [9], fragment of 
the HIV-1 reverse transcriptase (RT) gene [8–10]. Be-
sides, several of the above genomic fragments can be 
analyzed simultaneously [8]. 

SGS is too time-consuming and costly to be used 
on routine basis. For example, the study performed in 
2010 [8] showed that the analysis of one sample in 2 
genomic regions by using SGS took approximately 
42 hours and its cost was more than $2,600. Compared 
to this, the analysis of the pol gene (protease and re-
verse transcriptase region, PR-RT), which employs 
conventional sequencing used for routine tests for drug 
resistance of HIV-1, takes only 3 hours spent on sample 
preparation and costs less than $280.

Introduction
Dual HIV infection or the proven fact of presence 

of 2 and more HIV types (HIV-1 and/or HIV-2) in one 
patient [1] occurs at different frequency in different 
countries and among different vulnerable groups. There 
is direct relationship between the frequency of occur-
rence of this phenomenon, the level of poverty in the 
country and the level of marginalization of vulnerable 
groups. For example, in the Netherlands, the frequency 
of dual HIV infection in the group of men who have 
sex with men (MSM) is 1% [2], in Brazil (also among 
MSM), it is more than 12% [3], and in Uganda, among 
female sex workers, it is more than 16% [4]. In Chi-
na, in the MSM group [5], this variable shows a wide 
range; based on different sources, from 13.3 to 28%, 
which is, most likely, associated with strong stigmatiza-
tion of this vulnerable group in the country. In Russia, 
the frequency of dual HIV infection does not exceed 
1.5% [6], which is commonly demonstrated by deve-
loped countries of Western Europe.

Since dual HIV infection is associated with ge-
neration of novel recombinant forms of the virus, pro-
gression of infection and even selection of drug resis-
tance [1], its detection and confirmation are objectives 
of high priority.

The presence of dual HIV infection is most reli-
ably confirmed by using single genome sequencing 
(SGS), which serves as a gold standard for diagnosis 
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Researchers of dual HIV infection have been of-
fered the next generation sequencing (NGS) technolo-
gy that can be used for identification of minor variants 
of the virus accounting for less than 1% of the viral 
population in the sample [11]. High sensitivity makes it 
possible to use NGS technology as alternative to SGS. 
This approach is not only more advanced, but also more 
rewarding. NGS used for simultaneous analysis of 3 ge-
nomic regions takes only around 9.5 hours and costs 
slightly more than $1,000, being more than 4 times fast-
er and more than 2.5 times less expensive than SGS [8].

The obtained NGS-based data on NSs in the sam-
ple, which are also referred to as "reads", go through 
subsequent mathematical analysis grouping them into 
operational taxonomic units (OTUs) – NSs formed by 
reads clustered at a certain level of similarity [9]. The 
further phylogenetic analysis of OTUs is performed in 
the way similar to the single-genome sequence assay 
resulting from SGS.

Despite the relative technological affordabili-
ty of the analysis required for confirmation of dual 
HIV infection, the problem of initial identification of 
such samples remains unsolved. The presence of dual 
HIV infection is most frequently indicated by changes 
in the clinical picture: a sharp increase in HIV RNA 
blood concentration (viral load), a reduction of CD4 
cell counts during long non-progression or slow pro-
gression of HIV infection [7, 12, 13]. However, these 
symptoms are observed only during HIV superinfec-
tion, when infection with a new viral variant occurs af-
ter the immune response to the initial infection with the 
first virus has been established [14]. Dual HIV infection 
may not be reported for patients with HIV coinfection 
(infection with 2 and more viral variants at the same 
time or within a brief period of time) [15] or in absence 
of regular check-ups of patients.

In the meantime, dual HIV infection can be detec-
ted by additional analysis of the test results for drug re-
sistance of HIV-1. The drug resistance analysis, which 
is based on conventional Sanger sequencing (also 
known as population sequencing (PS)) [7, 14], makes 
it possible to obtain NSs of different HIV-1 genomic 
regions, including the most frequently studied PR-RT 
region encoding protease and reverse transcriptase of 
the virus. It has been found that the presence of large 
numbers of controversial or degenerate nucleotide po-
sitions (when the signal was indicative of the simulta-
neous presence of several nucleotides in this genomic 
position) within the RT region (positions 2550–3554) 
is a clear evidence of concurrent presence of different 
HIV-1 variants in the sample [2]. The larger the number 
of degenerate nucleotides (the DB count) is in the se-
quence, the higher the likelihood of dual HIV infection 
in the sample.

