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MOLECULAR AND GENETIC CHARACTERISTICS FROM PHYLOGENETIC ANALYSIS OF RUSSIAN AND
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Introduction. Over the past two years, there has been an increase in measles morbidity in Russia and other countries. In order to assess the heterogeneity of
clinically significant strains of Measles morbillivirus to reveal the sources of infection and transmission routes strains, a molecular genetic study thus becomes
an urgent task. In this paper, a genetic identification of clinical strains of measles virus detected in 2023-2024 is compared with global variants as well as
Russian strains detected in previous years.

Materials and methods. Forty measles virus genome sequences isolated from nasopharyngeal swab samples obtained in Moscow and Novosibirsk in
2023-2024 were included in the study. The data were then compared with strains collected in Russia in May 2023 and deposited at the Central Research
Institute of Epidemiology, as well as strains collected in 2020 and 2021 in Moscow.

Results. The nucleotide sequences of studied Measles morbillivirus strains were categorized into different phylogenetic groups within genotype D8. For
samples of genotype B3 collected in 2020 and 2023, a comparative analysis was performed to identify the region of origin. Phylogenetic analysis of Russian
and foreign variants of measles virus suggests that strains currently circulating in Russia may be a variety of strains that had previously circulated in other
countries and independently spread to Russia in 2023. After analyzing the most frequent nucleotide substitutions in various measles virus genes, the most
variable genes were identified to provide a basis for the extension of phylogenetic analysis.

Conclusions. The proposed approach to molecular genetic testing of complete and partial genome sequences of clinical isolate of measles virus detected in
2023-2024 in Moscow and Novosibirsk made it possible to identify strain subgroups that differ in origin. The comparison of the Measles morbillivirus strains
sequenced in the present research with global sequences allowed us to detect similar sequences identified both in 2023 and in previous years in various
countries of the world. The analysis of epidemiologically significant strains of Measles morbillivirus shows that N gene can be used to reliably determine the
main genotype; however, this approach is not sufficient for studying the transmission pathways of the virus.
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MOJEKYNAPHO-FrEHETUYECKASA XAPAKTEPUCTUKA U ®UTOMEHETUMECKUA AHANN3
POCCUNCKUX U SAPYBEXXHbIX BAPUAHTOB BUPYCA KOPU 2020-2024 rr.

E.H. YepHsiera', K.B. Moposos', A.[l. Maugaii', M.C. TycbkoBa', A.FO. Hekpacos', /.. CteueHko', A.O. Hocoga', O.I. Kypckas?,
AM. LecTonanos?, A, LLunynuH'

"LIeHTp cTpaTernieckoro nnaHMpoBaHUs 1 ynpaBneHns Meamnko-buonornieckumm puckamm 30poBbio defepanbHoro Meamnko-b1onornieckoro areHTCTea,
Mocksa, Poccua

2®epepasbHbIfi UICCNeaoBaTENbCKUI LIEHTP (hyHAAMEHTaNbHOW 1 TPaHCASUMOHHON MeamumHbl, HoBocnbupck, Poccus

BBepaeHune. MonekynsapHo-reHeTu4eckoe nccnefosaHme wrammoB Measles morbillivirus, No3BoNsAOLLEE OLIEHMBATL METEPOreHHOCTb KIIMHNYECKM 3HAYM-
MbIX LUTAMMOB, ONPEAENATb NCTOYHVKI 3apakeHns U NyTu nepeaaqn MHAPEKLMW, B HACTOSLLEE BPEMS ABNSETCS akTyanbHON 3aaadein. B nocnegHune asa
roga HabmogaeTca pocT 3aboeBaeMoCTN KOpbto B Poccun 1 apyrnx cTpaHax. B gaHHom pabote Mbl faeM reHETUHECKYIO XapakTEPUCTUKY KIMHUHECKNX
LITAMMOB BMpYCa KOpW, BbiSiBNEHHbIX B 2023-2024 rT., 1 cpaBHMBaEM 1X C rnobasibHbIMN BapraHTamu, a TakxKe C POCCUNCKMI LUTaMMaMU, BbISIBNIEHHbIMM
B NpedplayLumne robl.

