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Abstract

Introduction. Hepatitis B virus (HBV) remains a pressing global public health concern. The clinical course of the
disease, particularly its tendency towards chronicity and response to therapy, is significantly influenced by the
HBV genotype and specific mutations. There is an imperative need for a straightforward, highly sensitive, and
dependable method for whole genome sequencing of HBV.

Objective. Development and testing of an amplification panel for HBV whole-genome sequencing.

Materials and methods. We introduce an NGS amplification panel designed for genome sequencing of HBV on
the lllumina platform. A panel consisting of 54 primers, divided into 2 pools and amplifying overlapping regions of
the HBV genome up to 300 bp in length, was tested on 246 HBV DNA samples.

Results. The studied samples represented a genotypic diversity of the virus, with a pronounced predominance
of the genotype specific to the Moscow region: 216, 27, 2, and 1 sample were identified as genotype D, A, B, and
E, respectively. Five samples contained at least one mutation associated with antiviral therapy resistance, and
twenty-three samples contained at least one mutation associated with vaccine escape described in the literature.
Conclusion. The present paper describes the stages of whole-genome sequencing of HBV, provides a laboratory
protocol, nucleotide sequences of the primers and an approach to the data analysis. Using a list of clinical samples
as example, the reliability of the panel is shown. The HBV panel holds immense potential for utilization in scientific
research, epidemiological monitoring, and advancement of personalized medicine approaches.
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Pestome

BBeaeHue. enatnt B sBnsieTca akTyanbHOM npobnemon obLeCcTBEHHOIO 34paBOOXpaHeHNst BO BceM Mupe. Ha
KINMHMUYECKoe TeveHne 3abonesaHnsl, 0COGEHHO Ha €ro CKIOHHOCTb K XPOHM3aumMn MHPEKLMN 1 Pa3BUTUIO YCTONYM-
BOCTW K Tepanuu, 3Ha4nTENbHOE BNNSIHME OKa3blBalOT reHOTUM 1 cneumduyeckme mytaumm Bupyca renatuta B (BI'B).
C y4eTOM COXpaHSIIOLLENCS BaXXHOCTM SNUAEMMONOTMYECKOro KOHTPONS 1 NPochMnakTMKi 3abonesaHusl, CyLLecTByeT
Heo6GX0AUMOCTb B NPOCTOM, BbICOKOHYBCTBUTENBHOM U HAZEXXHOM METoe CEKBEHMPOBaHWS NOMHOro reHoma BIB.
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Lenb pa6otbl. Co3gaHune 1 anpobaums amnnmdrkaumoHHOM NaHeny Ans nonHOreHOMHOro CeKBeHnpoBaHns BIB.
Martepuanbl 1 MeToabl. B HacToswen paboTe Mbl NnpeacTasnsem amnnndukaumoHHyo nadens NGS, npeagHa-
3HaYeHHYI0 ANsA cekBeHnpoBaHus reHoma BB Ha nnatdopme lllumina. MNaHens, cocToswas ns 54 nparmMepos,
pasfeneHHblX Ha 2 nyna u aMmnnuurumpyowmnx nepekpbiBatowmecsa yyactkm reHoma BB gnuHon go 300 n.H.,
Obina anpobupoBaHa Ha 246 obpasuax JHK BI'B, BblAgeNeHHbIX U3 KPOBW.

PesynkTaTthbl. Viccnegyemas Bbibopka npeactasnsna cobon LMpokoe reHoTunuyeckoe pasHoobpasue Bupyca,
C BblpaxxeHHbIM NpeobnagaHuem reHoTuna, xapakrepHoro Ans MockoBckoro permoHa: 216 obpasuos Obinv onpe-
aenexbl kak reHotun D, 27 — kak reHotun A, 2 — reHotun B n 1 — reHotun E. lMaTte obpasuoB cogepxanu no
MeHbLLUEeNn Mepe oAHY MyTaLuio, CBA3aHHYIO C YCTOMYMBOCTBIO K NPOTUBOBMPYCHON Tepanuu, B 23 obpasuax 6bina
HanaeHa No MeHbLUen Mepe ofHa MyTaums, CBA3aHHasA C YCKONb3aHWeM OT MOCTBaKUMHaNbLHOro otTeera.
3akntoveHue. B pabore getanbHO M3NoXeHbl aTanbl NPOBEAEHNS NMONIHOFEHOMHOIO CekBeHvpoBaHus BB, npuse-
AeHbl NabopaTopHbIN NPOTOKON, HYKNEOTUAHbIE NOCNEA0BATENLHOCTUN UCNONb3YeMbIX NPanNMepoB U NOAX04 K aHa-
M3y Nnorny4YeHHbIX AaHHbIX. Ha npymMepe BbIGOPKM KNMHUYECKUX 00pa3uLoB nokasaHa COCTOATENbHOCTb NPUMEHsie-
Mon naHenw. MNaHenb Ansa cekseHuposaHns BI'B obnagaeT 60nbLIMM NOTEHUManom ANns UCNoNb30BaHNS B HAYYHbIX
nccnegoBaHusx, ANMAEMNONIOrMYECKOM MOHUTOPUHIE U Pa3BUTUM METOAOB NEePCOHANM3NPOBaHHOM MEAULIMHDI.

