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Jleyxmecaunwlilt HAYYHO-NPAKMUYECKUILL HCYPHAT

Ocnoean 6 1924 2.

PeueHanpyembin «XXypHan Mykpobuonorum, anMaemMmonorum n UMMyHobruonormmn»
paccMaTpuvBaeT akTyarnbHble Npobnembl MMPOBON Hayku U obecrneynBaeT CUHTE3 HOBENMLLIMX
pe3ynsTaToB UccreoBaHuin B obnactu Mukpobuonorum, BUpyconorum, anuaeMmonorum,
BaKLMHOMOrMM, UMMYHOBMONOrMK, MPOUNAKTUKN U KOHTPONSt MHADEKLMOHHBIX 3a6oneBaHni.
MexancumnnmHapHbI Noaxoa AaeT BO3MOXHOCTb MHTErpauumn nepeaoBbiX HayYHbIX 3HAHWUM
CMEXHbIX CneLuanbHOCTEN, LUMPOKOro BUAEHUs npobnem pyHaamMmeHTansHon 1 NnpuknagHon
MHEKTONOMMM, a Takke KOMMMIEKCHOro noaxoAa K co3aaHunio 6uoMeanLIMHCKMX TEXHOMOMMA.
K nybnukauuv npMH1UMaroTca Hay4YHble Tpyabl POCCUNCKMX M 3apybeHbIX uccneaoBatenen,
neKuun, a Takke MeTogmyeckme matepuarnbsl U 3aKkOHOAATENbHbIE JOKYMEHTbI B 06nacTn
COXpaHeHust aNuaemMmnonornyeckoro érnarononyyms HaceneHums.

XKypHan BxoauT B 6a3y AaHHbIx SCOPUS u pekoMmeHaoBaHHbIN BAK «[MepeyeHb
peLeH3UPpYeMbIX Hay4YHbIX U3AaHWIA, B KOTOPbIX AOMKHbI ObITb ONy6rnmMKoBaHbl OCHOBHbIE

Hay4YHble pe3ynbTaThl AUCCepTauuin Ha COMCKaHNE YYeHOW CTeneHn KaHaMaaTa Hayk,
Ha COMCKaHWe yY4eHOW CTeNeHn [OKTopa Hayk» Nno crneumanbHOCTAM:
1.5.10. Bupyconorus (MeguumHckne n Guonornyeckme Haykm);
1.5.11. Mukpo6uonorusa (MeguumuHckue n bruonoruyeckne Haykm);
3.2.2. Snngemuonorns (MeguumHckne n Gruonormyeckne Haykm);
3.2.7. Annepronorus n UMMyHOnorus (MeauuuHCkue n bronornyeckne Haykm).
B cootBeTcTBUM C pekomeHaauusimm BAK (nncemo BAK ot 06.12.2022 Ne 02-1198),
XXypHan oTHocuTcs K kateropumn K1 kak nsgaHue, Bxogsiee B 6a3bl AaHHbIX SCOPUS n RSCI
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Data update on anthrax stationary hazardous areas and soil foci
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Abstract

Introduction. Anthrax is registered annually in the Russian Federation. The constant risk of complication of the
epizootological and epidemiological situation on anthrax is due to the widespread distribution of soil foci of infec-
tion (anthrax burials (AB), «pestilence fields») and associated stationary hazardous areas (SHA).

The aim is to update data on anthrax SHA and soil foci in order to improve epidemiological surveillance of anthrax
in the Russian Federation.

Materials and methods. Archival and reference materials on anthrax SHA and soil foci, accounting and reporting
data of territorial bodies of Rospotrebnadzor and veterinary service were used.

The selection of criteria for characterizing anthrax SHA, AB and «pestilence fields» was carried out, using which
the structure of databases of anthrax SHA and soil foci was developed.

Results. For the first time, electronic databases of anthrax SHA and soil foci on the territory of Russia were
developed, containing updated information of the characteristics of 32566 SHA and 3314 soil foci (3185 AB and
129 «pestilence fields»). Analysis of the data revealed a decrease in the number of SHA and AB in the country
compared to the reference data, as well as a lack of correlation between the counted number of SHA and AB in
most regions, indicating the presence of a large number of unreported AB and the persistence of potential risks
of infection situation complications.

Conclusion. The introduction of up-to-date databases of anthrax SHA and soil foci into the practice of Rospotreb-
nadzor bodies and institutions and veterinary services will improve the level of information support and efficiency
of epidemiological surveillance of anthrax in the Russian Federation.

Keywords: anthrax, stationary hazardous area, soil focus, anthrax burial, «pestilence field», epizootological and
epidemiological monitoring.
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AKTyanusaumsa JaHHbIX 0 CMOMpeA3BEHHbIX CTaLlNOHAaPHO
Heb6narononyy4HbIX NyHKTax M NOYBEHHbIX OYarax Kak OCHOBa
COBepLUeHCTBOBAHMNSA 3NN300TOJIOr0-3NNAEMNONOrNYEeCKOro
MOHUTOPUHra cnbupckon a3sbl B Poccuinckon QPepgepauum

Monoga A.10.", Kynnuenko A.H.**, AkumkuH B.I'3, bBanaxoHos C.B.% JloreuH @.B.%, PasaHoBa A.l'%,
lepacnmenko [.K.%, JloktnoHoBa M.H.?, YekaHoBa T.A.23, ilyrap»anosa 3.9.%, HukntnHa A.B.2,
OnenHukoBa K.A.%, Meukosckui IA.%2, Me3eHueB B.M.?, CemeHoBa 0.B.%, AkceHoBa J1.10.?,
Epemenko E.WN.2, TonoBuHckaa T.M.2, JlagHbiin B.1.3, MeTtpemregnuweunm K.3, Kpaeey E.B.?,
Bacunbes B.B.*, IBaueBa M.A.*

'®epepanbHasn cny»x6a No Haa3opy B cdhepe 3alnTbl paB NoTpebuTtenen n bnarononyuns yenoseka, Mockea, Poccus;
2CTaBpOMNONbCKUIN HayYHO-NCCNIef0BATENIbCKUI MPOTUBOYYMHbIV MHCTUTYT PocnoTpebHagsopa, CtaBponosb, Poccus;
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AHHOMauusi

BeepneHue. Cnbupckasa s3sa B Poccuinckon ®enepauun pernctpupyetcsa exerogHo. CoxpaHeHne noCToOSHHOrO
pycka OCMOXHEHUSI 3MM300TONOro-aNMAEMMONOrMYECKo CUTyaumMmn no cnubupckonm s3se obycroBrneHo noBsce-
MECTHbIM pacnpoCTpaHeHWeM NMOYBEHHbIX 04aroB UHdEKLUuK (CMbrpessBeHHbIX 3axopoHeHnin (CA3), «MopoBbIX
norew») 1 CBA3aHHbIX C HAMK CTauuoHapHO HebrarononyyHbix nyHkToB (CHIT).

Llenb paboTbl — akTyanusaums AaHHbIx 0 cubupesnsseHHbix CHIT 1 noYBeHHbIX oyarax ¢ Lenbio COBEepPLIEHCTBO-
BaHWA 3NMAEMMONOrMYecKoro Hagaopa 3a cubupckon sa3son B Poccuu.

MaTtepuanbl u meToabl. /cnonb3oBaHbl apxvBHbIE, CNPaBOYHbIE MaTepuansl 0 cubnpesasseHHbix CHIT n noy-
BEHHbIX o4arax, y4éTHble U OTYETHbIE AaHHble TeppuTopuanbHbIX opraHoB PocnoTpebHaas3opa u BeTeprHapHoi
cnyx6bl. OcyLlecTBnNéH Nogbop Kputepues xapakTepucTukm cnbupessseHHblix CHIM, CA3 1 «MopoBbIx nonewn»,
C NCMONb30BaHNEM KOTOPbIX pa3paboTaHa cTpykTypa 6a3 gaHHbix CHI 1 novBeHHbIX o4aroB cMbMpckon S3Bbl.
Pe3ynbraThl. Bnepsble paspaboTtaHbl anekTpoHHble 6a3bl AaHHbIX cnbupesisaBeHHbIx CHIT n noyBeHHbIX o4aros
Ha Tepputopun Poccuu, coepxalume akTyanmsampoBaHHy MHopmauuio o xapakrepuctukax 32 566 CHI u
3314 no4seHHbIx oyaroB (3185 CA3 1 129 «mopoBbIX noneny). AHanu3 AaHHbIX BbISBUN CHWXKeHne ymicna CHIN
n CA3 Ha Tepp1TOpMM CTpaHbl NO CPaBHEHMIO CO CNPaBOYHBIMU CBEAEHUSIMU, @ Takke OTCYTCTBME KOppensummn
Mexay y4TéHHbIM konudectsoM CHIT n CA3 B 60onblUINMHCTBE PETMOHOB, YTO YKa3biBaeT Ha Hanu4me 60nbLIoro
yncna HeyyYTéHHbIX CHAS 1 coxpaHeHne noTeHUmManbHbIX PUCKOB OCIOXHEHMS CUTYaummn NO UHAEKLNN.
3akntoveHue. BHeapeHue B npakTyKy opraHoB 1 yupexaeHuin PocnotpebHaasopa, BeTeprHapHoOn cnyx0Obl akTy-
anbHbIx 6a3 gaHHbIX cnbupesasseHHblX CHI 1 NO4YBEHHbIX O4aroB MO3BOMUT MOBLICUTL YPOBEHb MH(OPMAaLMOH-
Horo obecneyeHns 1 aPHEKTUBHOCTM ANMAEMUOITOTMYECKOro Haa3opa 3a cnbmpckon s3son B Poccun.

