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Abstract
Introduction. Hepatitis C is a pressing global public health issue. The high variability of the hepatitis C virus (HCV) 
complicates its whole-genome sequencing; most studies sequence only specific regions of the genome. There is 
a need for a simple and reliable method for sequencing the whole genome of HCV.
Objective. Development and validation of NGS panel for whole-genome sequencing of HCV.
Materials and methods. This study presents NGS amplification panel for sequencing the genomes of HCV geno-
types 1, 2, and 3. Depending on the genotype, a set of 79, 67, or 89 primers is used. These primers enable ampli-
fication of overlapping regions of the HCV genome.
Results. The panel was tested on 153 HCV RNA samples isolated from blood plasma specimens (93/6/54 sam-
ples of genotypes 1/2/3, respectively). Shannon entropy analysis showed that genetic heterogeneity within the E2 
gene is significantly higher than in other parts of viral genome. The frequency of mutations associated with drug 
resistance was determined. Specifically, for genotype 1, the following mutation detection rates were observed in 
NS3: Y56F – 37.6%, V170I – 23.7%; in NS5a: R30Q – 8.6%, P58L/S/T – 6.5%, A92T – 4.3%; in NS5b: L159F – 
45.2%, S556G/N – 33.3%.
Conclusion. The current study describes a method for whole-genome sequencing of HCV genotypes 1, 2, and 3. 
The HCV sequencing panel shows great potential for use in scientific research and epidemiological monitoring.
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Резюме
Введение. Гепатит С является актуальной проблемой здравоохранения во всем мире. Высокая вариабель-
ность вируса гепатита С (ВГС) осложняет его полногеномное секвенирование, в большинстве исследова-
ний секвенированы только отдельные регионы генома. Существует необходимость в простом и надежном 
методе секвенирования полного генома ВГС.
Цель работы. Создание и апробация панели NGS для полногеномного секвенирования ВГС.
Материалы и методы. В работе представлена амплификационная панель NGS для секвенирования ге-
нома ВГС генотипов 1, 2 и 3. В зависимости от генотипа использован набор, состоящий из 79, 67 или 89 
праймеров, при помощи которых осуществляется амплификация перекрывающихся участков генома ВГС. 
Результаты. Панель была апробирована на 153 образцах РНК ВГC, выделенных из крови (93/6/54 образца 
генотипов 1/2/3 соответственно). Анализ энтропии Шеннона показал, что в пределах гена E2 генетическая 
неоднородность значительно выше, чем в остальной части генома. Была определена частота встречаемо-
сти мутаций, ассоциированных с лекарственной резистентностью. В частности, для генотипа 1 была отме-
чена следующая частота встречаемости мутаций в NS3: Y56F – 37,6%, V170I – 23,7%; в NS5a: R30Q – 8,6%, 
P58L/S/T – 6,5%, A92T – 4,3%; в NS5b: L159F – 45,2%, S556G/N – 33,3%. 
Заключение. В работе изложен способ полногеномного секвенирования генома ВГС генотипов 1, 2 и 3. 
Панель для секвенирования ВГС обладает большим потенциалом для использования в научных исследо-
ваниях и эпидемиологическом мониторинге.
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Introduction 
Viral hepatitis C poses a serious problem for healthcare 

both in Russia and worldwide. According to estimates 
by the World Health Organization, in 2022, there were 
approximately 50 million people worldwide suffering 
from chronic hepatitis C (CHC) and 1.0 million new 
cases of infection. In 2020, 24.5 thousand patients with 
a diagnosis of CHC were registered in Russia, and the 
incidence rate was 16.7 per 100 thousand people [1]. 
As of 2024, approximately 2.9% of the population of 
the Russian Federation is presumed to be infected with 
the hepatitis C virus (HCV). On average, 70% of those 
infected develop a chronic form of the disease, which 
can lead to cirrhosis of the liver (CL) and hepatocellular 
carcinoma (HCC). According to the results of the 

analysis of incidence, prevalence, and mortality of HCV 
infection, 16,427 deaths due to complications of CHC 
were registered in Russia in 2015 [2].