Lenb. MonekynapHo-reHeTu4eckas xapakTepucTika LUTaMMOB BUPYCa KOPW, BbIBIEHHbIX B POccun B mepnof NoBbILLEHHOM 3abonesaemoctn B 2023—
2024 rT. B ABYX KPYNHbIX ropoaax — Mockee 1 HoBocrbupcke, 1 nx ganbHenwmin hunoreHeTu4eckmin aHanma.

Martepuansl u meToabl. B nccnenosaruve BktodeHbl 40 nonydeHHbix B MockBe 1 HoBocrbupceke B 2023-2024 rr. nocnefoBaTtenbHOCTeN reHoma Bupyca
KOPW, BbIAENEHHOMO 13 06Pa3LOB Ha30MapuHreanbHOro Maska. [laHHble cpaBHMBanM Co LWTaMMamu, CobpanHbiMn B Poccumn B Mae 2023 r., AeNOHMPOBaH-
Hbimy LIHV annpemunonorum PocnoTpebHaasopa, 1 wtamMamm, cobparHbivm B 2020 n 2021 rr. B Mockse.

PesynbTaTbl. [13y4erHble HykneoTuaHble nocnefosatensHocT Measles morbillivirus pasfnenenbl Ha pasHble hrnoreHeTn4eckre rpynnbl B Npeaenax reHo-
Trna D8. [ns o6pasLos reHotuna B3, cobpanHbix B 2020 1 2023 rr., NpoBeAeH CPaBHUTENbHbIN aHaN3 C LIeSblo ONPEeAENeHNs PErMoHa MPOVCXOXAEHNS.
PUNoreHeTUHECKNIN aHann3 POCCUNCKINX 1 3apyBexxHbIX BapraHTOB BUPYCa KOPY NO3BOSISET MNPEANONOXMTb, YTO LWUTaMMbl, LMPKYVPYIOLLIME B HACTOSILLEe
Bpems B Poccun, MOryT 6biTb Pa3HOBMAHOCTHIO LLTAMMOB, paHee LMPKYANPOBaBLUMX B APYrVX CTPaHaX 1 HE3aBUCKMMO pacnpocTpaHmBLIMXCs B Poccum
B 2023 1. MNpoBefeH aHann3 Hanbosnee YacTbiX HYKNEOTUAHbIX 3aMeH B pasnnyHbIX reHax Bupyca kopu. OnpepeneHbl Hanbonee BaprabenbHble reHbl, Ha 0C-
HOBE KOTOPbIX MOXKHO PaCLUMPUTL (OUOFEHETUHECKMI aHaNN3.
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BbiBoAbl. [1peanoxeHHbIn Noaxon K MONeKyNAapHO-reHETUHECKOMY MCCeA0BaHNIO NOMHbIX Y HYaCTUYHbIX MOCIEA0BaTENbHOCTEN FEHOMOB KIIMHUYECKIX
LITaMMOB BUpYyca Kopw, 0bHapy>keHHbIx B 2023-2024 rr. B MockBe 1 HoBocnbupcke, fan BOSMOXHOCTb BblAENUTb NOArPYMMbl, OTAUYatOLLMECS NO Npouc-
xoxaeHuo. CpaBHeHNe CEKBEHMPOBaHHbLIX Hamu LUTaMMoB Measles morbillivirus ¢ rnobansbHbIMU NocnefoBaTeNlbHOCTAMN MO3BOMNI0 06HAPYXUTL On3KMe
nocnenoBaTenlbHOCTY, BbisiBNEHHbIE Kak B 2023 I, Tak 1 B NpedblayLLne rodbl Ha TEPPUTOPUN pasdnnyHbIX CTpaH Mupa. 13 aHanmsa anuaeMmnyeckn aHaqm-
MbIx LWTammoB Measles morbillivirus cnepyeT, 4To ncnons3osanve reHa N No3BONSET C BbICOKOW JOCTOBEPHOCTBLIO ONPEAEN AT OCHOBHOWM MrEHOTWM, OAHAKO
He 9BAeTCA AOCTaTO4HbIM A5 U3YHeHUs NyTen nepeaaqu Bupyca.