Another approach focuses on estimation of the 
ratio between the number of synonymous substitu-
tions and the number of all potential sites of synony-

mous substitutions within the PR-RT region, positions 
2253–3554 (SM count) [8]. Nonsynonymous muta-
tions (causing changes in amino acid sequences) tend 
to be ignored. This method is based on the specific 
features of nonsynonymous mutations, which often 
result from changes in the virus affected by host body 
factors or by administered therapy, while synonymous 
mutations reflect natural diversity of virus population 
in dual HIV infection. Therefore, for dual HIV infec-
tion, the detec ted mutations will be primarily of the 
synonymous type.

It is understandable that the analysis of degenera-
cy and synonymy is highly efficient for dual HIV infec-
tion caused by different HIV subtypes (inter-subtype), 
different groups, for example, M and O (inter-group), 
or virus types (intertype infection or concurrent HIV-1 
and HIV-2 infection) as compared to intra-subtype in-
fection caused by different genetic variants of the same 
subtype [1]. 

Application of PS for detection of dual HIV infec-
tion may cause problems due to sensitivity of the above 
method: The above sequencing test can detect viral 
variants accounting for at least 20% of the virus pop-
ulation [16]. The solution is offered by the NGS tech-
nology, which proved to be successful in detection of 
drug resistance-associated mutations within the PR-RT 
region [17]. At the same time, special attention should 
be paid to the NGS sensitivity threshold for minor virus 
variants. For example, for the routine analysis of drug 
resistance the sensitivity threshold of 5% is most reli-
able and informative [17, 18]. 

Since the approach to the OUT analysis for a 
small RT fragment (positions 2708–3242) turned out to 
be successful [8], the application of NGS technology 
for sequencing the PR-RT region can help detect dual 
HIV infection (by estimation of DB and SM counts) 
and confirm it.

The aim of the study was to use comparative ana-
lysis for assessing efficiency of detection of dual HIV 
infection, using PS and NGS with different sensitivity 
thresholds for minor viral variants for the PR-RT re-
gion, as well as to evaluate the efficiency of the NGS-
based results for confirmation of dual HIV infection 
using the OTU analysis.

Materials and methods
The model of inter-subtype dual HIV infection 

was created by pairwise mixing of plasma samples 
containing 3 variants of HIV-1: subtype B, sub-subtype 
A6, and recombinant form CRF63_02A1. The HIV-1 
RNA concentration in each sample for correct mixing 
was estimated using an AmpliSens HIV-monitor-FRT 
kit (Central Research Institute of Epidemiology). A to-
tal of 9 variants of pairwise mixtures of viruses were 
prepared, each virus accounting for 10 to 90% in mix-
tures. In addition, tests included control samples con-
taining only HIV-1 of subtype B, sub-subtype A6, and 
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CRF63_02A1. The viral load in each model sample 
was 5,000 cps/ml. 

The conventional PS was performed using an 
 AmpliSens HIV-Resist-Seq kit (Central Research In-
stitute of Epidemiology) according to manufacturer’s 
manual. Sequencing of the purified fragments was per-
formed with an Applied Biosystems 3500 genetic ana-
lyzer (LifeTechnologies) according to manufactu rer’s 
manual. The sequencing data were processed using 
DEONA software (version 1.7.0). As a result, we ob-
tained NSs of the HIV-1 PR-RT fragment (nucleotide 
positions 2253–3368 for HXB-2, GenBank accession 
number K03455).