The pathogen of the disease is an RNA-containing 
virus from the Flaviviridae family (Flaviviridae: 
Hepacivirus: Hepacivirus hominis). The HCV genome 
is represented by single-stranded RNA and demonstrates 
high variability. There are 7 main genotypes of HCV 
known, with nucleotide sequence differences between 
genotypes ranging from 30% to 35%. The frequency 
of genotype occurrence varies across different regions 
of the world: genotype 1 predominates in Europe, 
North and South America, genotype 3 in India and 
several Southeast Asian countries. In the territory of the 
Russian Federation, almost all typed samples belong 
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to genotype 1 (approximately 70% of cases), 2 (~  5%) 
and 3 (~ 20%) [3, 4].

Numerous studies show that various genetic variants 
of HCV and mutations in different regions of the viral 
genome may be associated with the clinical features of 
the disease course and its outcomes, as well as resistance 
to therapy. For example, it was noted that genotype 1b 
was characterized by a high risk of cirrhosis and hepato-
cellular carcinoma [5]. Amino acid substitutions respon-
sible for HCV drug resistance are predominantly locat-
ed in genes encoding viral non-structural proteins such 
as NS3, NS5a and NS5b [6]. HCV-resistant variants are 
found in the majority of patients who have not achieved 
a sustained virological response due to the selection and 
growth of HCV-resistant variants in the body of a specif-
ic carrier. These resistance-associated mutations depend 
on the class of direct-acting antiviral drugs (DAA) used 
and also vary depending on the genotype and subtype of 
HCV [7]. Other regions of the viral genome are also of 
interest. Deletion in NS2 may be associated with liver 
cirrhosis [8]. In a study by S. Fishman et al., mutations 
in core 36G/C, 209A, 271U/C, 309A/C, 435A/C, 481A 
and 546A/C were associated with a high risk of HCC [9]. 

In most studies involving HCV RNA sequencing, in-
dividual regions of the viral genome were determined 
[9–11]. To date, a small number of studies have been 
published that have determined the complete genome of 
HCV, which may be related to the high genetic variability 
of this virus. For example, one study from 2019 included 
only 2 samples and represented the first complete read-
ings of HCV in Latin America. During the study, the nest-
ed polymerase chain reaction (PCR) method was used, 
followed by Sanger sequencing of the amplified regions 
[12]. A similar approach for amplification was used in 
the study to compare the sensitivity of whole-genome se-
quencing of HCV genomes on the PacBio and Illumina 
platforms for detecting low-frequency mutations [13].  
A similar sample preparation and sequencing on the Illu-
mina MiSeq were performed for 88 samples with the aim 
of obtaining data on the distribution of genotypes in the 
London sample [14].

In Russia, HCV sequencing is primarily conducted to 
determine the viral genotype, with only individual enzyme 
genes being analyzed using the Sanger sequencing method. 
For example, V.O. Kotova et al. determined the nucleotide 
sequence of the NS5b gene in 60 HCV samples [15]. In a 
study by D.E. Reinhardt et al., the NS3, NS5a and NS5b 
genes were sequenced in 31 samples [16]. V.A. Isakov et 
al. analyzed the occurrence of substitutions in the NS3, 
NS5A and NS5B genes associated with drug resistance in 
samples from the Russian population, with sequencing 
based on Illumina MiSeq performed in the USA [17]. It 
is estimated that, to date, there is an extremely limited 
number of studies worldwide in which the authors have 
sequenced the whole genome of HCV using NGS. On the 
territory of the Russian Federation, no such publications 
were found.

The aim of the study is to develop an NGS 
amplification panel for whole-genome sequencing of 
HCV genotypes 1, 2 and 3 and to conduct its testing.