KnroueBble cnoBa: cubupckas si38a, cmayuoHapHo Hebria2ononyyHbil no cubupckol si38e MyHKM, roYeeHHbIU
o4ae, cubupesiageHHOE 3aXOPOHEHUE, «MOPOBOE r10J1ex», 3MU300MOII020-31MUOEMUOTI02UYECKUl MOHUMOPUHE

McmoyvHuk ¢puHaHcupoeaHusi. ABTOpbI 3aBMSAT 06 OTCYTCTBMMN BHELLUHEro (OMHAHCUPOBAHUS NPU NPOBEAEHUN UC-
crnepoBaHus.

KoHgpnnukm uHmepecoe. ABTOpbl AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSi-
3aHHbIX C NyGnuKaLmeit HacTosILLe CTaTbu.

Ana yumupoeanus: Monoea A.lO., KynnyeHko A.H., AkumknH B.T., BanaxoHos C.B., lorsuH ®.B., PasaHoBa A.l",
lepacumenko [.K., INloktnoHoesa M.H., YekaHoBa T.A., fiyrapxanosa 3.9., HukutuHa A.B., OnenHukoBa K.A., MNeykos-
ckuin A., MeseHues B.M., CemeHoBa O.B., AkceHoBa J1.}O., EpemeHko E.WN., NonosuHckas T.M., JlagHein B.W., Me-
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Introduction

Anthrax is a highly dangerous zoonotic infec-
tious disease characterized by its practically ubiq-
uitous distribution in the Russian Federation [1, 2].
The persistence of epizootiological and epidemiolog-
ical instability regarding anthrax is due to the exis-
tence of Bacillus anthracis in the form of spores re-
sistant to environmental factors, capable of long-term
survival in the soil and the formation of numerous
soil foci—anthrax burials (AB), “pestilence fields
(extensive areas without clear boundaries where mass
animal deaths associated with anthrax epizootics were
observed in the past), the indicators of which are sta-
tionary hazardous areas (SHA) [2—4].

In Russia, over 37,000 SHA active from 1900 to
2003 (several SHA since the late 19th century) have
been registered more than 70,000 times [5], and at least
4,000 AB [6-10]. A significant number of hazardous
areas and soil foci, along with incomplete surveillance
and coverage of vaccination for livestock, as well as in-
dividuals at high risk of infection, maintain a potential
threat of worsening the situation with zoonotic diseases
in the country [11, 12].

The stabilization of the situation regarding an-
thrax infection can be facilitated by an approach to
the comprehensive solution of tasks in epizootiologi-
cal and epidemiological monitoring, the most import-
ant component of which is the updating (revision and
clarification of data) and systematization of informa-
tion about anthrax and soil foci in each subject of the
Russian Federation. The generalization and analysis of
updated information on SHA and soil foci will ensure
the improvement of surveillance over anthrax, increas-
ing the effectiveness of managerial decisions during
disease outbreak investigations, including the use of
modern geographic information systems in conducting
a combined correlational analysis of the characteristics
of anthrax activity depending on the influence of en-
vironmental factors (natural-geographical, social, etc.),
preventing the emergence of new infection cases [1, 3,
13-16].

The aim of the study is to update data on SHA
and anthrax soil foci (anthrax, “pestilence fields )
to improve epidemiological surveillance of anthrax in
Russia.

Materials and methods

Archival and reference information on anthrax in
SHA (Cadastre of stationary hazardous areas of anthrax
in the Russian Federation, edited by B.L. Cherkassky,
2005, hereinafter referred to as the Cadastre) [5] and
soil foci (List of animal burial sites (including anthrax
sites) located in the territory of the Russian Federation,
2011-2013, in 5 parts, hereinafter referred to as the
List) [6-10], as well as accounting and reporting data
from the Federal Service for Surveillance on Consumer
Rights Protection and Human Wellbeing (Rospotreb-

nadzor) by subjects of the Russian Federation and ter-
ritorial veterinary service bodies, were used as research
materials.

The necessity to update the Cadastre [5] is due to
changes in the administrative status of a large number
of settlements: renaming and re-subordination of mu-
nicipal formations, the transfer of several settlements
to other municipal formations (consolidation, etc.), the
liquidation of many settlements under the status of "for-
mer settlement”, etc., as well as the inclusion of data
on the settlement activity in the 21st century. The im-
portance of updating the List [6—10] in the regions of
Russia is related to the elimination of a large number of
AB, the identification of previously unreported burials,
the clarification of AB characteristics: AB sizes, com-
pliance of AB facilities with veterinary and sanitary
regulations for maintenance, the presence of adminis-
trative and economic affiliation of AB, the sanitary pro-
tection zone (SPZ) of AB, geographical coordinates of
location, etc.

With the aim of updating data on SHA and anthrax
soil foci in the subjects of the Russian Federation, an
expanded selection of criteria for the characteristics of
SHA, AB and “pestilence fields ” has been carried out,
based on which the structure of regional databases for
SHA and soil foci of infection has been developed.

Specialists from the Stavropol Anti-Plague Insti-
tute of Rospotrebnadzor, the Central Research Institute
of Epidemiology of Rospotrebnadzor, the Irkutsk An-
ti-Plague Institute of Rospotrebnadzor and the Rostov
State Medical University have conducted the systemati-
zation and analysis of the established regional databas-
es of anthrax and soil foci for each subject, and created
two generalized electronic databases (EDB): "Station-
ary Hazardous Areas of Anthrax on the Territory of the
Russian Federation" and "Soil Foci of Anthrax on the
Territory of the Russian Federation."

The database "Stationary Hazardous Areas of An-
thrax on the Territory of the Russian Federation" is an
MS Excel workbook with the following structure: sum-
mary data on SHA in the territory of Russia and infor-
mation on the presence and characteristics of SHA in
the subjects of the Russian Federation.

The SHA EDB for each subject has the following
structure:

1) data on SHA in accordance with the Cadastre
[5]: subject of the Russian Federation, administrative
district, municipal formation, populated area;

2) updated data on SHA with an indication of the
current status of SHA (existing, former/liquidated set-
tlement, incorporated into another settlement, renamed,
etc.): subject of the Russian Federation, administrative
district, municipal formation, settlement;

3) information on SHA activity: years of SHA ac-
tivity manifestations;

4) information on the morbidity of animals and
humans;
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5) geographical coordinates of the SHA location.

The EDB "Soil Foci of Anthrax in the Territory of
the Russian Federation" is a MS Excel workbook that
includes summarized information about anthrax soil fo-
ci (AB, “pestilence fields ) and data on the presence
and characteristics of anthrax soil foci in the subjects
of Russia.

The EDB of soil foci for each subject has the fol-
lowing structure:

1) updated data on the AB (“pestilence fields ”):
subject of the Russian Federation, administrative dis-
trict, municipal formation, populated area;

2) availability of a veterinary sanitary card for the
breeding farm;

3) years of animal burial (for AB), animal mortal-
ity (for the “pestilence fields *’);

4) type of soil focus: AB (earth pit, equipped an-
imal burial ground, Bekari biothermal pit, wooden log
cabin), “pestilence field ”;

5) method of animal disposal: not disposed of
(burial of animal carcasses), incineration (burial of ash
residue);

6) the number of buried/deceased animals by spe-
cies;

7) AB Square (“pestilence field ”);

8) Veterinary and sanitary condition of the AB:
fence, signboards, hill, moat;

9) presence of the AB in the flood zone: yes/no;

10) use of the AB: conserved/used;

11) administrative and economic affiliation of the
AB: presence of a land user (custodian);

12) characteristics of the AB SPZ : information on
the presence and size of the SPZ, economic use of the
regulated SPZ (within a radius of 1000 m): presence of
residential development, parks, recreational areas, live-
stock farms, cattle transit routes, planned construction
sites, exploration and extraction of mineral resources,
flood zones, etc.;

13) geographical coordinates of the location of the
AB (“pestilence field”).

Certificates of state registration have been ob-
tained for the developed databases of SHA and soil foci
in the subjects of the Russian Federation' 2.

Results

Results of the data update on anthrax
in the subjects of the Russian Federation

The EDB “Stationary Hazardous Areas of Anthrax
on the Territory of the Russian Federation” as of April
2025 contains updated information on the characteris-

! Database "Permanently affected by anthrax sites in the territory

of the Russian Federation", certificate of state registration dated
08/01/2024 No. 2024623389.