KniouyeBble cnosa: KOPb; BUPYC KOpW; MOJ'IGKyJ'IFIpHO—I'eHeTVNeCKI/IVI aHanums; (pr/IJ'IOI'eHeTI/IHeCKI/IVI aHanuna; NoJIHOreHoMHoe CeKBEHNPOBaHe
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INTRODUCTION

Measles is a highly infectious acute disease caused by an
RNA virus belonging to the genus Morbillivirus in the family
Paramyxoviridae. Despite the existence of a safe and effec-
tive vaccine, measles remains one of the leading causes of
child mortality worldwide.

According to WHO, in 2022, after years of declining
measles vaccination coverage, the number of measles
cases increased by 18%, while the number of deaths due
to measles infection increased by 43% (compared to data
for 2021, when the number of deaths was 128,000) [1]. The
incidence of measles in Russia in previous years ranged
from 100 cases in 2010 to 4,500 cases in 2019, which were
distributed in more than 60 regions of the country. Only
one case was registered in 2021 and 100 cases in 2022
[2]. During the SARS-CoV-2 pandemic, more than 61 mil-
lion doses of measles vaccine were delayed or missed in a
number of countries around the world, including as part of
routine childhood vaccination. For this reason, an increase
in the vulnerable proportion of the population, and conse-
quently the risk of localized measles outbreaks was only to
be expected [3, 4].

In early 2023, measles outbreaks were detected in
almost all regions of the world. By the end of November
2023, more than 42,200 cases of measles virus infection
had been reported in the European Union, five of which
were fatal [5, 6]. According to Russian Federal Service for
Surveillance on Consumer Rights Protection and Human
Wellbeing (Rospotrebnadzor), more than 13,000 people
(8.9 per 100,000 population) contracted measles in 44
regions of Russia in 2023. Most cases (67.9%) of the to-
tal number of registered cases were detected in children
aged 0 to 17 years inclusive, two of which were fatal. In
2023, 2,244 cases of measles (17.18 per 100,000 popu-
lation) were registered in Moscow; in the same year, 266
cases of measles (9.5 per 100,000 population) were reg-
istered in Novosibirsk [7]. The head of the Russian Federal
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Service for Surveillance on Consumer Rights Protection
and Human Wellbeing (Rospotrebnadzor) noted that, since
all outbreaks were local and quickly controlled, no global
restrictive measures were required. [8].

In addition to local outbreaks, migrant and refugee
flows can pose a great threat to Russia. According to
the UN, as of July 2022, about 1.8 million Ukrainian refu-
gees had arrived in Russia [9]. According to WHO, in the
European region Ukraine had the worst situation in terms of
detected measles cases in recent years (more than 57,000
cases were reported in 2019) [10]. In 2023, large measles
outbreaks also occurred in Russia’s neighboring coun-
tries with which there is reduced migration control, such
as Azerbaijan, Kazakhstan, Uzbekistan, Tajikistan and
Armenia. Some of these countries had also experienced
measles outbreaks in previous years, such as Uzbekistan
in 2019 [11]. Since this situation may lead to a significantly
increased incidence of measles in Russia in the near fu-
ture, is crucial to monitor the spread of different strains of
measles virus and conduct timely phylogenetic analysis to
determine the origin of each specific strain.

In order to trace and determine the origin of a measles
virus strain, genotyping by sequencing is most commonly
carried out on the nucleoprotein gene, which is considered
to be the most variable. The sequencing of 450 nucleo-
tides encoding 150 amino acids of the C-terminal domain
of the nucleoprotein (N450) is the most common approach
for genotyping measles virus strains. Over 11,000 nucleo-
tide sequence records for this domain have been upload-
ed to the MeaNS2 database from 2019-2022 alone [12].
However, the N450 sequence is often insufficient to sepa-
rate endemic strain lineages circulating in neighboring re-
gions of the country. The resolution of measles molecular
epidemiologic analysis can be improved by using a larger
measles virus genome fragment for nucleotide sequence
analysis. Although full-genome sequencing may be most
effective in this case, this method has the significant dis-
advantage of high cost. The feasibility of extended genome



OPUTMHAJIbHASA CTATbA | BUPYCOJIOI A

fragment sequencing should be evaluated in comparison
with full-genome sequencing data.