Materials and methods

Samples 
For the study, 153 blood plasma samples were selected 

from participants of a clinical trial (protocol No. 133 dated 
March 2, 2023, of the Ethics Committee of the Central 
Research Institute of Epidemiology of Rospotrebnadzor) 
with viral hepatitis C. All study participants provided 
voluntary informed consent for the use of the samples. 
HCV RNA was extracted from plasma using the RIBO-
prep kit (AmpliSens, Russia). The presence of HCV 
RNA and genotype were determined using the HCV-
Monitor-FL and AmpliSens HCV-1/2/3-FL reagent kits 
(AmpliSens, Russia). Of these, 93 samples were identified 
as genotype 1, 6 as genotype 2, and 54 as genotype 3.

Primer selection
The performed bioinformatics analysis showed the 

impossibility of selecting universal primer sequences 
for whole-genome amplification of HCV simultaneously 
for all three main genotypes of the virus circulating in 
Russia. At the same time, it is possible to select three sets 
of primers that would be applicable to each of the three 
genotypes individually. For each genotype, primers were 
selected in a semi-automatic mode, as previously described 
for the development of an amplification panel for HCV 
genome sequencing [18]. As a result, 79/67/89 primers 
were selected for genotypes 1/2/3, respectively. Three 
control samples corresponding to genotypes 1, 2, and 3 of 
HCV (HCV1_01, HCV2_01, HCV3_01) were sequenced 
several times in succession, resulting in the selection of 
optimal PCR conditions and the concentration of each 
primer in the reaction mixture. The primer sequences are 
provided in Table S1, presented in the Appendix.

HCV sequencing
The REVERTA-L kit (AmpliSens, Russia) was used 

for reverse transcription. Three sets of primers were 
used for the amplification of the HCV genome, each 
corresponding to genotype 1, 2 or 3. The genotypes 
of the samples were determined in advance. For each 
sample, 5 separate multiplex PCR were performed, 
each reaction contained 10 µL of complementary DNA 
(cDNA), 10 µL of PCR-mix-2-blue PCR mix (AmpliSens, 
Russia), 1.4 µL of 4.4 mM dNTPs (AmpliSens, Russia), 
primers from one of the 5 pools, and mQ water to a final 
volume of 25 µL. Table S1 in the Appendix contains 
information on the nucleotide sequence, concentration in 
the reaction mixture and pool number for each primer. 
The PCR stages had the following conditions: 1) 95 °C 
for 3 min; 2) 20 cycles: 95 °C for 30 s, 55 °C for 30 s, 72 °C 
for 40 s; 3) 72 °C for 3 min. Next, the products of 5 parallel 
PCR reactions were mixed in 5 µL aliquots and 
purified using AMPure XP Beads (Beckman Coulter, 
USA), with an AMPure XP Beads/PCR product ratio 
of 0.8: 1. Then, PCR indexing was performed, each 
reaction contained 5 µL of purified PCR products, 10 µL 
of PCR-mix-2-blue (AmpliSens, Russia), 1.4 µL of 4.4 
mM dNTPs (AmpliSens, Russia), standard Nextera index 
adapters (concentration in the reaction mixture amounted 
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to 200 nM), and mQ water to a final volume of 25 µL. 
The PCR stages had the following conditions: 1) 95 °C 
for 3 min; 2) 25 cycles: 95 °C for 20 s, 55 °C for 30 s, 72 °C 
for 40 s; 3) 72 °C for 3 min. The indexed PCR products 
were mixed and subsequently purified using AMPure XP 
Beads 0.8/1. The Qubit dsDNA HS Assay Kit (Invitrogen, 
USA) was used to measure the concentration of the 
obtained library. Sequencing was performed using the 
MiSeq v. 3 (600 cycles) kit on the Illumina MiSeq.