Database "Soil foci of anthrax on the territory of the Russian
Federation", certificate of state registration dated 05.11.2024 No.
2024624926.
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tics and locations of 32,566 SHA (Table 1).

In the subjects of the Russian Federation as a
whole, 4795 fewer SHA have been updated compared
to the Cadastre data [5]. The number of accounted SHA
in most subjects of Russia in the Central, Northwestern,
Volga and Ural federal districts is less than the number
of SHA indicated in the Cadastre [5]. An increase in the
number of SHA has been identified in several subjects
of the Southern, North Caucasian, Siberian and Far
Eastern federal districts.

In 18 subjects of the Central Federal District,
7969 SHA have been updated. Compared to the Cadas-
tre [5], the number of SHA decreased by 2458 points.
The highest number of SHA (over 700 points) were re-
corded in the Oryol (759 SHA), Voronezh (781) and
Ryazan (840) regions. From 2000 to 2024, 35 SHA
were active in 7 subjects of the Central Federal District:
in Voronezh (12 SHA), Kursk (10), Tambov (5), Bel-
gorod (4), Tula (2), Oryol (1) and Ryazan (1) regions.
Geographical coordinates of the locations have been
established for 7810 (98%) SHA.

In the Northwestern Federal District, out of 2148
SHA [5], information on 1500 SHA has been updated
in 10 out of 11 subjects, and there are no registered
SHA in the federal city of St. Petersburg. The major-
ity of SHA are recorded in the Novgorod (772 SHA)
and Vologda (435) regions, while the fewest are in the
Nenets Autonomous District (16), Kaliningrad (3) and
Murmansk (2) regions. Since 2000, anthrax infection
has not been observed in the Northwestern Federal Dis-
trict. Geographical coordinates are known for 98.6% of
SHA in the Northwestern Federal District.

In the Southern Federal District, information has
been updated on 2,589 SHA located in all subjects, ex-
cept for the city of federal significance Sevastopol. The
number of SHA exceeded the Cadastre data [5] by 136
points, which is primarily due to the inclusion of the
Republic of Crimea in the Southern Federal District,
where 211 SHA are accounted for, as well as the in-
crease in the number of SHA in the Volgograd region
(from 719 to 727), the Republic of Kalmykia (from
79 to 99), and the Republic of Adygea (from 74 to 75).
The maximum number of SHA was recorded in the Ros-
tov region — 797 points. In the Southern Federal Dis-
trict, manifestations of the infection were registered in
35 SHA from 2000 to 2016, with a relatively larger
number in the Rostov region (11 SHA active in 2000,
2002, 2003, 2005-2007, 2010, 2014). Geographical
coordinates have been determined for the majority of
SHA (96.6%), and in the republics of Kalmykia (99
SHA) and Crimea (211), for all points.

In all 7 subjects of the North Caucasian Feder-
al District, 1256 SHA have been recorded, which is
31 points more than in the Cadastre [5]. Since 2000,
the infection has been detected in 49 SHA across 5 re-
gions, during this period, anthrax was only absent in the
Kabardino-Balkar and Karachay-Cherkess republics.
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Table 1. Summary data on updated SHA in the Russian Federation
Number of Number of SHA Number of SHA Number of
Number of SHA Number of SHA with with information with information SHA with known
Federal ; ) : . .
District according to the SHA according manlfest.a.tlons abqut cases abo.ut cases gquraphlcal
Cadastre [5] to the updated data of activity of disease in of disease in coordinates of the
since 2000 animals humans locations

Central 10,427 7969 35 1549 111 7810
Federal

District

Northwestern 2148 1500 - 63 9 1479
Federal

District

Southern 2453 2589 35 953 172 2500
Federal

District

North 1225 1256 49 919 547 1234
Caucasian

Federal

District

Volga Federal 13113 10,947 32 4001 804 10,511
District

Ural Federal 2096 1945 4 187 2 1896
District

Siberian 4766 4990 24 2942 168 3643
Federal

District

Far Eastern 1133 1370 5 466 118 1093
Federal

District

Total 37,361 32,566 184 11,080 1931 30,166

In the Republic of Dagestan, the predominant number
of SHA in the North Caucasian Federal District was
recorded — 516 (41%), of which 25 outbreaks of the
disease were active in 23 SHA from 2000 to 2022. In
the Stavropol Krai, out of 361 SHA from 2001 to 2022,
10 outbreaks were registered at 10 points. Overall, the
geographical coordinates of the locations have been
determined for more than 98% of SHA in the North
Caucasian Federal District (in the Republic of Ingushe-
tia and the Kabardino-Balkar Republic — for 100%
of SHA).

In the Volga Federal District (a total of 14 sub-
jects), the number of hazardous production facilities
decreased by 2,166 — 10,947 SHA were updated. The
reduction in the number of recorded SHA is most pro-
nounced in the Kirov region (from 1275 to 534 SHA),
the Republic of Bashkortostan (from 1587 to 1292),
the Orenburg region (from 1064 to 822), and the Uly-
anovsk region (from 608 to 372). More than 60% of
all SHA in the Volga Federal District are localized in 5
subjects: Nizhny Novgorod Region (1893), the Repub-
lic of Tatarstan (1320), the Republic of Bashkortostan
(1292), the Chuvash Republic — Chuvashia (1231),
and Saratov Region (1040). At the same time, in the
Republic of Tatarstan, the number of SHA exceeds the
Cadastre data [5] by 111 points. Since 2000, anthrax
has been observed in 32 SHA, with the highest activi-
ty recorded in 2000-2014 in the Republic of Tatarstan

(12 outbreaks in 10 SHA); 1-6 SHA were active in 7
subjects of the Volga Federal District. The coordinates
of the locations have been established for 96% of the
SHA in the Volga Federal District.

In the Ural Federal District, 1945 SHA have been
updated in 6 subjects, which is 151 SHA fewer than in
the Cadastre [5]. The overwhelming majority of SHA
are noted in the Tyumen region (952 SHA; 49%), fol-
lowed by Sverdlovsk (372), Kurgan (317), and Chel-
yabinsk (255) regions. In the Yamalo-Nenets Auton-
omous District, the number of SHA increased from 8
to 29. The smallest number of SHA was recorded in
the Khanty-Mansi Autonomous District — Ugra —
20 (1%) SHA. The latest instances of anthrax were
recorded in Chelyabinsk Region (in 2009 — 1 SHA)
and Yamalo-Nenets Autonomous District (in 2016 —
3 points). Geographical coordinates have been deter-
mined for 97.5% of the district areas.

In the Siberian Federal District, 4,990 SHA have
been accounted for—the current number of SHA ex-
ceeds the Cadastre data [5] by a total of 253 in 8 out
of 10 subjects; a decrease in the number of SHA has
been recorded in the Republic of Tyva (from 175 to
156 SHA) and Kemerovo Region (from 161 to 151).
The highest number of SHA was recorded in Altai Krai
(1363) and Omsk Region (1175), while the lowest was
in the Altai Republic (61). Outbreaks of anthrax after
2000 occurred in the Republic of Tuva (10 active an-
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thrax foci; 11 outbreaks), Altai Krai (9; 9), Omsk Re-
gion (3; 3), and Krasnoyarsk Krai (2; 3). The geograph-
ical coordinates of 73% of the SHA in the Siberian Fed-
eral District have been established.

The Far Eastern Federal District consists of 11
subjects, among which manifestations of anthrax have
historically not been registered only in the Magadan re-
gion and the Chukotka Autonomous District. In total, as
a result of the update, 1370 SHA have been accounted
for in the Far Eastern Federal District (1133 according
to Cadastre data [5]). An increase in the number of SHA
was noted in 5 subjects, a match in 3, and a decrease in
1 (Khabarovsk Krai — from 46 to 41 SHA). The high-
est proportion of SHA (more than 60% of points) was
identified in the Sakha Republic (Yakutia) (400 SHA)
and the Zabaykalsky Krai (454). In 2002, 2007 and
2008, Yersinia pestis manifested in the Zabaykalsky
Krai (2 active foci; 2 outbreaks) and the Republic of
Buryatia (3; 4). Geographic coordinates are known for
80% of SHA.

Results of the data update regarding anthrax soil foci
in the subjects of the Russian Federation

The EDB "Soil Foci of Anthrax in the Territory of
the Russian Federation" as of April 2025 includes up-
dated information on 3314 anthrax soil foci: 3185 AB
and 129 “pestilence fields” (Table 2).

Data analysis showed that the number of registered
AB in the subjects of the Russian Federation is 930

ORIGINAL RESEARCHES

lower compared to the information in the List [6—10]
due to a decrease in the number of recorded infectious
diseases in most subjects of the Central Federal Dis-
trict, Southern Federal District, North Caucasian Feder-
al District, Volga Federal District, Ural Federal District
and Far Eastern Federal District. In certain subjects of
the Northwestern Federal District and the Siberian Fed-
eral District, an increase in the number of registered AB
has been noted. There is information about 129 “pesti-
lence fields” in the Russian Federation.