KnroueBble cnoBa: B B; eenamum B; NGS; nosiHo2eHOMHO€E CeKkeeHuUposaHue

Ona untupoBaHun: Yaubiwes M.[., Bnacenko H.B., PoeB IB., KotoB WN.A., Mywexko A.l., Makawosa B.B.,
Xadwmzos K.®., AkumknH B.IL AmnnudukaumonHas naHens NGS ans cekseHumpoBaHus [HK Bupyca rena-
Tuta B (Hepadnaviridae: Orthohepadnavirus). Bonpocekl supyconoeauu. 2024; 69(1): 65—-75. DOI: hitps://doi.
org/10.36233/0507-4088-212 EDN: https://elibrary.ru/cilsjh

®duHaHcuMpoBaHue. ABTOPbI 3asBNAOT 06 OTCYTCTBUM BHELLHETO (OMHAHCUPOBaHUS MPU NPOBEAEHUN UCCHEAOBaHUS.
KoHnUKT MHTepecoB. ABTOpPbI [EKNapupyoT OTCYTCTBUE SIBHBIX U NOTEHLUMANbHBIX KOHQIIMKTOB UHTEPECOB, CBsI3aH-

HbIX C NybnvKaumen HacTosLLEen CTaTby.

3Tuyeckoe yTBepxaeHue. ViccnegosaHue npoBoannoch Npn MHpopMmnpoBaHHOM corfacum nauneHToB. [poTokon
nccnenoBaHnsa ogobpeH dtuyeckum komutetom PEYH LIHWUU Bnngemnonorun Pocnotpebraasopa (npotokon Ne 133

oT 2 mapTa 2023 r.).

Introduction

Hepatitis B, a liver disease caused by the hepatitis B
virus (HBV), is a global public health problem. The World
Health Organization (WHO) estimates that in 2019, there
were 296 million people diagnosed with chronic hepatitis
B, and in the same year, there were about 820,000 deaths
associated with HBV, mainly due to the development of
cirrhosis and hepatocellular carcinoma [1]. The HBV
genome is a partially double-stranded circular DNA
of 3200 bp in length containing four overlapping open
reading frames (pre-S1/pre-S2/S, pre-C/C, P and X).
These regions encode several proteins such as surface
proteins S, M and L containing the HBs antigen (HBsAg),
precore/core proteins containing the HBeAg and HBcAg
antigens, polymerase (P) and protein X containing the
HBxAg antigen [2].

Currently, there are 10 HBV genotypes (A to J) with
nucleotide sequences differing by more than 7.5%.
Each genotype is subdivided into subtypes with more
than 4% nucleotide differences [3]. In contrast to the
long-known major genotypes A to H, two new genotypes
(I and J) have been proposed relatively recently [4, 5].
The distribution of HBV genotypes varies in different
geographical regions. Genotype D is known to be
predominant in Eurasian countries, including Russia,
while genotype A is widespread in East Africa. Thus,
regional differences among HBV genotypes reflect the
diversity of the virus in different geographic locations
[6]. Numerous studies indicate that HBV genotypes
and subtypes, genetic variants and single nucleotide
mutations may be associated with different clinical
features of the disease course and outcomes such as liver
cirrhosis (LC) and hepatocellular carcinoma (HCC). For
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example, experimental evidence suggests that genotypes
B and D are less associated with the chronicity of the
infection process in contrast to genotypes A and C.
At the same time, genotypes A and B are characterized
by a higher rates of response to interferon therapy and a
better prognosis in relation to LC and HCC, compared to
genotypes C and D [7].