Bioinformatics
To assess the quality of the obtained reads, the FastQC 

program was used. Adapter sequences were removed 
using the Trimmomatic program. To remove primer 
sequences, the Cutadapt program was used. Processed 
reads were mapped to the corresponding references 
(M58335.1/NC_009823.1/D17763.1 for genotypes 1/2/3) 
using the BWA-MEM program. Consensus sequences 
were obtained from bam files using iVar. To construct the 
phylogenetic tree, 42 reference HCV genomes from the 
euHCVdb database, representing genotypes 1 to 7, were 
used. Multiple sequence alignment was performed using 
MAFFT v. 7.505. The phylogenetic tree was constructed 
in MEGA v. 12.0.11 using the neighbor-joining algorithm 
and rooted using the midpoint method. The visualization 
was done using the iToL program.

Panel validation
For the validation of HCV-seq, three control sam-

ples of different genotypes were sequenced (HCV1_01, 
HCV2_01, HCV3_01) using an alternative approach. Re-
verse transcription was performed using the SuperScript 
IV Reverse Transcriptase kit (ThermoFisher, USA) ac-
cording to the manufacturer’s recommendations. For the 
amplification of HCV RNA, a separate set of primers was 
used for each sample (listed in Table S2 in the Appen-
dix). The PCR mixture contained 10 µL of template cD-
NA, 12.5 µL of Q5 High-Fidelity DNA Polymerase Mas-
terMix 2x (NEB, USA), primers at a final concentration 
of 200 nM, and mQ water to a final volume of 25 µL. The 
PCR stages consisted of the following conditions: 1) 98 °C 

for 1 min; 2) 40 cycles: 98 °C for 10 s, 60 °C for 30 s, 72 °C 
for 2 min; 3) 72 °C for 3 min. The PCR products were 
checked using electrophoresis in a 1% agarose gel. The 
purification of PCR products was carried out using AM-
Pure XP Beads at a ratio of 0.5  :  1. The concentration 
of the PCR products was determined using the dsDNA 
HS Assay Kit (Invitrogen, USA). Next, for each sample, 
the PCR products were diluted to 1 ng/μL and mixed in 
equimolar amounts. Libraries for sequencing were pre-
pared using the Nextera XT DNA kit (Illumina) accord-
ing to the manufacturer’s recommendations. Sequencing 
on the Illumina platform and genome assembly were per-
formed as described above. Furthermore, for the sample 
HCV2_01 (genotype 2), the genomic sequence was also 
confirmed by Sanger sequencing. The sequencing results 
of the samples using HCV-seq, Nextera, and Sanger were 
almost completely identical. The raw NGS read files us-
ing HCV-seq and Nextera for all three samples, as well as 
the Sanger sequencing data for sample HCV2_01, can be 
downloaded at https://doi.org/10.5281/zenodo.15846624. 

Results 
As part of this work, 153 HCV genomes were se-

quenced and analyzed. The obtained genomes are pre-
sented at https://doi.org/10.5281/zenodo.15846624 in the 
form of HCV_SAMPLES.fasta. The average coverage of 
the viral genome was 96.2% of the area defined by the 
primers (Fig. 1). The read depth of amplicons for the three 
genotypes is presented in Fig. 2. Incomplete coverage of 
the samples may be associated with the high variability of 
HCV and the presence of mutations at the primer binding 
sites, as well as with the insufficient quantity and quality 
of HCV RNA. 

Phylogenetic analysis (Fig. 3) confirmed the precise 
separation of all studied samples by genotypes: gen-
otype 1 samples (red), genotype 2 (blue), and geno-
type 3 (green) formed stable, well-defined clusters. All 
sequenced isolates reliably clustered with the reference 
sequences of their genotypes, confirming the accuracy of 
the preliminary genotyping. At the same time, clear clus-
tering by subtypes was observed: genotype 1 with sub-

Fig. 1. Coverage of 153 samples. 
The genome region was considered as read when coverage was at least 10 reads. The coverage percentage was calculated for the region flanked by primers. 

Samples are sorted by coverage percentage and genotype.
Рис. 1. Покрытие 153 образцов. 