In 13 subjects of the Central Federal District,
534 AB have been updated, which is 126 fewer than
the data in the List [7]. The decrease in the number of
AB in the Central Federal District is due to the removal
of AB from the registry. Thus, in the Voronezh region,
all 81 AB were removed from the registry, 50 of which
had custodians, after receiving negative laboratory test
results for the presence of anthrax in individual soil
samples taken from the AB. They were also removed
from the regional registers of AB in the Belgorod (14),
Kostroma (13), Kursk (13) and Tver (10) regions. AB
are not listed in the Ryazan, Smolensk, Tambov and Tu-
la regions.

The highest number of registered AB is in the
Kursk (146), Tver (143), and Belgorod (71) regions.
Fewer than 10 AB are registered in the Yaroslavl (4),
Kaluga (3), Bryansk (1) regions, and in the city of Mos-
cow (1). The number of registered AB in the Central
Federal District increased compared to the data from

Table 2. Basic data on updated anthrax soil foci in the Russian Federation

= o 9 Method of animal s o 5 £
5= | 58 | & disposal >4 o £8 SoT B
8T | g8 | & 0fsf | off 3% £8% |g:ES
S 0 o ® < Lgo® =0 ol 28%E |28%a
o = T o O A 5 o % 59> 50> m 3 neEg |=24¢
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o [ol=] = [0} =0 C® 2 EQ.Q-(D = . CC »w OC')__O
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EC | Eg | 5 |2a0®8] §2° g&o g 53 EE2 |Eg3
2 2 z < c '§ Z o z :@ Z
Central Federal 660 534 - 156 286 427/42 64 140/394 325 533
District
Northwestern 112 115 50 27 87 109/1 3 95/20 93 163
Federal District
Southern Federal 210 112 - 1 111 50/0 62 91/21 55 112
District
North Caucasian 278 238 - 26 212 84/20 134 4/234 343 112
Federal District
Volga Federal 2197 1742 - 426 1170 1519/0 223 1468/274 470 1738
District
Ural Federal 185 123 39 8 102 70/0 53 49/74 49 162
District
Siberian Federal 162 180 40 12 152 143/36 1 144/36 89 219
District
Far Eastern 311 141 - 10 102 28/30 83 21/120 86 128
Federal District
Total 4115 3185 129 666 2222 2430/129 623 2012/1173 1510 3167
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the List [7] in the Moscow (from 37 to 41) and Bryansk
(from O to 1) regions.

According to the available data, 286 (53.6%) AB
contain ash residues after the incineration of livestock
that died from anthrax, in 156 (29.2%) AB the carcasses
of animals are buried, and for 92 AB, information on
the burial method is absent. Data analysis showed that
compliance of the AB with the veterinary and sanitary
regulations content was noted for 427 (80%) AB, par-
tial compliance for 8% of the burials, and non-compli-
ance for 12%. However, the majority of AB in the dis-
trict (394 AB; 73.8%) do not have economic affiliation,
including all 143 AB in Tver, all 17 AB in Lipetsk, 138
out of 146 in Kursk, 49 out of 51 in Ivanovo, 39 out of
41 in Moscow, 6 out of 71 in Belgorod, and 2 out of
24 in Vladimir regions. The risk of being in a poten-
tial flooding zone has been identified for 5 burials: 3 in
the Kursk region and 2 in the Ivanovo region. The geo-
graphical coordinates of the locations are known for all
the burial sites, except for one AB in the Kursk region.

Economic use of the territory at a distance of 1000
m from the AB has been determined for half of the buri-
al sites (50.9%) — near 149 AB there are residential
buildings and recreational areas, 123 AB have livestock
farms, pastures, etc., and 53 are flood-prone areas. The
SPZ has been established for 81 AB in the Belgorod
(70), Tver (8), Yaroslavl (2), and Bryansk (1) regions.

In the territory of 9 out of 11 subjects of the North-
western Federal District, 115 AB have been registered,
which is 3 more than in the List [6]: the number of AB
increased from 25 to 30 in the Pskov region, while there
was one less burial site in the Republic of Karelia and
the Leningrad region. The overwhelming majority of
AB in the district are located in Vologda (42), Pskov
(30), and Arkhangelsk (24) regions, with isolated sites
recorded in the Republic of Karelia (7), Novgorod (4),
and Murmansk (3) regions, the Republic of Komi (2),
Kaliningrad (2), and Leningrad (1) regions. The AB is
absent in the federal city of St. Petersburg and the Ne-
nets Autonomous District. Information has also been
obtained about 50 “pestilence fields ” in the territory
of the Nenets Autonomous District, which formed be-
tween 1880 and 1934 during the course of epizootics of
the disease.

According to the provided information, ash resi-
dues are buried in 87 (75.7%) AB, unutilized carcass-
es in 27 (23.5%) AB; data on the burial method is un-
known for 1 AB in the Republic of Karelia. According
to the available data, 96% of the AB in the Northwest-
ern Federal District fully or partially comply with the
content of the veterinary and sanitary regulations, while
3 burial sites in the Pskov (2) and Vologda (1) regions
do not comply. The presence of a custodian has been
established for the majority (82.6%) of the facilities (95
AB), while its absence has been noted for 20 (Arkhan-
gelsk region — 13, Republic of Karelia — 6, Vologda
region — 1). On the territory at risk of flooding, there

is 1 burial site in the Vologda region. Geographical co-
ordinates are known for 98.3% of the AB and 100% of
the “pestilence fields ™.

Within a radius of 1000 meters from 67 AB, the
presence of residential development and recreation-
al areas has been identified, from 23 AB — livestock
farms, and from 1 AB — a flood-prone area. SPZ are
defined only for 2 AB in the Arkhangelsk and Vologda
regions.

In the Southern Federal District, 112 AB have
been updated in 5 out of 8 subjects, with the highest
number in the Rostov Region (78), as well as in the
Astrakhan Region (15), the Republic of Crimea (13),
the Republic of Kalmykia (5), and Krasnodar Krai (1).
The removal from the registry of all 114 burial sites in
the Republic of Adygea, as well as 1 burial site in the
Republic of Kalmykia, resulted in a nearly twofold de-
crease in the number of burials in the Southern Federal
District compared to the information in the List [6], ac-
cording to which 210 burial sites were registered in the
Southern Federal District (excluding burials in the Re-
public of Crimea due to the release of List [6] in 2011).
The absence of registered AB is also indicated for the
Volgograd region and the federal city of Sevastopol.

According to the provided information, almost
all (99%) AB in the Southern Federal District contain
the burial of ash residues after the incineration of fall-
en livestock, except for one AB in the Krasnodar Krai
with the burial of an unprocessed animal carcass. Fifty
(44.6%) AB comply with veterinary and sanitary stan-
dards; among the 62 AB that do not comply with veteri-
nary and sanitary regulations, 55 (88.7%) AB are locat-
ed in the Rostov region. Administrative and economic
affiliation has been determined for 91 (81.3%) AB: 75
(96%) burials in the Rostov region, 13 (100%) AB in
the Republic of Crimea, 2 AB in the Astrakhan region,
and 1 AB in the Krasnodar region. Geographical coor-
dinates are known for 100% of the burial sites.

The presence of residential buildings and parks
has been identified within the one-kilometer zone of 39
AB, livestock farms within 15 AB, and flood-prone ar-
eas within 1 AB. Buffer zones have been established for
3 AB in Astrakhan Region and 1 AB in Rostov Region.

In the North Caucasian Federal District, 238
hazardous AB have been identified in 5 out of 7 sub-
jects. Overall, the number of AB in the North Caucasian
Federal District has decreased by 40 burial sites com-
pared to the List [6], which is related to the removal of
45 AB from the registry in the Stavropol Krai (a de-
crease from 75 to 30) and the inclusion of 5 previously
unaccounted AB in the regional registers of supervised
facilities: 2 in the Karachay-Cherkess Republic (0/2),
and 3 in the Republic of North Ossetia-Alania (139 out
of 142). The number of AB remained unchanged in the
Kabardino-Balkar Republic (62) and the Republic of
Dagestan (2). In the Chechen Republic and the Repub-
lic of Ingushetia, the anthrax is not accounted for.
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Ash residues are contained in 212 (89%) of the 4
subjects. The unutilized carcasses of livestock that died
from the infection are buried in 24 AB of the Stavropol
Krai and 2 AB of the Republic of Dagestan.