The results of studies aimed at identifying individual
mutations affecting the course and outcome of hepatitis
B are not insignificant. For instance, it has been identi-
fied in a number of studies that several mutations in the
reverse transcriptase (RT) domain of the HBV P gene
contribute to the development of resistance to antiviral
therapy. For example, it has been shown that rtV173L
accumulates in the viral population against lamivudine
therapy and that this mutation increases the efficiency
of in vitro virus replication [8]. The rtM2041/V mutation
is associated with resistance to lamivudine and telbivu-
dine; N236T and A181T/V are associated with resistance
to adefovir dipivoxil; M204V + L180M and T184A/G/
I/L/S, S202G and M250V build up resistance to ente-
cavir [9, 10]. The amino acid substitutions rtL180M,
rtA181T/V, rtT184G/S, rtS202G/1, rtM2041/V, rtN236T
and rtM250V are characterized as mutations building up
resistance to nucleotide and nucleoside analogues (NA)
therapy [11]. The substitutions rtV173L, rtA181T/V/S
and rtT184G/S/A, among many others have been most
likely associated with resistance to NA therapy in the
Chinese population [12]. Information on the presence of
these mutations is taken into consideration when select-
ing optimal therapy. A number of S gene mutations are
known to be associated with immune response evasion.
For example, amino acid substitutions K141E/I/R and
G145A/R are characterized by the most proven relation-
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ship with immune response evasion, which is supported
by both clinical and in vitro data [13, 14]. Mutations
associated with eluding the post-vaccine response,
L109R, Q129R, MI133L, S143L and DI144E, were
identified among genotype D isolates in Jordan [15].
T116N, P120S/E, I/T126A/N/1/S, Q129H/R, M133L,
K141E, P142S, D144A/E and G145R/A have been de-
scribed as significant mutations in relation to hepatitis
B reactivation during immunosuppressive therapy [16].
The P120T, Q129H, M1331I/T, F/Y 134N/L substitutions
are also associated with false-negative diagnostic test
errors, elusion from post-vaccine response or immu-
noglobulin prophylaxis [17]. P120T, T126S, Q129H,
G130N, S143L, D144A and G145A/R have been re-
ported as associated with a high risk of diagnostic er-
rors [18]. The S gene mutations E164D, 1195M, P217L
and P120S were identified in a population with latent
HBYV infection in Northern Brazil [19]. The X gene is of
particular interest as numerous studies have shown that
this gene is involved in carcinogenesis. Key mutations
in the X gene, such as G1613A, C1653T, T1674C/G,
T1753V and A1762T/G1764A, gradually accumulate
during carcinogenesis and may be risk factors for HCC
development. The presence of a combination of X gene
mutations can be used to predict the occurrence and
progression of HCC [20]. Z. Belaiba et al. analyzed the
whole HBV genome before and during long-term thera-
py in five patients with chronic form of the disease and
identified mutations in S, C and X genes that may be as-
sociated with disease progression to LC and/or HCC [2].

Thus, although many HBV studies have focused on
specific regions of the virus genome, such as the S gene or
the X gene, there is a need for whole genome sequencing
of HBV, for which there are various approaches. A typical
method is amplification of fragments 1000-1500 bp in
length and Sanger sequencing [2, 21]. Probably due to the
time-consuming and costly nature of Sanger sequencing,
relatively small numbers of samples are usually
examined in such studies. For example, Y.V. Ostankova
et al. determined the complete sequence of the HBV
genome in 3 samples [22]. Five patients participated in
the aforementioned study by Z. Belaiba et al. [2]. Studies
with a relatively large number of samples have also been
published. Su-Ru Lin et al. obtained 183 complete HBV
genome sequences from 1263 serum samples positive for
HBsAg [23].

Next generation sequencing (NGS) allows more
samples to be analyzed with less cost and time than
Sanger sequencing. There are relatively few studies in
which the complete HBV genome has been determined by
NGS. For example, Qin-Yan Chen et al. determined HBV
sequences of the whole genome in nine patients at four
different time points using next-generation sequencing
(HBV long-strand amplification + Celero EZ DNA-Seq)
[24]. Su-Ru Lin et al. used NGS to investigate how HBV
whole genome viral quasispecies evolve and diversify
in response to HBeAg seroconversion and viral control
in 50 patients [25]. We developed an NGS amplification
panel for rapid and reliable sequencing of the entire HBV
genome and tested it on 246 clinical samples.