Область генома считали прочитанной при глубине не менее 10 прочтений. Процент покрытия считали от области, ограниченной праймерами. Образ-
цы отсортированы по проценту покрытия и генотипу. 

https://doi.org/10.5281/zenodo.15846624
https://doi.org/10.5281/zenodo.15846624
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Fig. 2. Log10 of the reads per amplicon normalized by total reads per sample. 
a – genotype 1, b – genotype 2, c – genotype 3. The X-axis shows the amplicons, the Y-axis shows the samples. Unread (yellow) regions, singly distributed across 

genomes and samples, are associated with multiple mutations at the primer annealing sites in a given samples.
Рис. 2. Log10 глубины прочтения для каждого ампликона, нормированной на общее количество прочтений на образец. 

а – генотип 1, б – генотип 2, в – генотип 3. По оси X отмечены ампликоны, по оси Y – образцы. Непрочитанные (желтые) участки единично распреде-
лены по геномам и образцам и связаны с множественными мутациями на местах отжига праймера в конкретном образце.

а/a

b/б

c/в

type 1b, genotype 2 with subtypes 2a and 2c, and geno-
type 3 with subtype 3a.

To assess nucleotide variability, a Shannon entropy 
analysis was conducted, reflecting the degree of uncer-
tainty in the distribution of nucleotides across positions. 
Fig. 4 shows the average Shannon entropy values calcu-
lated for each genotype based on non-overlapping blocks 
of 40 nucleotides. Statistical analysis showed that the 
mean Shannon entropy within the E2 gene is significantly 
higher than in the rest of the genome in all three analyzed 
HCV genotypes (p < 0.0001 by the Mann–Whitney test). 
This confirms the observed peak of variability in this re-
gion, especially in the 5’ region of the E2 gene. Increased 
entropy in the E1 regions and especially E2 reflects the 
virus’s adaptation to immune pressure. It is known that 
the 5’-end region of the E2 gene encodes the N-termi-

nal hypervariable region HVR1, which is associated with 
evasion from neutralizing antibodies and interaction with 
host cell receptors [19].

Next, an assessment of the incidence of HCV muta-
tions associated with drug resistance was conducted. 
The correspondence of mutations and drugs was car-
ried out according to the study1. The detected mutations 
are presented in the form of a diagram in Fig. 5. For 
genotype 1, the following mutation detection rates 
were noted in NS3: Y56F – 37.6%, V170I – 23.7%; in 
NS5a: R30Q – 8.6%, P58L/S/T – 6.5%, A92T – 4.3%; 
in NS5b: L159F – 45.2%, S556G/N – 33.3%. For gen-
otype 2 samples, mutations characteristic of this gen-

1https://hcv.geno2pheno.org 
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otype were noted – V36L and V170I in NS3, L28C/F, 
R30K and A92C/S in NS5a, and C289M, M414Q, 
A553V, and S556G in NS5b. Furthermore, substitu-
tions Y56F in NS3, L31M in NS5a, and G554S in NS5b 
were also observed. For genotype 3 samples, character-
istic mutations for this genotype were also identified: 
V36L, D168Q, and V170I in NS3, L28M, R30A and 
A92E in NS5a, C289F, A553V and S556G in NS5b. For 
genotype 3, the following mutation detection rates in 
NS5a were noted: R30K/S/T – 14.8%, L31I – 1.9%, and 
Y93H – 5.6%. No resistance mutations to the NS3/4A 
inhibitor group drugs glecaprevir and paritaprevir were 
detected in any of the samples. At the same time, HCV 

genotype 1 samples contained possible resistance muta-
tions to NS5A inhibitor group drugs (daclatasvir, elbas-
vir, ledipasvir, velpatasvir), which were found in 95.7% 
of the samples, while for the NS5B inhibitor group 
(sofosbuvir and dasabuvir), the mutation detection rate 
was 45.1%. Samples of HCV genotype 2 contained 
possible resistance mutations to NS5A inhibitor group 
drugs in 66.7% of samples, while no resistance muta-
tions were detected for NS5B inhibitor group drugs. 
HCV genotype 3 samples contained possible resistance 
mutations to NS5A inhibitor group drugs in 15.1% of 
samples, while resistance mutations to NS5B inhibitor 
group drugs were not detected. 