Compliance of the AB with the standards of the
veterinary and sanitary regulations was determined for
84 (35.3%) AB — all AB located in the Republic of
Dagestan, Kabardino-Balkar, and Karachay-Cherkess
republics, and for 18 (60%) AB in the Stavropol Krai.
Partial compliance was established for 20 (8.4%) AB:
17 (12%) in the Republic of North Ossetia-Alania, and
3 (10%) in the Stavropol Krai. 134 (56.3%) of the AB
do not comply with the veterinary and sanitary regula-
tions: the overwhelming majority of the burials are in
the Republic of North Ossetia-Alania (125 out of 142;
88%) and 9 (30%) in the Stavropol Krai. In the North
Caucasian Federal District, there are 4 AB sites with
custodians (2 each in the Republic of Dagestan and the
Karachay-Cherkess Republic). In the area of potential
flooding, there are 2 burial sites located in the Kab-
ardino-Balkar Republic. The exact geographical coor-
dinates have been determined for 112 (47.1%) of the
AB in the district.

Within a radius of 1000 meters from 176 AB, res-
idential development has been identified, from 162 —
livestock enterprises, pastures, from 3 — flood zones.
SPZ are established only for 11 (4.6%) AB in the Stav-
ropol Krai (8), the Republic of Dagestan (2), and the
Karachay-Cherkess Republic (1).

In the Volga Federal District, 1742 AB are cur-
rently accounted for, located in 12 out of 14 subjects.
The number of burials has decreased by 455 compared
to the data in the List [10], which contains information
about 2197 AB. The decrease in the number is due to the
removal of 483 AB from the records: 345 in the Chu-
vash Republic, 102 in the Mari El Republic, 33 in the
Kirov region, 2 in the Penza region, and 1 in the Oren-
burg region. The number of registered AB increased in
the Republics of Mordovia (by 23) and Tatarstan (by 4),
and in the Udmurt Republic (by 1).

The territorial distribution of AB is as follows: the
majority of AB are accounted for in the Republics of
Tatarstan (808) and Mordovia (250), Nizhny Novgorod
Region (231), Udmurt Republic (101), Penza Region
(84), Perm Krai (79), Chuvash Republic — Chuvashia
(52); followed by Ulyanovsk Region (39), Republic of
Mari E1 (37), Kirov Region (34), Orenburg Region (24),
and Samara Region (3). In the Republic of Bashkorto-
stan and Saratov Region, no AB have been registered.

The majority (67.1%) of AB are characterized by
the burial of ash residues, 24.5% by the burial of corps-
es of domestic animals, and for 8.4% of AB, informa-
tion about the nature of the burial is absent. Non-com-
pliance with the veterinary and sanitary regulations has
been established for 223 (12.8%) AB in the district,
while 1519 (87.2%) AB comply with the maintenance
regulations. A significant portion of the AB (84.3%) has
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administrative and economic affiliation. All 250 AB in
the Republic of Mordovia, 11 in the Orenburg region,
10 in the Kirov region, and 3 in the Samara region (a to-
tal of 274 AB) are unowned. Five burials in the Nizhny
Novgorod region and three in the Republic of Mari El
are at risk of flooding. Geographic coordinates have
been determined for 99% of the AB in the Volga Feder-
al District, and are unknown for 4 burials (2 each in the
Republic of Tatarstan and Penza Region).

Economic use of the territories adjacent to the
burial sites within a radius of 1 km has been determined
for 406 AB, and flood-prone areas for 43. SPZ have
been established for 69 AB, 45 of which are located in
the Republic of Tatarstan.

The information on the presence of 123 burials
across all 6 subjects of the Ural Federal District has
been updated, which is 62 fewer than in the List [8].
The decrease in the number of AB was recorded only
in the Tyumen region, where 72 out of 74 burials were
removed from the registry. An increase in the number
of registered cases of anthrax was noted, primarily
due to the formation of 9 cases in Yamal-Nenets Au-
tonomous District during the largest anthrax epizoo-
tic among reindeer in 2016 (an increase from 0 to 9),
as well as the registration of 1 case in Kurgan Region
(an increase from 20 to 21). The number of registered
AB in the other subjects of the Ural Federal District
remained the same: Sverdlovsk Region — 72, Chelya-
binsk Region — 17, Khanty-Mansi Autonomous Dis-
trict — Ugra — 2. In addition to the anthrax outbreaks,
the location of 39 “pestilence fields ”” formed since 1908
during anthrax epizootics among reindeer, which cover
more than 8 million hectares of the Yamalo-Nenets Au-
tonomous District.

According to the available information, 83% of
AB contain ash residues, 8 AB in the Sverdlovsk re-
gion have unprocessed carcasses, and data is missing
for 13 burials. Compliance with the veterinary and san-
itary regulations has been established for 57%, while
53 (43%) AB in the Sverdlovsk (49), Chelyabinsk (3),
and Kurgan (1) regions do not comply with the veteri-
nary and sanitary regulations. A significant number (74
out of 123 AB; 60%) are abandoned, including 49 AB in
Sverdlovsk Region, 16 in Kurgan Region, and 9 in the
Yamalo-Nenets Autonomous District. In the area of
potential flooding, 1 contaminated site is located in the
Sverdlovsk region. Geographical coordinates are known
for 100% of the soil sites in the Ural Federal District.

Within a radius of 1000 meters from 43 AB, eco-
nomic use of the territories has been noted, and a flood-
ing zone is present near 5 burials. SPZ have been estab-
lished for 14 (11.4%) AB in the Kurgan (6), Sverdlovsk
(6), and Chelyabinsk (2) regions.

In 7 out of 10 subjects of the Siberian Federal
District, 180 burials have been accounted for, which is
18 more than the number of AB indicated in the List
[9], due to the registration of 10 AB in the Republic of
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Tuva, 6 in the Altai Krai, and 2 in the Irkutsk Region.
The overwhelming majority (103) of the AB facilities
are located in Kemerovo Region, 26 in Altai Krai, 15
each in Krasnoyarsk Krai and Irkutsk Region, 11 in the
Republic of Tuva, and 9 in Novosibirsk Region. Burials
have not been registered in the Altai Republic, Omsk,
and Tomsk regions. In the Krasnoyarsk Territory, in ad-
dition to burials, 40 “pestilence fields ” with a total area
of over 4500 hectares, formed during epizootics among
reindeer in the Taymyr region from 1904 to 1967, are
also accounted for.

A significant portion of the AB (152 AB; 84.4%) is
characterized by the burial of ash residues, in 12 AB of
the Krasnoyarsk Krai, the carcasses of fallen livestock
are buried, and burial conditions for 16 AB are not es-
tablished. For 99% of the AB in the district, full (143)
and partial (36) compliance with the veterinary and
sanitary regulation is indicated, and geographical coor-
dinates are known; 1 AB in the Kemerovo region does
not comply with the maintenance regulations. Most of
the AB in the Siberian Federal District (144 AB; 80%)
have custodians; 36 AB have been identified without
economic affiliation. In the flood zone, there is 1 AB in
the Altai Territory.

The presence of residential development in the
adjacent one-kilometer zone has been identified for 65
AB, livestock farms for 20 AB, and flooded areas for
4 AB. SPZ have been established for 114 (63.3%) AB
in the territories of Kemerovo (103), Novosibirsk (8)
regions, and Krasnoyarsk Krai (3).

There are 141 AB located in 6 out of 11 subjects of
the Far Eastern Federal District, which is 170 fewer
than the information in the List [7], which contains data
on 311 AB. Changes in the number of burials affected
7 subjects of the district. As a result of the review and
analysis of data, due to the lack of information on the
exact location of the AB, the number decreased by 268:
in the Republic of Sakha (Yakutia) — by 239 (from
275 to 36), in the Jewish Autonomous Region — by
19 (from 22 to 3), in Primorsky Krai — by 9 (from 12
to 3), in Sakhalin Region — by 1 (from 1 to 0). The
number of registered cases of anthrax increased in the
Zabaykalsky Krai by 81 (from 0 to 81), in the Repub-
lic of Buryatia by 16 (from 1 to 17), and in the Kam-
chatka Krai by 1 (from 0 to 1). AB are absent in the
Khabarovsk Krai, Amur, Magadan, Sakhalin regions,
and the Chukotka Autonomous District.

Burials of ash remains were noted in 102 (72.3%)
AB, corpses of livestock in 10, and information re-
garding 29 AB is absent. For the majority of AB (83;
59%), a discrepancy in the content of veterinary and
sanitary regulations was identified—predominantly in
the Trans-Baikal Territory (43) and the Sakha Repub-
lic (Yakutia) (33), as well as in the Republic of Bury-
atia (4) and the Primorsky Territory (3). Most of the
Far East District burials (120; 85%) are unclaimed. The
presence of a custodian has been established only for

21 AB in 4 regions (Republic of Buryatia — 12, Zaba-
ykalsky Krai, Primorsky Krai, and the Jewish Autono-
mous Region — 3 each). Two burial sites in the Repub-
lic of Buryatia and the Jewish Autonomous Region are
located in areas prone to possible flooding. Geograph-
ical coordinates are known for 128 (91%) burial sites,
while the exact location is unknown for 13 burials in
the Sakha Republic (Yakutia).

Within a radius of 1000 meters from 71 AB, the
presence of livestock enterprises has been identified,
from 11 — residential development, from 3 — flood
zones. In the Far Eastern Federal District, there are no
AB with established SPZ.