When preparing samples for NGS, we used a two-
step nested PCR protocol to obtain 4 overlapping spe-
cific HIV-1 DNA fragments that were 427–586 nucleo-
tides long. During the first step, amplification was com-
bined with reverse transcription using TaqF polymerase 
and MMLV reverse transcriptase (Central Research 
Institute of Epidemiology). The amplified fragments of 
the HIV-1 genome were purified using Sera-Mag Mag-
netic Speed Beads (GE Healthcare Biosciences). Con-
centrations of nucleic acids in the fragments were mea-
sured with a Qubit 2.0 fluorometer (Invitrogen). The 
purified and amplified HIV-1 fragment samples were 
mixed in equal proportions, and 50 ng of the final mix-
ture were used for sequencing libraries with the  Illumina 
platform. Libraries were prepared following the Nextera 
protocol (Illumina) modified as follows: amplification 
was performed using Q5 High-Fidelity DNA poly-
merase (NEB) containing intercalating EvaGreen dye 
(Biotium). Sequencing was performed using MiSeq (Il-
lumina) and a MiSeq Reagent Kit V3 (Illumina).

The sequencing results were processed and the ge-
nome (positions 2253-3368) was assembled using Hy-
DRA Web v1.6.1 software1. Consensus NSs were auto-
matically assembled and had the 20, 15, 10, and 5% 
sensitivity threshold for minor populations (NGS20, 
NGS15, NGS10, and NGS5, respectively).

DB and SM counts were calculated for the re-
ceived NSs in accordance with the established methods 
[2, 8].

The DB count was calculated as the total number 
of degenerate nucleotide bases in the RT region (nu-
cleotide positions 2550–3368). Two values: 34 and 45 
were verified as threshold values for the DB count in-
dicative of dual HIV infection [2].

The SM count was calculated by the formula:  
SM = X/372, where SM was synonymous mutation 
count, X — the total number of synonymous substitu-
tions in the studied genomic fragment, 372 — the total 
number of amino acids encoded by the PR-RT fragment 
of pol gene (nucleotide positions 2253–3368). Values 
of 0.05 and 0.08 were selected as possible thresholds 
for the SM count [8].

1 URL: https://hydra.canada.ca/pages/home?lang=en-CA

The statistical analysis of differences between va-
lues of DB and SM counts, which were obtained using 
different techniques and for different model samples, 
was based on Student’s t-test. Qualitative variables  
(efficiency detection dual HIV infection) were analyzed 
using two-sided Fisher’s exact test [19]. Differences 
were considered statistically significant at p < 0.01.

OTUs for NGS results were clustered for 1 of 4 
fragments encoding part of the reverse transcriptase 
(nucleotide positions 2725–2981) in accordance with 
the recommendations2. The Mega 6.0 software was 
used for the phylogenetic analysis based on the max-
imum likelihood method and for searching the opti-
mum model of nucleotide substitutions for the obtained 
OTUs. We used the following NSs from the interna-
tional GenBank sequence database as reference NSs: 
K03455 and AY819715 (subtype B), AY500393 and 
EU861977 (sub-subtype A6), AY829204 and JN230353 
(CRF63_02A1). Along with OTUs of model samples, 
we analyzed the OUT variants received for control 
samples, which were used to create the models of dual 
HIV infection.

Results

Analysis of DB and SM counts in models  
of dual HIV infection

We have found that the DB and SM counts de-
pend not only on the viral variants present in the mix-
ture, but also on their ratio (Fig. 1, 2). Both counts for 
BvsA6 model samples containing sub-subtype A6 as 
the minor variant were higher than those in samples 
containing minor amounts of the subtype B virus. The 
similar effect was observed in CRF63vsB and CRF63v-
sA6 models, where the recombinant virus was present 
in minor amounts. It is indicative of dominance of the 
sub-subtype A6 virus in BvsA6 models and dominance 
of CRF63 in CRF63vsB and CRF63vsA6 models, thus 
decreasing the degeneracy level in the obtained NSs.

As expected, NGS-derived DB and SM counts in 
NSs of the studied models were generally higher than in 
NSs obtained by using the PS method. The average DB 
count for all model samples obtained by using PS was 
25.59 (95% CI 15.6–35.54), while for NGS20, NGS15, 
NGS10, NGS5, it was 27.48 (95% CI 18.27–36.69), 
37.44 (95% CI 27.56–47.33), 49.19 (95% CI 38.17–
60.20), and 68.19 (95% CI 55.81–80.56), respective-
ly. Nevertheless, statistically significant differences  
(p < 0.01) in the DB counts were revealed only by com-
parison of PS or NGS20 with NGS10 and NGS5 as well 
as between NGS15 and NGS5.