OPUTUHAJbHbBIE NCCNEAOBAHUA

Materials and methods

Clinical samples

In order to select optimal conditions for sample
preparation, a control blood plasma sample provided by the
production department of the Central Research Institute of
Epidemiology of Rospotrebnadzor was used. Afterwards,
the HBV amplification panel was tested on 246 clinical
blood plasma samples obtained from patients observed
for HBV in the clinical center of the Central Research
Institute of Epidemiology of Rospotrebnadzor. Voluntary
informed consent for the use of plasma samples in the
study was obtained from all study participants. Patients
were not selected by age, sex, ethnicity or clinical features
of the disease. The current study was approved by the
local ethical committee of the Central Research Institute
of Epidemiology of Rospotrebnadzor, protocol 133 of
March 2, 2023. DNA isolation from plasma samples was
performed using the RIBO-prep reagent kit (AmpliSens,
Russia). Viral load for 210 samples was determined using
HBV-Monitor-FL reagent kit (AmpliSens, Russia). The
average viral load was 2.81 x 10* IU/mL. The viral load
for 36 samples was unknown. Information on the sex and
age of the patients and viral load for each sample can be
found in Table S1 in the supplementary materials.

Selection of primers

In this study, HBV genotype E from the HBVdb da-
tabase was used as a reference sequence for primer se-
lection [26]. The process of selecting suitable primers
repeats the method presented in a previous publication
[27]. First, a preferred target region in the genome was
selected for primer binding in the range of 60—150 bp.
This region was then divided into all possible fragments
in the range of 16 to 30 bp, which were additionally se-
lected based on their melting temperature (T ) calculat-
ed using Thermo Fisher multiple primer analyzer. Only
oligonucleotides with a T_ between 62 and 64 °C were
selected. Adapter sequences were then added to the se-
lected fragments and any oligonucleotides that formed
homodimers were removed. To evaluate potential primer
interactions, pairwise Gibbs free energy changes between
each oligonucleotide and primers previously included
in the pool were calculated. The PrimerDimer program
was used to calculate the Gibbs free energy change [28].
As a result, one oligonucleotide with the best total score
of the pairwise Gibbs free energy change was added to
the pool. This process was repeated many times, moving
from the 5’-end to the 3’-end of the genome, until the
entire viral genome was covered with primers. During the
panel testing process, some primers were replaced with
manually selected primers. As a result, 54 primers were
selected for amplification of the viral genome divided in-
to 20 regions.

HBYV Sequencing

To amplify the entire HBV genome, we used a panel of
primers containing Illumina adapter sequences at the ends.
Multiplex polymerase chain reaction (PCR) amplification
was performed in two separate reactions containing 10 pl of
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matrix DNA, 10 ul of PCR-mix-2-blue (AmpliSens, Rus-
sia), 1.4 ul of 4.4 mM dNTP (AmpliSens, Russia), prim-
ers (the final concentration of each primer in the reaction
mixture and pool number are listed in Table S2 in the sup-
plementary materials), and sterile nuclease-free water in a
final volume of 25 pl. As a result, at an average viral load
of 1.12 x 10° TU/mL, 2.24 x 10° copies were present in the
PCR mixture. The amplification protocol was (1) denatur-
ation at 95 °C for 3 min; (2) 16 cycles: 95 °C—-30s, 55 °C
—30s, 72 °C—20s; (3) final elongation at 72 °C for 3 min.
The mixed PCR products were purified using AMPure XP
magnetic particles (Beckman Coulter, USA) ata 1 : 1 ratio,
eluting in 15 ul of 0.1x TE. PCR indexing was performed
in a 25 pl reaction volume containing 10 pl of PCR-mix-
2-blue (AmpliSens, Russia), 1.4 pl of 4.4 mm dNTP (Am-
pliSens, Russia), 5 ul of purified PCR products, sterile
nuclease-free water, and Nextera index adapters, the final
concentration of each primer was 200 nM. Amplification
profile: (1) denaturation at 95 °C for 1 min; (2) 25 cyc-
les: 95°C—-205s,55°C—-30s, 72 °C — 20 s; (3) final elon-
gation at 72 °C for 3 min. PCR products were visualized
by electrophoresis in a 1.7% agarose gel stained with ethid-
ium bromide. Mixed PCR products were purified using
AMPure XP magnetic particles (Beckman Coulter USA)
at a 1 : 1 ratio. The concentration of the purified library
was measured using the Qubit dsSDNA HS Assay Kit on
a Qubit 4.0 fluorimeter (Invitrogen, Waltham, MA, USA).
High-throughput sequencing was performed on the Illumi-
na MiSeq platform using the MiSeq v2 reagent kit (300
and 500 cycles) or the MiSeq v3 reagent kit (600 cycles).