Discussion

The update of data on anthrax in Russia allowed
for the characterization of over 85% of SHA from the
number of sites presented in the Cadastre [5], with in-
formation on the geographical coordinates of 92.6% of
updated SHA located in 81 out of 85 subjects.

The decrease in the number of SHA was noted in
51 subjects, in 13 of which by more than 100 points,
among which the most significant difference was deter-
mined in 3 regions (Smolensk region — a decrease of
941 SHA, Kirov region — 741, Oryol region — 523).
The decrease in the number of SHA is due both to the
liquidation of several settlements and their merger with
others, as well as to the fact that SHA are not only set-
tlements but also livestock farms, pastures, etc., where
outbreaks of anthrax were registered at least once, and
the impossibility of restoring information about the lo-
cation of these previously hazardous and abolished en-
terprises of various forms of ownership.

The excess number of SHA compared to the Ca-
dastre [5] has been established in 22 subjects, with the
maximum difference in the Republics of Sakha (Yaku-
tia) (by 129) and Tatarstan (by 111). The database also
includes information about unfavorable points in the
Republic of Crimea, which are not present in the Ca-
dastre [5]. According to archival materials, anthrax was
not registered during the entire observation period in 4
subjects of the Russian Federation: Magadan Region,
Chukotka Autonomous District, the city of federal sig-
nificance Saint Petersburg, and Sevastopol.

In the process of updating, a characterization of
3185 AB located in 63 subjects of Russia (including the
Republic of Crimea) and 129 “pestilence fields ” in 3
northern regions (Nenets Autonomous District, Yama-
lo-Nenets Autonomous District, Krasnoyarsk Krai) was
obtained. The geographical coordinates of the locations
have been determined for more than 95% of the burials
and 100% of the “pestilence fields ”.

The analysis of data on AB identified a number
of problematic issues. First and foremost, a decrease
in the number of registered AB by 1,116 has been es-
tablished, due to the removal of hazardous production
facilities from the registry in 20 subjects. A significant
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decrease in the number of registered AB was noted in
6 regions, including the Chuvash Republic (Chuvashia)
(a decrease of 345 AB), the Sakha Republic (Yaku-
tia) (239), the Mari El Republic (102), Tyumen Re-
gion (72), Stavropol Krai (45) and Kirov Region (33).
A decrease in the number of registered cases of AB was
also identified in the Jewish Autonomous Region (by
19), Belgorod Region (by 14), Kostroma and Kursk
Regions (by 13 each), Tver Region (by 10), Primorsky
Krai (by 9), Penza Region (by 2), as well as 1 case each
in the Republics of Kalmykia and Karelia, and in Len-
ingrad, Orenburg and Sakhalin Regions. Moreover, all
registered AB were removed from the regional registers
in the Republic of Adygea (114) and Voronezh Region
(81). It is also known that even before the issuance of
the List [6, 7], all 53 AB registered in the territory of
20 districts of the Volgograd region [17] and all 168
burial sites in the Tula region were removed from the
records. The exclusion of AB from the lists of regional
registers occurred in accordance with the resolutions of
regional governments, veterinary departments (com-
mittees, agencies) on the liquidation of unused animal
burial grounds in the territories of the subjects, consid-
ering that the burial sites of the ash remains of animals
that died from anthrax do not pose a danger and are not
AB. However, retrospectively establishing the fact of
burning the carcasses of anthrax-infected animals to an
epidemiologically safe inorganic residue is not feasi-
ble, nor is the burning of the carcasses of animals that
died from anthrax to ash using improvised means, as
practice shows that at the site of the documented burial
of ash residues, unburned bone fragments of livestock
are often found. The decrease in the number of AB was
also due to their removal from the records because of
the lack of data on their exact location.

It has been shown that more than 36% of AB do
not have administrative or economic affiliation, and
20% of AB do not comply with the veterinary and san-
itary regulations. Localization in areas at risk of flood-
ing has been identified for 20 AB, and the presence of
a flooding zone within the adjacent territory has been
identified for 113. Economic use of land plots within a
radius of 1000 meters from several burial sites has been
identified: the presence of residential buildings and rec-
reational areas — 892 (28%) AB, livestock enterprises
and pastures — 478 (15%) AB; adjacent territories of
27 AB are planned for development.

The results of the data analysis confirmed the ab-
sence of a correlation between the number of SHA —
markers of the presence of soil foci of anthrax — and
the number of cases of Yersinia pestis infection. Thus,
in the administrative territories of 31 subjects, with the
presence of 14,884 SHA registering multiple manifes-
tations of the infection, only 552 AB were recorded.
In 18 subjects, with 8,025 SHA where more than 21.5
thousand anthrax outbreaks were registered, AB were
not recorded at all: Omsk region (1,175 SHA), Sara-
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tov region (1,040), Ryazan region (840), Voronezh re-
gion (81), Volgograd region (27), Tambov region (699),
Smolensk region (572), Tomsk region (271), Tula region
(155), Amur region (114), Sakhalin region (3), Repub-
lic of Bashkortostan (1,292), Republic of Adygea (75),
Republic of Altai (61), Republic of Ingushetia (21),
Chechen Republic (142), Khabarovsk Krai (41), Nenets
Autonomous District (16), which indicates the presence
of a significant number of unreported AB in Russia.

Conclusion

As a result of extensive information systematiza-
tion, databases of anthrax foci and soil infection foci
have been created for the first time, containing updat-
ed information on the characteristics and locations of
32,566 anthrax foci and 3,314 soil infection foci (3,185
anthrax foci and 129 “pestilence fields ) in the Russian
Federation. The obtained data on anthrax SHA and soil
foci will serve as a fundamental resource for enhancing
the level of information support, the effectiveness of
epizootiological-epidemiological monitoring, and the
prevention of anthrax in the territories of the subjects of
the Russian Federation.

Data analysis allowed for the assessment of cur-
rent epidemiological risks associated with soil foci of
anthrax. The facts of the practically ubiquitous pres-
ence of a significant number of unreported AB, the
removal of AB from the records, the lack of reliable
locations for accounted AB, the presence of unowned
and non-compliant with veterinary and sanitary regula-
tions AB, as well as the existence of “pestilence fields ”
in the northern regions of Russia against the backdrop
of incomplete accounting and coverage of susceptible
livestock with immunization, maintain a constant po-
tential risk of complicating the epizootiological and ep-
idemiological situation regarding AB.

The methods of solving these problems consist,
first and foremost, of implementing measures aimed at
eliminating removable (social) risk factors, including:

« arrangement of the AB in accordance with reg-
ulatory requirements using administrative re-
sources;

* ensuring regular supervision of the veterinary
and sanitary condition of the AB;

* establishment of the AB SPZ;

* prevention of removal from registration and lig-
uidation of AB; restoration in regional registers
of AB excluded from the list of supervised sites,
implementation of a comprehensive set of su-
pervisory activities;

* the use of information on the localization of
“pestilence fields ” in planning exploratory work
and mineral extraction;

* the adoption of additional measures for the live-
stock census and annual vaccination of livestock;

* provision of specific immunization for at-risk
groups.
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Phylogeny of Yersinia pestis strains of the 4.ANT lineage
from the Tuva mountains and adjacent plague foci
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Abstract

Introduction. The Tuva mountain plague focus (TMPF) in Russia has been continuously epizootically active
since its discovery in 1964. The strains of Yersinia pestis isolated in this focus belong to the phylogenetic lineage
4.ANT of the antique biovar of the main subspecies. They are highly virulent and epidemically significant. The use
of modern molecular genetic technologies will make it possible to determine the population structure of 4 ANT
strains in the TMPF.

The aim of the study was to analyze the phylogenetic and population structure of Y. pestis strains of the 4 ANT
lineage from the TMPF according to the data of whole-genome SNP (single nucleotide polymorphism) typing and
MLVA25 (multiple locus variable number tandem repeats analysis) typing.

Materials and methods. Whole-genome nucleotide sequences of 68 Y. pestis strains, including 60 strains of the
4.ANT lineage, were analyzed. Sequencing of strains was performed on the MGI platform. SNP-analysis was
performed by sequence alignment in the Snippy v. 4.6 program with subsequent construction of a Maximum Like-
lihood dendrogram based on the identified core SNPs in the SeaView program. SNPs, being markers for strains
of the 4. ANT lineage, were detected using the MEGA11 program. MLVA-genotyping of Y. pestis strains of the
4.ANT lineage was performed by searching loci and then counting the number of tandem repeats in the Tandem
Repeats Finder program. MLVA-dendrogram construction was performed by UPGMA method in the BioNumerics
v. 7.6.3 program.

Results. According to SNP-analysis of Y. pestis strains of lineage 4.ANT from the TMPF, the presence of
4 phylogeographic groups was established: T1 (Saglinsky, Tolaylyg and Barlyk mesofoci, 1971-1987), T2
(Karginsky mesofocus, 2014-2024), T3 (Karginsky mesofocus, 1977-2009), T4 (Karginsky, Tolaylyg and
Boro-Shai mesofoci, 2006—2013). Eight MLVA-genotypes of strains of 4.ANT lineage from Tuva and variable
VNTR loci were identified: yp71290ms04, yp1935ms05, yp0559ms15, yp4042ms35, yp4425ms38, yp1108ms45,
yp4280ms62, yp1580ms70.