In this work, we aim to carry out a molecular genetic
testing of measles virus strains detected in Russia during
the period of increased morbidity in 2023-2024 in the ma-
jor cities of Moscow and Novosibirsk and conduct their fur-
ther phylogenetic analysis.

MATERIALS AND METHODS

40 clinical specimens were collected from Novosibirsk
and Moscow patients diagnosed with measles during out-
breaks that occurred in 2023-2024. They were collected
at the Federal Research Center for Basic and Translational
Medicine (Novosibirsk) and the Center for Strategic Planning
and Management of Biomedical Health Risks of the Federal
Medical and Biomedical Agency (FMBA). Archival sam-
ples identified in Moscow in 2020 were also investigated.
Genotyping was performed to identify the strain of measles
virus for all samples included in the study. For genetic typing
of measles virus, the data of comparative analysis of nucleo-
tide sequences of the C-terminal domain of the nucleopro-
tein N gene (450 nt (nucleotides), 1,126-1,575 nt) are used;
in order to achieve a more detailed characterization, frag-
ments (850 nt) of the hemagglutinin H gene were additionally
analyzed in some samples (n = 15). Since these genes are
the most variable structural genes of the virus, they are best
suited for determining the origin and pathways of individual
measles virus strains. In addition, full genome sequencing
was performed for three measles virus samples. The data
obtained were compared with strains collected in Russia in
May 2023 and deposited in the Central Research Institute
of Epidemiology (see Table 1 for a complete list of measles
virus samples from Russia used in this work).

For the comparative phylogenetic analysis of measles
virus, both N and H gene fragments and full-genome se-
quencing data strains prevalent in Russia in 2020-2024, as
well as global genetic variants, were used. Measles virus
samples obtained from 40 patients from Moscow (n = 11)
and Novosibirsk (n = 29) in 2023-2024, as well as two
samples from Moscow detected in 2020 and 2021, were
included in the analysis. All samples were obtained with full
informed consent of the donors and in compliance with all
necessary ethical standards.

Viral RNA isolated from clinical nasopharyngeal swab
samples using the previously developed Ribo-prep pu-
rification kit was subjected to reverse transcription using
AmpliTest Revert (AmpliTest, Russia) [13]. Fragments of
the C-terminal domain of the N-gene as well as a fragment
of the H-gene were amplified using LongAmp” Tag DNA
polymerase (New England Biolabs, USA) and primers de-
scribed in Table 2. Sanger sequencing was performed us-
ing BigDye™ Terminator v3.1 cyclic sequencing kit (Thermo
Fisher Scientific, USA) and Applied Biosystems 3500
genetic analyzer (Thermo Fisher Scientific, USA). Three
samples were sequenced by full-genome sequencing: to-
tal RNA was used for library preparation using NEBNext”
Ultra™ Il RNA Library Prep kit (NEB, USA); sequencing was
performed using MiSeq platform and MiSeq Reagent Kit v2
(500 cycles) (llumina, USA). The primers were taken from
Schulz et al. and further optimized for our task [14].

As well as the full-genome sequences of six Russian
measles virus samples isolated in 2023 and studied at the
Central Research Institute of Epidemiology obtained from
the NCBI GeneBank database [15], the gene sequences of
N and H strains detected in 2019-2024 in different coun-
tries were additionally selected, along with the full-genome
sequences for the same period from the open GenBank
database. To permit a deeper comparison, the genome
sequences of vaccine strains available in the GenBank da-
tabase [15] were added to the studly.

Metagenomic assembly of complete measles virus
genome sequences was performed using Trimmomatic
v0.39 software to remove adapter sequences and SPAdes
Genome Assembler v3.15.5 to assemble the viral genome
[16]. The sequences of N and H gene fragments obtained
by Sanger sequencing were combined into one for further
alignment and analysis.