Bioinformatics analysis

The resulting reads were screened by sequencing qual-
ity control using the FastQC program. Adapter sequences
were removed from the reads using Trimmomatic soft-
ware, and primer sequences were removed using Cut-
adapt software. Next, the processed reads were aligned to
the reference sequence using Bowtie2 software. Finally,
the sequences were imported from BAM format files us-
ing the iVar program.

HBYV genome assembly program

Together with the primer panel, we present a program
for processing the data obtained with our method. The
program is based on several key ideas: 1) only reads con-
taining known primers at the ends are considered; 2) reads
should also be similar to known HBV genotypes; 3) the
quality of forward reads is usually better than the quality
of reverse reads, so when overlapping paired-end reads,
forward reads are considered; 4) the quality of reads usu-
ally decreases towards the end, so when overlapping am-
plicons are used, the amplicon with the higher number
is favored. Despite the large number of objections, this
scheme allows for quick and easy generation of HBV
genomes from NGS reads. Moreover, in many cases the
program produces the correct result, whereas standard
bioinformatics processing leads to errors, mainly related
to mismatches between the true and reference sequences.
Using raw NGS data, the program assembles HBV ge-
nomes and performs analysis of read coverage and het-
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erogeneity. It can be run from any Python development
environment or from the command line in any operating
system. The program and a detailed description of it are
available at https://github.com/ChanyshevMD/HBV _seq.

Panel validation

To wvalidate the HBV panel, we sequenced three
samples of different genotypes (sample 1: A2, sam-
ple 2: D3, sample 3: B2) using an alternative approach.
HBV DNA was amplified using three primer pairs
AF: 5-AAGAACTCCCTCGCCTC-3’, AR: 5-GAT-
GATGGGATGGGAATACARGTG-3’, BF: 5’-GGTAT-
GTTGCCCGTTTGTCC-3°, BR: 5’-GCWAGGAGTTC-
CGCAGTATGG-3’, CF: 5-TGCCAAGTGTTTGCT-
GACGC-3’, CR: 5’-TGAGATCTTCTGCGACGCGG-3".

The amplicon lengths for each primer pair AF/AR, BF/
BR, and CF/CR were 1460, 829, and 1257 bp, respectively
(isolate P2-121214, GenBank: AB981583.1). The AF/AR
and BF/BR primer pairs were used in the study by Hebel-
er-Barbosa et al. [29]. The PCR mixture contained 10 pl
of matrix DNA, 10 pl of PCR-mix-2-blue (AmpliSens,
Russia), 1.4 ul of 4.4 mm dNTP (AmpliSens, Russia),
primers with a final concentration of 200 nM and sterile
nuclease-free water in a final volume of 25 pl. Amplifica-
tion protocol: (1) denaturation at 95°C for 3 min; (2) 16 cy-
cles: 95 °C —30s,55°C—-30s, 72 °C — 90 s; (3) final
elongation at 72 °C for 3 min. The length of PCR products
obtained was verified by electrophoresis in 1% agarose gel.
Purified PCR products were quantified using a Qubit 2.0
fluorimeter (Invitrogen) and a DNA High Sensitivity Assay
kit (ThermoFisher). For each sample, the three PCR prod-
ucts (A, B, and C) were diluted to 0.2 ng/uL. and mixed
at equimolar concentrations. Library preparation was per-
formed using the Nextera XT DNA kit (Illumina) accord-
ing to the manufacturer’s instructions, changing the con-
centration of the injected DNA to 0.5 ng (amplicons A, B,
and C for each sample). The indexed Nextera library was
further processed as the standard HBV panel library after
indexing. Quality control of the reads was performed using
FastQC. Removal of adapter sequences from the reads was
performed using the Trimmomatic program, and removal
of primer sequences using the Cutadapt program. Next, the
processed reads were aligned to the reference sequence us-
ing bwa-mem software. In the last step, sequences were
imported from bam format files using the iVar program.
Furthermore, the nucleotide sequences of PCR products
were determined by Sanger sequencing, which was per-
formed in a specialized department of the Central Research
Institute of Epidemiology using 3500xL Genetic Analyzer
(Applied Biosystems, USA) and BigDye Terminator v1.1
Cycle Sequencing Kit (ThermoFisher, USA). Sequencing
results using our HBV panel, Nextera and Sanger matched
almost completely. Files of raw NGS and Sanger reads for
all three samples can be downloaded at https://github.com/
ChanyshevMD/HBYV _seq.