Fig. 3. Phylogenetic tree of sequenced HCV samples. 
The genotype colors correspond to [3]. Reference sequences are labeled in black, while sequences obtained in this study are highlighted in blue.

Рис. 3. Филогенетическое дерево секвенированных образцов ВГC. 
Цвета генотипов соответствуют [3]. Референсные последовательности отмечены черным цветом, а секвенированные в данной работе – синим.



369

ВОПРОСЫ ВИРУСОЛОГИИ. 2025; 70(3)
https://doi.org/10.36233/0507-4088-331

ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ

extensive deletions in fractions of viral genomes, which 
were noted in a study by K. Yamauchi et al. [8].

The data obtained in the present study on the genotyp-
ic diversity of HCV in the sample of the Russian popula-
tion generally agree with the few published results from 
other research groups. For example, in a study by N.N. 
Pimenov et al., conducted on 10,107 samples, the prev-
alence of HCV genotypes 1/2/3 in the Russian Federation 
was 53.6%, 7.6% and 35.4%, respectively [4]. The fre-
quency of genotypes 1/2/3 in our relatively small sample 
of 153 specimens was 60.8/3.9/35.3%. D.E. Reinhardt et al. 
determined the nucleotide sequence of the NS3, NS5a and 
NS5b genes in 31 samples [16]. Overall, the types and de-
tection rates of identified mutations in their study correlate 
with the results we obtained. For a number of mutations, the 
detection rate in a study by D.E. Reinhardt et al. was signifi-
cantly higher. This may be related to the fact that the study 
material consisted of 31 blood plasma samples from patients 
with HCV who had a recurrence of the disease following 
DAA therapy, while a significant portion of our sample con-
sisted of patients with newly diagnosed HCV. For example, 
the detection rate of NS5a Y93H was 3.9% in the present 
study and 41.9% in a study by D.E. Reingardt et al.

In the present study, the highest detection rate of resis-
tance mutations was determined for drugs from the group 
of NS5A HCV protein inhibitors. This observation is 

Discussion 

This study presents a method of whole-genome 
sequencing of HCV based on PCR enrichment of 
relatively short amplicons. There are a few studies that 
include whole-genome sequencing of HCV. In a study by 
N. Spitz et al., nested PCR was used, and the length of the 
amplicons was approximately 4.5 kb. Next, the obtained 
amplicons were sequenced using Sanger sequencing with 
internal primers [12]. The studies by R. Bull et al. and  
D. Aisyah et al. involved the selection of primers 
to amplify the whole viral genome, and during the 
experiments, the amplicons were subsequently tagmented 
and sequenced on the Illumina platform [13, 14]. It should 
be noted that this approach involves obtaining long 
amplicons of 4–9 kb, which requires a sufficient amount 
of full-length viral genome copies in the sample, whereas 
many samples contain fragmented RNA. The use of short 
amplicons allows for the sequencing of a large portion 
of clinical samples. It is interesting to note that for the 
routine sequencing of millions of SARS-CoV-2 genomes 
worldwide, methods with amplification of relatively short 
viral genome regions, such as ARTIC and Midnight, were 
used [20, 21]. The method presented in this study also has 
drawbacks. Independent amplification of short segments 
of the viral genome does not allow for the detection of 

Fig. 4. Average Shannon entropy for non-overlapping 40-nucleotide regions of the genome. 
a – Shannon entropy profile for genotype 1, b – Shannon entropy profile for genotype 2, c – Shannon entropy profile for genotype 3. D – Schematic representation 

of the HCV genome with genome region boundaries indicated. Dashed lines indicate the boundaries of the E1 and E2 regions.
Рис. 4. Среднее значение энтропии Шеннона для неперекрывающихся участков генома длиной 40 нуклеотидов. 

a – профиль энтропии Шеннона для генотипа 1, б – профиль энтропии Шеннона для генотипа 2, в – профиль энтропии Шеннона для генотипа 3,  
D – схематическое представление генома ВГС с обозначением границ генов. Пунктирные линии обозначают границы генов E1 и E2.