Multiple alignment was performed using the MAFFT
v7.505 package [17]. Phylogenetic analysis was performed
using the FastTree program version 2.111 SSE3 [18] us-
ing the GTR+CAT model (a general time reversible model
with a fixed rate for each site (an approximation of the CAT
model)) and 100 bootstrap replications. The dolphin mea-
sles virus genome sequence (AJ608288) was used as an
outgroup for cladogram generation.

Phylogenetic trees were analyzed using the Figlree
v.1.4.4 program. The results of comparative analysis were
visualized using the Matplotlib 3.6.2 and Seaborn 0.13.2
packages for the Python programming language.

RESULTS

According to the results of genotypic analysis, most
of the samples (n = 44) collected in 2023-2024 turned
out to belong to genotype D8 and only one to genetic
variant B3 (Table 1). Phylogenetic analysis of partial
sequencing of the N gene (Fig.1) showed that most of
the samples from Russia formed a cluster within the

D8 genotype, which also included some strains found

abroad:

e PP056610 (2023) from China, which has the highest
similarity to Meal2 from Moscow;

e (OR733283 (2021) from Tajikistan, PP319645 (2023)
from the USA and PP229487 (2023) from Switzerland,
which are located phylogenetically closer on the tree to
the Mea6 specimen from Novosibirsk;

e PP319658 (2023) from USA and PP274936 (2024) from
Bosnia and Herzegovina are closest to Mea49 from
Novosibirsk and a group of specimens from Moscow
including Mea43 and Mea2.

This phylogenetic cluster includes two subclusters,
one of which was formed by samples from Novosibirsk
(A), while the second cluster includes three samples from
Moscow and two from Novosibirsk (B). The strains se-
quenced formed a phylogenetic group with samples Mea?2
and Mea43 from Moscow.

Only two sequences of the N gene of measles virus sam-
ples detected in 2023 in Russia could be classified as rep-
resentatives of phylogenetic group B3 — Mea48 registered
in Novosibirsk and OR290098 sequenced by the Central
Research Institute of Epidemiology with an unknown region
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Table 1. List of samples collected in different Russian cities

No. Intel:nal sam- Year of City ?f Sequenced section Genotype of . Data source
ple identifier | sample taken detection of the genome measles virus strain
1 Mea01 2023 Moscow WGS D8 Centre for Strategic Planning of FMBA of Russia
2 Mea02 2023 Novosibirsk WGS D8 Centre for Strategic Planning of FMBA of Russia
3 Mea04 2020 Moscow WGS B3 Centre for Strategic Planning of FMBA of Russia
4 Mea05 2023 Moscow N D8 Centre for Strategic Planning of FMBA of Russia
5 Mea06 2023 Novosibirsk N,H D8 Centre for Strategic Planning of FMBA of Russia
6 Mea07 2023 Novosibirsk N,H D8 Centre for Strategic Planning of FMBA of Russia
7 Mea08 2023 Novosibirsk N,H D8 Centre for Strategic Planning of FMBA of Russia
8 Meal0 2021 Moscow N B3 Centre for Strategic Planning of FMBA of Russia
9 Meai1 2023 Moscow region N,H D8 Centre for Strategic Planning of FMBA of Russia
10 Meal2 2023 Moscow N,H D8 Centre for Strategic Planning of FMBA of Russia
1 Meal3 2023 Moscow N,H D8 Centre for Strategic Planning of FMBA of Russia
12 Meal4 2023 Moscow N,H D8 Centre for Strategic Planning of FMBA of Russia
13 Mealb 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
14 Meal6 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
15 Meal7 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
16 Meal8 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
17 Mea20 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
18 Mea21 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
19 Mea22 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
20 Mea23 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
21 Mea24 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
22 Mea25 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
23 Mea26 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
24 Mea27 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
25 Mea28 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
26 Mea29 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
27 Mea30 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
28 Mea31 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
29 Mea32 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
30 Mea33 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
31 Mea34 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
32 Mea35 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
33 Mea36 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
34 Mea37 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
35 Mea39 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
36 Mea43 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
37 Mead4 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
38 Mea45 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
39 Mea46 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
40 Mea47 2024 Novosibirsk N, H D8 Centre for Strategic Planning of FMBA of Russia
41 Mea48 2024 Novosibirsk N, H B3 Centre for Strategic Planning of FMBA of Russia
42 Mea49 2024 Novosibirsk N, H D8 Centre for Strategic Planning of FMBA of Russia
43 OR290097 2023 No data Full genome D8 Central Research Institute of Epidemiology
44 OR290098 2023 No data Full genome B3 Central Research Institute of Epidemiology
45 OR290099 2023 No data Full genome D8 Central Research Institute of Epidemiology
46 OR290100 2023 No data Full genome D8 Central Research Institute of Epidemiology
47 OR290101 2023 No data Full genome D8 Central Research Institute of Epidemiology
48 OR290102 2023 No data Full genome D8 Central Research Institute of Epidemiology