Building a phylogenetic tree
The nucleotide sequences obtained in this study
and 199 HBV reference genomes (supplementary
materials) from the HBVdb database [26] representing
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genotypes A, B, D, and E were used to construct the
phylogenetic tree. Multiple sequence alignment was
performed using MAFFT v7.490 [30]. The tree was
constructed in MEGA v11.0.11 [31] using the neighbor
joining algorithm and rooted using the midpoint method.
Visualization was done using the ete3 library [32].
Four samples (Sample 019, Sample 082, Sample 089,
Sample 133) were not genotyped due to low coverage
and therefore not used in finding the location on the
phylogenetic tree.

Results
Sequencing of clinical samples

Within the framework of the present study, 246 clinical
samples from patients, observed for hepatitis B in Moscow
medical institutions, were sequenced and analyzed. The
amplicon read depth is presented in Figure 1. Consensus
sequences were assembled using the program described
above and validated by comparison with consensus
sequences obtained by standard bioinformatics methods.
The sequences obtained are presented in the HBV
samples.fafilein the supplementary materials. The average
percentage of coverage of the HBV genome was 96.3%. At
the same time, 126 samples were read at 100% (Figure 2).
It seems that the low coverage percentage of some samples
may be due to insufficient quantity and quality of HBV
DNA. Genotypes were determined by similarity to
reference genomes; in ambiguous cases, a phylogenetic
tree was constructed (Figure 3). The majority of
samples were classified as genotype D and accounted

OPUTUHAJbHbBIE NCCNEAOBAHUA

for 88%. Subtype D1 was identified in 113 cases, D2
was represented by 62 samples, and subtype D3 was
identified in 41 samples examined. 11% of the samples
represented genotype A, exclusively subtype A2, two
studied samples were determined as genotype B2, and in
one case genotype E was determined. The phylogenetic
tree is presented in Figure 4 which has a notable diversity
of genetic variants.

Subsequent analysis of sequences included the
identification and estimation of the prevalence of HBV
mutations of significance with respect to therapy and
infection prevention. Such mutations include substitutions
in the RT-domain of the P gene: L80I/V, 1169T, V173L/M,
L180M, A181S, T184I/L/S, S202G, M204V/I, N236T,
M250V associated with resistance to antiviral therapy,
as well as substitutions in the S gene such as L109R,
T116N, P120S/T/E, T126A/N/I/S, Q129H/R, GI130N,
MI133L/U/T, F/Y134N/L, K141E/I/R, P142S, S/T143L,
D144A/E, G145A/R, E164D, 1195M, associated with
immune response evasion. Five samples contained at
least one mutation associated with resistance to antiviral
therapy, and in twenty-three samples at least one
mutation associated with immune evasion was found. In
addition, eight samples contained at least one amino acid
substitution at sites of mutations associated with immune
evasion. The mutations are presented in Figure 5. An
equally important issue in scientific activity is the search
for and in-depth study of virus mutations that have a
significant impact on the prognosis of the underlying
disease and the rate of development of liver pathology.

Fig. 1. Log10 transformed read counts per amplicon norma by total reads per sample.
HBV genome was divided into 20 amplicons (HBV-1-HBV-20).
Puc. 1. Log10 niryOnHbBI IpOYTEHUST 4711 KaXKIO0TO aMIUIMKOHA, HOPMHPOBAHHOH Ha 00Iiee KOINIeCTBO IIPOYTEHHH Ha oOpasel.
Bech renom BI'B 6611 nozienien Ha 20 ammirkoHoB (HBV-1-HBV-20).
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Fig. 3. Occurrence of various HBV genotypes in the Moscow region
of Russia.

The color designation of HBV genotypes corresponds
to that from [6].

Puc. 3. Bcrpewaemocts pasnuusblx reHotunoB BI'B B MockoBckoit
obmactu Poccun.

TeHOTHIIBI BBIIEIEHBI IBETAMU B COOTBETCTBUHU CO CTAThEH
S. Velkov u np. [6].