The average SM count also increased significantly 
when the sensitivity of sequencing increased: For PS, 
it was 0.069 (95% CI 0.046–0.092), and for NGS20, 
NGS15, NGS10, NGS5 — 0.067 (95% CI 0.048–

2 URL: https://www.drive5.com/usearch/manual/otus.html
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Fig. 1. DB counts obtained by using PS and NGS20-NGS5 technologies for CRF63vsB, CRF63vsA6, and BvsA6 model 
samples of dual HIV infection. 

Horizontal hatched lines indicate the specified threshold values for the count.
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0.086), 0.088 (95% CI 0.066–0.109), 0.115 (95% CI 
0.092–0.138), and 0.146 (95% CI 0.126–0.166), respec-
tively. Similarly to the DB count, statistically signifi-
cant differences were those between PS or NGS20 and 
NGS10–NGS5. However, even the NGS15 and NGS10 
results demonstrated significant differences, thus giving 
evidence of high efficiency of the NGS technology used 
for the analysis of the SM count.

In the meantime, this significant increase in the 
degeneracy level in NGS5 compared to PS was demon-
strated by virus mixtures rather than by control sam-
ples containing only A6, B, or CRF06_02A1. The ave-
rage DB count estimated for the control samples by 
using the PS method was 2.50 (95% CI 1.68–3.32); 
for NGS20, NGS15, NGS10, and NGS5, it was 1.17 
(95% CI 0.44–1.89), 2.00 (95% CI 1.03–2.97), 3.83 
(95% CI 2.97–4.75), and 11.33 (95% CI 7.92–14.74), 
respectively. The average SM count for PS and all NGS 
types was 0.008 (95% CI 0.006–0.010), 0.004 (95% 
CI 0.003–0.005), 0.006 (95% CI 0.004–0.008), 0.011  
(95% CI 0.008–0.014), and 0.022 (95% CI 0.016–
0.027), respectively. These differences between the 
sequencing methods were statistically insignificant  
(p > 0.01). Neither the DB count nor the SM count esti-
mated for control samples using any method exceeded 
the minimum threshold value specified in the literature  
[2, 8] for this analysis, i.e. 34 for the DB count and 0.05 
for the SM count.

At the same time, the increased counts associated 
with the increased sensitivity of the sequencing method 
led to identification of a larger number of variants of 
dual HIV infection models. The threshold value of 34 
for the DB count was exceeded only by 10 of 27 model 
variants analyzed by PS, while the NGS20-NGS5 me-
thods increased their numbers to 11, 15, 18, and 22, re-
spectively. When the threshold value of 0.05 for the SM 

count was used, dual HIV infection was detected in 15, 
14, 20, 23, and 25 variants for PS and NGS20–NGS5, 
respectively. The lowest counts (and, consequently, the 
likelihood of detection of dual HIV infection) were ob-
tained for BvsA6 mixtures. With the DB count, only 
differences between PS and NGS5 were statistically 
significant; with the SM count, differences between PS 
or NGS20 and NGS10–NGS5 were statistically signifi-
cant, thus giving another proof of high efficiency of the 
SM count for detection of dual HIV infection.  

Although the NGS methods demonstrated higher 
sensitivity compared to PS, the analysis of the average 
SM count for each type of the models revealed an in-
significant decrease in the above count in CRF63vsB 
mixtures by using NGS20 and NGS15 compared to PS 
(0.055 and 0.068 against 0.071, respectively) (Fig. 3). 

NGS20 also decreased insignificantly the average 
DB count for BvsA6 models compared to PS — 21.56 
against 21.67.

Analysis of OTUs
On average, 8, 9, and 11 OTU types were received 

for each of 9 variants of model samples of BvsA6, 
CRF63vsB, and CRF63vsA6 groups. The value of 90% 
was selected as the optimum similarity threshold for 
reads. Threshold values above 90% led to generation 
of multiple OTUs and dubious results of the subsequent 
phylogenetic analysis. Lower threshold values resul ted 
in a sharp reduction of OTU variants, thus having an 
adverse impact on the accuracy of the subsequent ana-
lysis.