Table prepared by the authors using their own data
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Table 2. List of primer sequences for the sequencing of the N and H genes

Sequenced gene Direct primer nucleotide sequence Nucleotide sequence of reverse primer

gene N TGGAGCTATGCCATGGGAGT TAACAATGATGGAGGGTAGG
gene H (region 1) CTGAAATTGTCTCYGGCTTC GACCCAGGATTGCATGTC
gene H (region 2) GATTTCAGCAACTGYATGGT CTGATGTCTGRGTGACATCATG

Table prepared by the authors using their own data

of collection (Fig. 1, cluster B). These samples did not form
a cluster with the gene sequences of viral strains detected
in Russia in 2020 and 2021. In addition to the Russian sam-
ples, three more strains from Brazil, USA and Iran detected
in 2023, as well as two strains from China and Switzerland
detected in 2024, fell into phylogenetic cluster B3. Most
Measles morbillivirus strains assigned to genotype B3 were
detected before 2023.

According to phylogenetic analysis of N and H gene
fragments, the Russian samples formed a subcluster within

Figure prepared by the authors using their own data

61

the D8 genotype. The results were used to clarify the phy-
logenetic structure of the population of the studied Russian
strains. In particular, subcluster B within the D8 genetic
group formed by samples Mea7, Mea8, Meal3, Mea44,
and Mea45 was not confirmed (Figs. 2, 3) based on the
analysis of the N gene alone.

The comparison of the results of phylogenetic analysis
using only the N fragment and the sequence obtained by
combining the sequences of the N and H gene fragments
supports the conclusion that sequencing of the N gene is

Zealand_B3 2019
B3_202¢
\B@_ma
2019
ong
~202;

New,_.
USA_
W2,
Pan &
83

020Z7¢9 VSN 61998EIN
29

Atk
77
i
7«;;
o
N
Q ~
Gl
&
%%
S %
\\%%
2,

Fig. 1. Phylogenetic relationships of Measles morbillivirus strains based on N-gene fragment sequencing data.

Phylogenetic group D8 is shown in blue, phylogenetic group B3 in green, and the group of vaccine strains in red. Genomes from Russia included in the analysis
and sequenced in 2020, 2021 and 2023-2024 are highlighted in pink. Subcluster A consists of samples from Novosibirsk; subcluster B consists of samples from
Moscow and Novosibirsk, which belong to the D8 genotype. Subcluster C of phylogenetic group B3 includes two samples — Mea48, discovered in Novosibirsk
in 2023, and OR290098, sequenced by the Central Research Institute of Epidemiology with an unknown collection region.
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sufficient to determine the genetic group of measles virus
strains; however, in order to study the virus transmission
routes, an extended analysis involving additional genome
regions is necessary. An additional study of the H gene
allows a more precise determination of genetic similarity
between measles virus samples.
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Complete genome sequencing was performed for two
samples of genotype D8, which belong to two phyloge-
netically distant and identified in different cities strains:
Meal (Moscow, 2023) and Mea2 (Novosibirsk, 2023). Full-
genome sequencing was also performed for the Mea4
sample obtained in 2020 and belonging to genotype B3.
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Fig. 2. Position of the investigated Russian samples in cluster D8 obtained as a result of the phylogenetic analysis carried out using a fragment of the N gene
sequence. The cluster formed by the studied Russian samples is highlighted with a rectangular frame; the samples are colored in blue and purple test colors.