а/a

b/б

c/в
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consistent with the results of numerous published studies. 
Thus, it is known that NS5A protein inhibitors of HCV 
are most prone to the formation of resistance mutations. 
Studies show that mutations in the NS5A gene are found 
in a significant portion of patients (up to 30% in naive pa-
tients with genotype 1b) [22]. It should also be noted that 
there is significant cross-resistance among the currently 
available NS5A inhibitors [23]. Resistance mutations to 
NS5A and NS3 inhibitors often accumulate in patients 
without a sustained virological response after treatment 
with drugs from these groups. At the same time, NS3/4A 
and NS5B inhibitors are also used in therapy, but the 
frequency of resistance mutations to them is lower. For 
example, the NS5B inhibitor sofosbuvir has the highest 
barrier to resistance, and mutations to it are extremely ra-
re. NS3/4A inhibitors can cause resistance mutations, but 
they are less stable compared to NS5A inhibitors [22]. 
Resistance mutations to NS5B inhibitors, according to 
various sources, are rarely detected (1% of cases) even 
after the use of an ineffective DAA regimen containing 
drugs from this group2. In the samples we studied, no mu-

tations conferring resistance to NS3/4A inhibitor drugs 
were found, and mutations conferring resistance to NS5B 
inhibitor drugs were only observed among patients with 
HCV genotype 1. Thus, the integration of drug resistance 
testing into clinical practice can enhance the effectiveness 
of hepatitis C treatment. Resistance testing, especially to 
NS5A inhibitors, may be recommended for all patients 
who have not achieved a sustained virological response 
after using treatment regimens containing drugs from this 
group.

Conclusion
This study presents an amplification panel that enables 

whole-genome sequencing of HCV genotypes 1, 2 
and 3. The panel is based on the amplification of relatively 
short regions of the viral genome, which allows for 
sequencing even highly fragmented samples, and has 
great potential for scientific and practical purposes. The 
widespread use of combined interferon-free regimens 
has achieved significant success in the treatment of HCV. 
Despite the fact that DAA provide a sustained virological 
response in more than 90% of cases, the issue of drug 
resistance is becoming increasingly relevant. The high 
replication rate of HCV and the low accuracy of its RNA 

Fig. 5. The detection rates of mutations in the NS3, NS5a, and NS5b coding regions associated with resistance to therapy. 
Gray fields represent undefined areas, white – wild type, green – mutations characteristic of the genotype, yellow – substitutions not described in the literature, 
and red – mutations described in the literature as mutations of resistance to antiviral therapy. The X-axis shows mutations and genome regions, the Y-axis shows 

samples and genotypes.
Рис. 5. Встречаемость мутаций в генах NS3, NS5a, NS5b, ассоциированных с резистентностью к терапии. 

Серые поля представляют собой неопределенные области, белые – дикий тип, зеленые – мутации, характерные для данного генотипа, желтые – за-
мены, не описанные в литературе, красные – мутации, описанные в литературе как мутации устойчивости к противовирусной терапии. По оси X 

отмечены мутации и гены, по оси Y – образцы и генотипы.

2AASLD. HCV Resistance Primer. HСV Guidance; 2022. Available 
at: https://hcvguidelines.org/evaluate/resistance
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polymerase lead to significant genetic variability within 
the viral population, which promotes the rapid emergence 
and selection of therapy-resistant variants. Monitoring 
the drug resistance of HCV is crucial for the successful 
treatment of patients with CHC. Determining mutations 
that cause resistance to DAA allows for the selection 
of the most effective therapy regimen and significantly 
increases the chances of complete recovery for the patient. 
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