Discussion. Among the strains analyzed, the earliest representatives of the 4.ANT branch are strains of the T1
cluster from the TMPF. The population of strains from the Altai Mountains and Mongolia and the population of
strains from the TMPF (1977-2024) are represented as separate sub-branches on the tree. The latter population
is represented by polytomy and is characterized by pronounced clustering according to the spatial and temporal
principle.

Conclusion. The presence of 4 main phylogeographic groups in the population of 4. ANT lineage in the TMPF was
determined and genetic differences between them were established, which can be used for in-depth molecular-
genetic differentiation and typing of Y. pestis strains in this focus.

Keywords: plague, Yersinia pestis, Tuva mountain focus, SNP analysis, MLVA typing
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AHHOMauus

BeeaeHue. TyBUHCKUI ropHbIv odar Yymbl (TFTOY) B Poccun ¢ momeHTa ero oTkpbiTis B 1964 1. nposBnsaer nocTto-
SIHHYIO 3MM300TMYECKYI0 aKTUBHOCTb. LLITammbl Yersinia pestis, BolgensieMble B 3TOM o4are, OTHOCATCSt K domno-
reHeTnyeckon nuHmum 4. ANT aHTnyHoro 6roBapa ocHoBHOro noasunaa. OHU BbICOKOBUPYNEHTHBI U AMMOEMUYECKN
3Ha4MMbl. icnonb3oBaHne COBPEMEHHbIX MOMNEKYNSIPHO-TEHETUYECKMX TEXHOMOIMIM NO3BONUT ONpeaenuTb nomny-
NSAUMOHHYI0 CTPYKTYpY wtammos 4.ANT B TIOM.

Llenb nccnegoBaHus — OUNOreHETUYECKUN U MONYNAUMOHHLIA aHanu3 wrtaMmmoB Y. pestis nuHun 4. ANT u3
TIOY no pgaHHbIM nonHoreHoMHoro SNP-Tunuposanus (single nucleotide polymorphism) n MLVA25-tunuposa-
Hus (multiple locus variable number tandem repeats analysis).

MaTtepuanbl U meToabl. VIcnonb3oBaHbl MOMHOMEHOMHbBIE HYKMNEOTMAHbIE MocregoBaTensHocTM 68 wram-
MoB Y. pestis, Bkntovaa 60 wrammoB nuHumn 4. ANT. CekBeHMpOBaHME LUTAMMOB MPOBOAMIM Ha nnatgopme
MGI. SNP-aHanu3 BbINONHANM NyTEM BblpaBHMBAHWSA MNocnefoBaTenbHoCcTel B nporpamme «Snippy v. 4.6»
C nocnegywoLwmmM noctpoeHneM aeHgporpammbl Maximum Likelihood Ha ocHoBe BbisiBNEHHbIX kopoBbix SNPs
B nporpamme «SeaView». SNPs, mapkepHble Ans wraMMmoB nuHuM 4.ANT, BbISBRSNM Npy NOMOLLM Nporpam-
Mbl «t MEGA11». MLVA-reHoTMnupoBaHue wtammoB Y. pestis nuHum 4. ANT npoBoavnu nyTém nomcka foKycoB
C nocriegyrowmm noac4HETOM KonmyecTBa TaHAEMHbIX NOBTOPOB B nporpamme «Tandem Repeats Finder». NMo-
ctpoeHne MLVA-geHaporpammebl BbinonHsanyu metogom UPGMA B nporpamme «BioNumerics v. 7.6.3».
Pe3ynbratbl. [1o gaHHbiM SNP-aHanu3a wtammoB Y. pestis nuHum 4. ANT u3z TITOY yctaHoBneHO Hanuuue
4 cdwmnoreorpaduyeckux rpynn: T1 (Carnunckui, Tonanneirckuin n Bapnbikckuin mesoodarun, 1971-1987 rr.),
T2 (KapruHckuin mesoovar, 2014—2024 rr.), T3 (KapruHckuin mesoouar, 1977-2009 rr.), T4 (KapruHckui, Tonan-
neircknii n bopo-LLawckuin mesooyarn, 2006—2013 rr.). BeisiBneHbl 8 MLVA-reHOTMNOB WiTammoB nuHum 4 ANT 13
TyBbl 1 BapuabenbHble VNTR-nokycbl: yp1290ms04, yp1935ms05, yp0559ms15, yp4042ms35, yp4425ms38,
yp1108ms45, yp4280ms62, yp1580ms70.

O6cyxaeHune. Cpean LUITaMMOB, B35iTbIX B aHanu3, Haubonee paHHuMn npeactasutensimu seteu 4. ANT BbICTy-
natT wrammbl knactepa T1 13 TFTOY. OTaensHbIMM NOABETBSAMU HA AepeBe npeacTaBneHbl Nonynaums wram-
moB un3 lopHoro Antas n MoHronun n nonynsaumsa wrammos n3 TIOY (1977—-2024 rr.). NocnegHsia nonynAums
npeacraBneHa nonMToMUEN U XapaKTepu3yeTCcs BblpaXEHHOWM KrnacTepusauuer no npocTpPaHCTBEHHO-BPEMEH-
HOMY NpUHLMNY.

3akntoyeHne. OnpegeneHo Hannume 4 OCHOBHbIX dmrnoreorpadmyecknx rpynn B nonynsauum 4.ANT B TTOY un
YCTaHOBMEHbI FTEHETUYECKME PA3NMYMS MeXAY HAMM, YTO MOXET ObITb MCMOMNb30BaHO AN yrnyOnéHHok Moneky-
NAPHO-reHeTnYecKon auddepeHumaLnm n TMNMPOBaHNS LWITaMMOB Y. pestis B 9TOM ovare.

KnroueBble cnoBa: yyma, Yersinia pestis, TysuHckul eopHbil odyae, SNP-aHanu3, MLVA-munupoeaHue

HUcmoyHuk puHaHcupoeaHusi. ABTOpbI 3asiBMsIOT 06 OTCYTCTBUU BHELLUHETO (DMHAHCUPOBAHWUS NPU NPOBEAEHUN UC-
crnepoBaHus.

KoHgbnnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX M MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukauuern HacTosILLEn CTaTbu.

Ana yumupoeaHusi: CtaHkoBueBa E.B., Ornogun E.I, Bepxyukun [O.B., YepssikoBa H.C., HapbiwkuHa E.A.,
depopos A.B., Epowenko I"A., BanaxoHoB C.B., KyTbipeB B.B. dunoreHuns wrammoB Yersinia pestis nuHun 4.ant n3
TyYBMHCKOro rOpHOrO M ConpeaenbHbIX o4aroB Yymbl. XKypHan Mukpobuonoauu, anudemuornoauu U UMMyHobuonoauu.
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Introduction

Natural foci of plague are located on most
continents and are constantly manifested by outbreaks
of this particularly dangerous infection, which has
left a deep trace in the history of civilization in the
prehistoric period as well as the modern era [1]. In
recent years, outbreaks of plague have been reported
in the Democratic Republic of the Congo, the Republic
of Madagascar, the United States of America, the
People's Republic of China and Mongolia [2]. Plague
is a natural focal infection with a predominantly vector-
borne mechanism of transmission of the pathogen, the
bacterium Yersinia pestis, which persists in natural
foci, mainly circulating between rodents and fleas
parasitizing them. There are 45 natural foci of plague
in the countries of the Commonwealth of Independent
States, including 11 of them in Russia.

The modern intraspecific classification, based
on data on the global genetic diversity of the plague
pathogen, divides Y. pestis strains into 7 subspecies:
the major subspecies — ssp. pestis (ancient, medieval,
eastern and intermediate biovars) and 6 non-major
subspecies [3]. Strains of the major subspecies circulate
in most natural foci of the world and are highly virulent.
Strains of the ancient biovar were etiologic agents of the
1*t and 2" plague pandemics, the Manchurian epidemic
of pneumonic plague in China in 1910-1911, and
modern outbreaks of plague in the Democratic Republic
of Congo [3, 4]. Antique biovar strains are genetically
diverse and belong to 5 phylogenetic lineages according
to the genetic nomenclature of evolutionary branches:
0.ANT, 1.ANT, 2.ANT, 3.ANT and 4.ANT, which
are currently found in natural plague foci in Asia and
Africa [5]. Strains of the 4. ANT lineage circulate in an
endemic megafocus, which is transboundary and covers
the territories of the TMPF and the Gorno-Altaisk high-
mountain plague focus in Russia and natural foci in
Mongolia [6]. 4. ANT strains are not found in other
regions of the world. For many years, the 4. ANT mega-
focus has shown constant epizootic activity. In 2014—
2016, 3 cases of human plague caused by strains of the
4.ANT lineage occurred in the Gorno-Altaisk highland
focus [7, 8]. Plague cases are also registered in the
neighboring region of Mongolia [2, 9].