Samples Mea7, Mea8, Meal3, Mea44 and Mea45, which form subcluster B, are highlighted in blue.
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Fig. 3. Position of the investigated Russian samples in cluster D8 obtained as a result of the phylogenetic analysis carried out using the combined sequence of the
N and H genes. The cluster formed by the studied Russian samples is highlighted with a rectangular frame; the samples are colored in blue and purple test colors.

Samples Mea7, Mea8, Meal3, Mea44 and Mea45, which form subcluster B, are highlighted in blue
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Comparative analysis of the genomes revealed 145 nu-
cleotide differences between Meal and Mea2, of which
39 fall in the intergenic space and 106 substitutions in
various protein-coding fragments of the genes. The high-
est number of these are in the L (52 substitutions), N (17
substitutions), and H (15 substitutions) genes. This result
suggests that these measles virus strains may have dif-
ferent origins.

For phylogenetic analysis of full-genome sequences,
all available genomes from the GenBank database identi-
fied in the last 5 years and belonging to groups B3, D8, as
well as sequences of vaccine strains, were included in the
study. Phylogenetic analysis of full genome sequences of
Russian strains with sequences found in other regions of
the world showed that Russian strains are closest to the
samples isolated in the USA and India in 2019, as well as
to those collected in Japan and New Zealand in 2023; the
corresponding data are presented in Figure 4.

The differences in the formed subgroups within mea-
sles virus genotypes obtained from phylogenetic analysis
of virus strains raise the question of the efficiency of analy-
sis based on the N gene alone. To further investigate this
issue, a comparative analysis of phylogenetic trees gen-
erated based on the N gene, N and H genes, along with
full-genome sequences, was performed by estimating the
Hamming distance between pairs of strains within and be-
tween the B3 and D8 genotypes. The results of the analy-
sis (Fig. 9) reflect the discriminatory power of phylogenetic
analysis based on different numbers of genes.

et
1

The results of the analysis clearly demonstrate the suf-
ficient discriminatory power of the N gene fragment analy-
sis in determining D8 and B3 genotypes, but insufficient
efficiency in separating phylogenetic groups within geno-
types. The simultaneous analysis of N and H genes allows
strains to be separated both within and between phyloge-
netic groups with higher accuracy, thus increasing the sta-
tistical significance and reliability of the study. Analysis of
all protein-coding fragments and full-genome sequences
significantly increases the accuracy of the study of virus
transmission pathways within the same phylogenetic group
(Fig. 5).

To assess the variability of Measles morbillivirus genes,
we performed a comparative analysis of gene sequences
in the study sample consisting of full-length genomes of
measles virus strains from different countries belonging to
the D8 and B3 genetic groups. The results of the compara-
tive analysis were used to determine the total number of
single-nucleotide variants in the genes of proteins N, L, M,
F, PVC and H. The number and proportion of synonymous
and nonsynonymous nucleotide variants were estimated
(Fig. 6). The highest number of nucleotide substitutions was
found in the L gene, which is the largest and encodes a viral
RNA polymerase protein of 2183 amino acids. The distribu-
tion profile of mutations in the M gene encoding the virus
matrix protein of 335 amino acids differed most markedly
from the other genes. In particular, this gene had more non-
synonymous substitutions (n = 114) than synonymous sub-
stitutions (n = 71). The PVC gene, which encodes several
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Fig. 4. Phylogenetic relationships of full-genome sequences of 1 virus strains detected in Russia and other countries. The D8 genotype phylogenetic group is
shown in blue, the B3 genotype group in green, and the vaccine strain group in red. Genomes from Russia included in the analysis, which were sequenced in 2020
and 2023, are highlighted in pink text
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Fig. 5. Pairwise Hamming distance between sequences of 1 virus strains belonging to genetic groups D8 and B3. The vertical axis shows the Hamming distance
values for pairwise comparison of sequences, while the horizontal axis shows the fragments of the 1 virus genome analyzed — the N gene fragment, the union of
the N and H gene fragments, and the union of all protein-coding sequences and the complete genome. The color indicates the values for the pairwise comparison
of sequences within the B3 and D8 groups and between the strain groups: blue — B3-D8, green — D8-D8, orange — B3-B3
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Fig. 6. Distribution of number and type of nucleotide substitutions in the genes
of 1 virus strains associated with genetic variants D8 and B3. The horizontal
05 axis shows the gene under study; the vertical axis shows the allele frequencies
. of the most common substitutions relative to the consensus sequence in
. . . - the genomes studied. A point represents a unique position in the gene.
GeneN GeneL GeneM GeneF Gene PVC GeneH Grey — synonymous substitutions; red — non-synonymous substitutions
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viral proteins (phosphoprotein (P), nonstructural protein V,
and protein C), was also found to contain more nonsynony-
mous substitutions (n = 88) than synonymous substitutions
(n =69).