The results of OTU clustering correlated with the 
results of the DB and SM count analysis. Besides, the 
distribution of OTU variants demonstrated a high le-
vel of non-uniformity for different viral variants: In the 
BvsA6 models, 77.78% of OTUs belonged to A6 and 
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Fig. 3. The average DB and SM counts estimated with PS and NGS20–NGS5 methods for CRF63vsB, CRF63vsA6,  
and BvsA6 model samples of dual HIV infection. 

Horizontal hatched lines indicate the specified threshold values for DB and SM counts.
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only 22.22% belonged to subtype B. In the CRF63vsB 
models, 69.27% of OTUs belonged to recombinant, 
while 11.11% — to subtype B; 19.63% of OTU vari-
ants showed controversial results, forming statistical-
ly insignificant clusters with different reference NSs 
(mainly, with A6). In the CRF63vsA6 models, the re-
combinant, sub-subtype A6 accounted for 57.10% and 
41.15% of OTUs, respectively. At the same time, 1.75% 
of OTUs demonstrated controversial results.

The results of the analysis of OTUs clustered for 
the models of dual HIV infection, in which each virus 
accounted for 30 and 70%, are presented in Fig. 4. We 
did not find any clear correlation between the results of 
genotyping of OTU variants and the virus content in 
the sample. For example, for CRF63vsA6(70vs30), 7 
OTU variants were close to CRF63, and 4 variants – to 
A6. On the other hand, OTUs for CRF63vsA6(30vs70) 
were distributed between CRF63 and A6 almost evenly.

Similar results were demonstrated by the analy-
sis of CRF63vsB. The distribution of OTUs between 
CRF63 and B for CRF63vsB(30vs70) was 9 to 4; for 
CRF63vsB(70vs30), it was 9 to 2. However, the analy-
sis of the BvsA6 model samples demonstrated the op-
posite result. In the BvsA6(30vs70) sample, 6 OTUs 
belonged to sub-subtype A6 and 3 OTUs belonged to 
subtype B, while in the BvsA6(70vs30) sample, 7 and 2 
OTUs belonged to A6 and B, respectively.

Nevertheless, the results of genotyping of OTUs 
obtained for models of dual HIV infection differed from 
those for A6, B, and CRF63_02A1 control samples, for 
which all the OTU variants truly belonged to the re-
spective genetic variant.

Discussion
For the first time in Russia, we have validated the 

method of analysis of HIV-1 NSs obtained by using 
conventional sequencing and NGS for the analysis of 
the rare and critically important phenomenon — dual 
HIV infection.

In our study, we focused on model samples of 
dual HIV infection caused by concurrent presence of 
the viral variants in clinical samples, which are most 
important for Russia from the epidemiological perspec-
tive. In Russia, sub-subtype A6 HIV-1 prevails, though 
the CRF63_02A1 recombinant variant has been active-
ly spreading in the country in the recent years [20–22]. 
We also studied the subtype B virus as a reference vi-
rus, which has high prevalence in countries of Western 
Europe and is used for validation of dual HIV infection 
evaluation methods [2, 8, 20].

The NS analysis used for detection of dual HIV 
infection is not only less time-consuming and more 
economically beneficial than the SGS technology, but 
also can be used for dual HIV infection screening si-
milar to the analysis of drug resistance. In our study, the 
application of DB and SM counts in PR-RT sequences 
obtained with the PS method resulted in detection of 

dual HIV infection only in 37% and 55.56% of cases, 
respectively.

Our results were of lower quality than the results 
obtained by foreign authors. For example, DB counts 
may result in detection of 43.2% of dual HIV infec-
tion samples [2], while SM counts may increase the de-
tection rate to 100% of samples [8]. However, foreign 
colleagues analyzed PR-RT fragments that were longer 
than those in our study: 335 [2] and 434 [8] amino acids 
for estimation of DB and SM counts, respectively, com-
pared to 273 and 372 amino acids in our study. Shorter 
fragments contain smaller numbers of potentially de-
generate positions. Furthermore, in the study by Pacold 
et al. [8], based on the calculation of SM counts, sever-
al monoinfection samples were mistakenly assigned to 
dual HIV infection samples, while no mistakes of this 
kind were recorded in our tests. 