According to the results of numerous studies aimed
at forming an idea of specific markers characterizing
potentially unfavorable course of hepatitis B virus
infection, the main attention is paid to X, precore and core
HBV genes. Thus, W28* and G29D substitutions in the
precore region were detected in 69% and 33% of samples,
respectively. Amino acid substitutions F24Y, E64D,
E77Q, A80I/T/V, L1161 and cE180A in the core region
were found in 10.5, 22, 10, 38, 44 and 0.4%, respectively.
In the HBV X-gene, nucleotide substitutions G1613A,
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Fig. 2. Coverage of 246 samples.

The genome region was considered as covered at a

minimum depth of 10 reads. Samples are sorted by

coverage. The color designation of HBV genotypes
corresponds to that from S. Velkov et al. [6].

Puc. 2. ITokpeitue 246 00pa3Los.

OO0nacTh reHOMa CYMTANIU IPOYUTAHHOMN MPU TIIyOUHE
He MeHee 10 npourenuit. O6pasIbl OTCOPTHPOBAHEI 110
HPOLEHTY MOKPBITHSI.

I'eHOTHUIIBI BBIJIEIICHBI [IBETAMH B COOTBETCTBHH CO
crarbeid S. Velkov u coasr. [6].

Fig. 4. Phylogenetic tree for sequenced HBV samples.

The tree was constructed in MEGA v11.0.11 using the neighbor joining

algorithm and rooted using the midpoint method. Visualization was made

using the ete3 library. Genotypes A, B, D, E are marked in red, blue, violet,

and orange, respectively. References and sequences from this study are
highlighted in black and yellow, respectively.

Puc. 4. dunoreHeTHUECKOE IEPEBO CEKBEHUPOBAHHBIX 00Pa3IOB
BI'B.

JHepeso 6bu10 moctpoeno B MEGA v11.0.11 ¢ ucnonb30BaHieM airopurma

MIPUCOETMHEHHUS COCENEH U YKOPEHEHO NPU MIOMOLIM METO/Ia CPEAHEH TOUKH.

Busyanu3anus BBIIOJIHEHA C UCTIOJIb30BaHHEeM OuOanoreku ete3. [eHOTHITBI

A, B, D, E oTMe4eHbI COOTBETCTBEHHO KPACHBIM, CHHUM, ()DHOJETOBBIM U

OpaHXEBBIM IIBETaMU. PedepeHCHbIC TOCIIe0BATEILHOCTH IOMEUCHBI Yep-
HBIM L[BETOM, @ CEKBEHUPOBAHHBIE B JAHHOW paboTe — )KEJITHIM.
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Fig. 5. The detection rates of mutations in RT domain of P gene associated with resistance to antiviral therapy and mutations in S gene
associated with evasion of vaccine-induced response.

Gray, white, yellow, and red boxes represent respectively the undetermined regions, wild type, substitutions not described in the literature, and substitutions
described in the literature data as associated with resistance to antiviral therapy and vaccine escape mutations. Total 33 samples containing at least one difference
from the wild type are presented.

Puc. 5. Bcrpeuaemocts MmyTanuii B RT-nomene reHa P, CBsI3aHHBIX € YCTOHUUBOCTBIO K IPOTUBOBUPYCHOM Tepanuy, 1 MyTaluii B rese S,
CBSI3aHHBIX C YCKOJIb3aHHEM OT MOCTBAKIIMHAIBHOTO OTBETA.

Cepble OIS NPEACTaBIAIOT cO00H HeonpeneeHHbIe 001acTy, Oenble — JUKUH THIL, XKEJNThIe — 3aMEHBI, He OIHMCAHHBIC B JIUTEPaType, KpacHble — MyTaIlHy,
OIMCAHHbIE B JIUTEPATYPE KaK MyTallMH YCTOMYMBOCTH K IPOTUBOBUPYCHON TEpANMU U MyTalliH, YCKOJIb3aHUs OT UMMYyHHUTeTa. [Ipeacrasieno Beero 33 o6pas-
12, COAEPKAIMX XOTS OBbI OTHO OTIMYHE OT JUKOTO THUIIA.

C1653T,T1674S, T1753V,A1762T, G1764A and T1768A
were found in 9, 11, 11, 26, 26, 33 and 2%, respectively.
These substitutions, according to the literature [20, 33],
are markers indicating the likelihood of an unfavorable
course of HBV and a high rate of HCC development.
The prevalence of these HBV mutations is relatively high
in the studied sample of patients in the Moscow region.
This fact, undoubtedly, indicates the necessity for further
monitoring of the virus circulating in the region in order
to form prognostic models and optimize the provision of
qualified medical care.