As well as demonstrating that the N gene is not the
most variable, the analysis of nucleotide substitution fre-
quencies in Measles morbillivirus genes (Fig. 6) shows that
the M and H genes are also important targets for clarifying
phylogenetic relationships between pathogen strains.

DISCUSSION

The results of comparative analysis of the examined mea-
sles virus samples suggest genetic similarity between
Russian circulating variants and strains that have been
found in other regions of the world, such as Central Europe
or Asia. The published data for 2019-2022 are consistent
with our results. Thus, the D8 and B3 genotypes are domi-
nant in the global pattern of measles virus genetic diversity.
However, their ratio is shown to vary in different regions of

Figure prepared by the authors

the world. In particular, the B3 genotype was dominant in
the African, American, and Eastern Mediterranean regions,
while the D8 genotype was dominant in the European,
Northeast Asian, and Western Pacific regions [19]. The in-
formation presented on the website of the Nextstrain da-
tabase [20] also indicates the dominant distribution of B3
and D8 genotypes in different regions of the world from
2020 (Fig. 7).

Most of the studied variants identified by us in 2023—
2024 belong to the D8 genotype, which includes a wide-
spread group of strains [12, 19]. In total, the open GenBank
database contains more than 6 thousand gene sequences
or genomes of strains belonging to this group.

Among Russian strains, in addition to the D8 genotype,
strains belonging to the B3 genotype were also detected.
Although the B3 genotype variant was detected in only
two Russian samples in 2023, both samples obtained in
Moscow in 2020 and 2021 belong to this group, which is
currently prevalent in Africa, Europe and North America.
Among the Measles morbillivirus genomes or genome
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@ c
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D4

Fig. 7. Global distribution of known 1 virus genotypes. Graphs based on A-N gene fragment sequencing data, B — whole genome sequencing data from January
2020 to September 2024. The figure was generated using the internet resource https:/nextstrain.org/1/
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fragments obtained from patient samples in 2023 and
available in public databases such as the National Center
for Biotechnology Information (NCBI) database, only 60 be-
longed to this group; these were found predominantly in the
United States and Iran. The phylogenetic analysis of this
group of strains shows that the variants detected in Russia
in 2020 and 2023 do not form a common cluster, which
suggests a different origin. The work by Erokhov et al. [12]
demonstrated in the outbreaks of 2018-2020 the presence
of genetic lines and variants of measles virus that prob-
ably did not circulate in Russia, but were imported from
neighboring countries. A similar conclusion was reached
in the retrospective analysis of measles outbreaks in the
Astrakhan Oblast carried out by Kuzmenkov et al. [21], who
identified the process of migration of virus variants from
neighboring countries as a key factor in the formation of
new outbreaks.

Based on the above, we can assume that the majority
of measles outbreaks in Russia in 2023-2024 are caused
by D8 variants, which were also identified in various regions
of the world during this period. This is supported by statisti-
cal data on the distribution of genotypes among measles
cases for the period from 2020 to 2024 in the European
region [6].

Most of the studied Measles morbillivirus nucleotide
sequences associated with recent measles outbreaks in
Russia can be divided into phylogenetic subgroups accord-
ing to the place of origin or pathway of spread within the D8
genotype. The distance dependence between subgroups
(Fig. 5) confirms that the resolution of phylogenetic analysis
depends on the size of the fragment of the nucleotide se-
quence of the virus genome used in the analysis. The com-
parative analysis of phylogenetic tree structures obtained
by analyzing the sequence of the N gene, along with the
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