Our results demonstrate that application of NGS 
technology with the 5–10% sensitivity threshold for 
minor variants makes it possible to detect dual HIV in-
fection more efficiently than when using conventional 
sequencing. The test becomes most efficient for detec-
tion of inter-subtype dual HIV infection in the pol gene 
region (positions 2253–3368) when NGS technology 
has a 5% sensitivity threshold for minor variants and 
the SM count has the threshold value of 0.05 for dual 
infection. These parameters are important for detection 
of the largest number of dual HIV infection cases (in 25 
out of 27 model samples).

Although the sensitivity of conventional sequenc-
ing for minor viral variants in the sample is usually 
estimated at 20% [16], NGS with the same sensitivity 
threshold showed poorer performance in detecting de-
generacy in some models of dual HIV infection. On the 
one hand, this property of NGS20 may minimize the 
number of errors and artifacts resulting from sequenc-
ing, being an important feature for obtaining whole-ge-
nome sequences of the virus [11, 17]. On the other 
hand, the NGS20 method may pose a risk of missing 
the degeneracy associated with dual HIV infection in 
the sample.

For most of the model samples, the application 
of the OTU analysis for the genomic region with po-
sitions 2725–2981 proved to be efficient. This is con-
firmed by statistical clusters (>80%) in diagrams, fea-
turing respective control and reference sequences. Our 
results are similar to the data obtained during the study 
of dual HIV infection among MSM in Spain [9]. How-
ever, there was a discrepancy between the proportion of 
OTUs and the proportion of viruses in model samples. 
For example, in the 63vsB and BvsA6 mixtures, most 
of the OTUs were genotyped as CRF63_02A1 and A6, 
respectively. It can be explained by the divergence of 
sub-subtype A6 and CRF63_02A1 viruses, which is 
much higher than in subtype B. When the threshold 
va lue is 90%, the reads of subtype B are removed au-
tomatically. This obvious drawback inherent in this  
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Fig. 4. Results of the phylogenetic analysis of the fragment from the RT region (positions 2725–2981) of dual HIV infection 
model samples and control samples; the analysis was based on the maximum likelihood method and used the GTR+G model 

of nucleotide substitutions in 1,000 bootstrap replicates. 
The statistical significance of clusters ≥ 50% is shown next to them. Grey diamonds indicate OTU variants obtained for the model sample. 

The OTU sequences obtained for the control sample of sub-subtype A6 are shown by black circles; the subtype B sample is shown by black 
triangles; black squares represent CRF63_02A1.
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me thod must be taken in consideration in studies of 
dual infection caused by different HIV types. In addi-
tion, such discrepancy of OTU results may imply that 
the systems used for amplification and/or sequencing 
amplify and sequence viruses with different efficiency. 
As a result, the signal from a more efficiently detected 
virus suppresses the signal from another variant. Such 
non-uniform sensitivity to different virus variants was 
pointed out previously during the comparative assess-
ment of PCR kits for estimation of the HIV-1 viral 
load [23].

Nevertheless, despite all its downsides, the OTU 
analysis makes it possible to reliably differentiate dual 
HIV infection from monoinfection in most model sam-
ples and can be used in further studies of multiple infec-
tions with HIV ВИЧ.

Note that active application of conventional se-
quencing and NGS makes these technologies more af-
fordable, reducing the testing time and cost compared 
to the SGS method. Our analysis of one sample by us-
ing conventional sequencing cost around 10,000 rubles, 
being almost twice as cheap as the similar study con-
ducted in 2010 [8]. Thanks to its enormous throughput, 
NGS is very cost-effective: The cost of the analysis of 
the genomic fragment of each sample in our study was 
around 5,000 rubles, being 5 times lower than the cost 
of the similar NGS assay performed in 2010 [8].

Conclusion
Our results demonstrate that the NGS technology 

can be of great use for studying the phenomenon of du-
al HIV infection, providing high sensitivity of the test. 
Thus, this technology, when used in routine practice, 
will help not only identify genetic characteristics of in-
fectious agents, but also obtain more data for more effi-
cient assessment of the epidemiological situation.
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