Discussion

The data obtained in the present study on the genotypic
diversity of HBV present in the Moscow region are
consistent with the few published results of colleagues.
Thus, in the study conducted by V.V. Klushkina et al.,
based on the results of sequencing of the S-gene region
in 63 serum samples from the Moscow region, genotype
D was detected in 84% of the studied samples (52/63),
genotype A—in 14% (9/63) and genotype C —in 2% (1/63).
Furthermore, genotype D wasrepresented by four subtypes:
D1, D2, D3 and D4; genotype A consisted only of subtype
A2 and genotype C only of subtype C1 [34]. According
to the study by V.A. Manuilov et al., the distribution of
HBYV genotypes in samples of urban population of the
former western USSR (n = 179) represents: D — 82%,
A — 17%, C — 1%. Genotype D was represented by
subtypes D1, D2, and D3, genotype A by subtype A2,
and C by subtype C2 [35]. Furthermore, our data are
consistent with a review article on the prevalence of
HBV genotypes worldwide [6]. Comparison of the

prevalence of mutations associated with resistance to
antiviral therapy or evasion of vaccine-induced response
is difficult due to differences in therapeutic approaches
in different countries. For example, in Russia, almost the
entire population is vaccinated against HBV, but antiviral
therapy with nucleoside or nucleotide analogs is hardly
ever used. The aforementioned article by V.A. Manuilov
et al. presents the nucleotide sequences of HBV from
the urban population of the former western USSR. 2 out
of 179 samples contain at least one mutation associated
with resistance to antiviral therapy (rtL.173V KX925288
and rtS202G AY603465), and 14 samples contain at least
one mutation associated with immune response evasion.
Furthermore, eight samples contain at least one amino
acid substitution at the sites of mutations arising in viral
genomes in response to vaccination. The mutations are
plotted in Figure S1 provided in the supplementary
materials. Thus, the occurrence of mutations in the
samples from the study conducted by V.A. Manuilov et
al. is consistent with the results obtained in this study:
several antiviral therapy resistance mutations, and about
twenty mutations associated with immune response
evasion, among two hundred samples.

Mutations of X, precore and core regions of HBYV,
characterized in scientific literature as markers of
unfavorable course and outcomes of the disease,
are also addressed in the present study, due to the
importance of studying functional substitutions in
these regions and the relatively high prevalence of
these substitutions. This kind of research aimed at a
close study of individual HBV mutations and their
effect on the human body undoubtedly requires a
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rapid as well as an accurate method of determining
the nucleotide sequence of the circulating pathogen.
The results obtained in the present study indicate
the possibility of using the amplification panel to
perform HBV whole genome sequencing using NGS
and subsequent analysis. The applications of the data
obtained cover various areas of scientific interest,
both from the side of classical epidemiology and
from the point of view of developing a personalized
approach to patient management. On the one hand,
the use of whole genome sequencing methods will
allow to use the obtained data in routine scientific
practice during epidemiological studies to assess and
analyze the prevalence of genotypes and subtypes of
the virus in the territory of the Russian Federation, in
the formation of prognostic epidemiological models
of the development of the epidemic process, in
epidemiological investigations, etc. On the other hand,
this approach will make it possible to solve narrow
scientific tasks of identifying nucleotide substitutions
both actively studied in the world and detected for the
first time.

Conclusion

This study thoroughly describes the steps of HBV whole
genome sequencing, the laboratory protocol, nucleotide
sequences of the primers used, and the approach to
analyzing the data obtained. The validity of the applied
panel in particular, and of the applied method in general,
is demonstrated using clinical samples. The methodology
demonstrated in this study has great potential for various
purposes. This approach can be widely used in research
projects to advance knowledge of HBV and to identify
complex relationships between genetic variants of the
pathogen and clinical outcomes of the disease. Furthermore,
HBV whole genome sequencing can assist with the
optimization of the epidemiological surveillance system,
allowing effective monitoring of the dynamics of the
pathogen. It is noteworthy that understanding the dynamics
of the viral genome mutation process and the fixation of
certain variants in the population can ultimately ensure
the implementation of personalized therapy programs,
allowing informed decisions to be made, taking into
account the specific genetic profiles of HBV in patients.
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