In addition to the 3 virulence plasmids pFra,
pCad, and pPst resident to Y. pestis, 4. ANT strains
contain the pTP33 plasmid, which apparently encodes
adaptation factors of Y. pestis strains to the conditions
of natural ecosystems in this geographic region [10,
11]. 4.ANT strains have been isolated in the Gorno-
Altaisk focus since 2012. The phylogenetic structure of
4.ANT strains from the Altai Mountains and Mongolia
has been well investigated using whole genome
sequencing and MLVA25-typing [6, 12]. Circulation
of the Tuva variant of 4. ANT in the TMPF was
detected as early as 1964. [13]. Since then, epizootic
activity in the TMPF has been recorded continuously
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and with the isolation of Y. pestis cultures, but the
number of publications on molecular genetic studies
of the population structure of Tuvan strains of 4. ANT
is rather limited [6, 12, 14, 15]. There are practically
no publications on phylogenetic analysis of the
population structure of 4.ANT strains based on the
data of whole genome sequencing.

The TMPF covers 3 administrative districts of
Tuva: Mongun-Taiginsky, Ovyursky and Tes-Khemsky.
The main territory of the focus is located near the
southern slopes of the Tsagan-Shibetu and Western
Tannu-Ola mountain ranges [16]. The territory of the
focus includes various geographical landscapes: from
the steppe zone to alpine biotopes. The main feature
of the epizootic process in the focus is a pronounced
microfoci, which is directly related to the presence
of separate populations of the main carrier — the
long-tailed gopher Urocitellus undulatus. The TMPF
includes a number of mesofoci: Karginsky, Saglinsky,
Tolaylygsky, Barlyksky, Verkhne-Barlyksky, Boro-
Shaysky, Mogen-Burensky, Aspaitinsky, Kara-
Beldyrsky, Chozinsky and Despensky [17]. The main
vector in the territory of the focus is the flea Citellophilus
tesquorum, however, other species of fleas, ixodes
and gamaze ticks, and lice are also involved in the
epizootic process [ 18]. The existence of separate plague
mesofoci and micro-foci of the territory implies the
presence of different phylogeographic populations and
a pronounced diversification of the 4. ANT lineage in
the TMPF. The combination of the methods of whole-
genome SNP analysis (single nucleotide polymorphism)
and MLVA2S typing (multiple locus variable number
tandem repeats analysis) has proven to be an effective
genetic tool for determining the population structure of
Y pestis [19, 20]. The first method allows reconstruction
of the long-term evolution of Y. pestis, and MLVA25
shows high resolution when studying closely related
strains circulating in the same or adjacent territories
[21,22].

The TMPF is one of the active plague foci of
Russia. The southern part of the focus is adjacent to
the border with Mongolia, where active plague foci are
located. The development of tourism, economic ties
and transportation in this region may lead to cases of
human plague infection and transfer of the pathogen
outside the epizootic areas. The planned construction
of the Elegest — Kyzyl — Kuragino railroad in 2026
may also increase the threat of contact with carriers
and vectors of the disease. Another threat is the illegal
harvesting of the marmot tarbagan by local people,
which has been sporadically involved in epizootics
in the last 10—15 years. The intensity of the epizootic
process in the TMPF and the high virulence of
4.ANT strains necessitate their comprehensive study,
determination of their range, phylogenetic analysis and
establishment of the current population structure using
molecular genetic technologies.
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The aim of this study is the phylogenetic and
population analysis of Y. pestis strains of lincage 4. ANT
from TMPF according to whole genomic SNP- and
MLVA25-typing data.

Materials and methods

Whole-genome SNP analysis of Y. pestis strains of the
4.ANT phylogenetic lineage

The whole-genome nucleotide sequences of 68 Y.
pestis strains were used in this study, of which 60 strains
isolated in 1971-2024 belong to the phylogenetic
lineage 4. ANT. Among them, 53 strains were obtained
from the TMPF, 5 strains from the Gorno-Altaisk focus
and 2 strains from Mongolia. Strains from the TMPF
were isolated from the long-tailed gopher Urocitellus
undulatus (26%), tarbagan Marmota sibirica (4%);
Daurian pika Ochotona dauurica (4%), lice (11%),
fleas Citellophilus tesquorum (35%), Oropsylla
alaskensis (4%), Paramonopsyllus scallonae (2%),
Rhadinopsylla i transbaikalica (6%), Frontopsylla
elatoides (4%); from Gamasina (2%), Ixodidae (2%)
ticks. Y. pestis strains were obtained from the State
Collection of Pathogenic Bacteria of the Russian Anti-
Plague Institute “Microbe” of Rospotrebnadzor.

Strains were grown on agar or LB broth (pH
7.2) at 28°C for 24-48 hours. DNA was isolated using
the PureLink Genomic DNA Mini Kit (Invitrogen)
according to the manufacturer's instructions. Nucleotide
sequences of Y. pestis strains were obtained by whole
genome sequencing on MGI platform (DNBSEQ-
G50RS sequencer) using MGIEasy Fast FS Library Prep
Set and MGIEasy UDB Primers Adapter Kit A reagent
kits. The resulting reads (DNA fragments produced by
the sequencer) were assembled into contigs (a set of
overlapping DNA segments that together represent the
consensus DNA region) with an average coverage per
genome of 98.56% (50% read depth). The average size
of the assembled genome was 4.55 million nucleotide
pairs. Y. pestis strains of different phylogenetic lineages
from the NCBI GenBank database were taken as a
comparison group for dendrogram construction: 620024
(NZ_ADPMO000000000000. 1, 0.PE7), Pestoides
A (NZ_ACNTO000000000000.1, 0.PE4), Antiqua
(NC _008150.1, 1.ANT), CO92 (NC_003143.1,
1.ORI1), KIM10 (NC 004088. 1, 2.MEDI),
Nepal516 (NC 008149.1, 2.ANT1), MGJZ11 (NZ_
ADSU000000000000.1, 3.ANT2), MGJZ12 (NZ_
ADSV000000000000.1, 4.ANT). Sequences of certain
4.ANT strains were also taken from the NCBI GenBank
database: 1-3113 (NZ_CP045149.1, 4.ANT), 1-3223
(LZNEO00000000.1, 4.ANT), 131-133 (M2085) (NZ_
CP064125.2, 4. ANT), 256 (M2029) (NZ_CP064123.1,
4.ANT).

Core SNP mutations were detected by aligning
Y. pestis strain contigs to the Y. pestis CO92 genome
using the Snippy v. 4.6 program, then 28 homoplasy

SNPs were removed, which appear independently in
representatives of different phylogenetic lineages and
do not reflect the unity of origin [5]. The resulting file
contained 1133 core SNPs. The PhyML module in the
SeaView program was used to construct a dendrogram
based on core SNPs. Maximum Likelihood dendrogram
with nucleotide substitution model — GTR (general
time reversible) was visualized in the FigTree v. 1.4.5
program. The search for marker SNPs was performed
in the MEGAT11 program.

MLVA25-genotyping of Y. pestis strains of the 4. ANT
phylogenetic lineage

Genotyping was performed at 25 VNTR loci
with exclusion of the yp3057ms09 locus from the
analysis [23, 24]. VNTR loci were searched using the
FragmentFinder v. 0.4 program [25]. The number of
tandem repeats was counted in the Tandem Repeats
Finder program under the following parameters:
alignment parameters — 2, 3, 5 (match, mismatch,
indel, respectively); minimum match score to report
the presence of a repeat — 50; maximum period size
(the program's best guess for the size of the tandem
repeat template) — 500 bp [26]. A dendrogram based
on the number of tandem repeats was constructed in the
BioNumerics v. 7.6.3 program (Applied Maths) using
the UPGMA method (unweighted pair group method
with arithmetic mean).

Statistical data processing included calculation of
the allele polymorphism index /# and evaluation of the
discriminatory ability of the method by calculating the
Hunter-Gaston index [27, 28].

Results

Based on the results of whole-genome SNP
analysis, a phylogenetic study was performed and the
population structure of Y. pestis strains of the 4. ANT
lineage from the TMPF was determined, which was
found to include 4 major phylogeographic groups
(Fig. 1). The phylogenetic relatedness of the strains
was reconstructed on the basis of 1133 identified
bark SNPs. The phylogenetic tree in Fig. 1 is rooted
using Y. pestis strain 620024 (NCBI GenBank: NZ
ADPMO000000000000.1, 0.PE7) [5]. The locations of
isolation of Y. pestis strains of line 4. ANT in TMPF are
shown in Fig. 2.

The search for SNP mutations underlying the
separation of strains of the 4.ANT lineage from the
common stem of the phylogenetic tree of Y. pestis
revealed 12 specific SNPs common to all strains of
the 4.ANT lineage. Of these, 9 SNPs are located in
genes encoding cell life support proteins, including
6 nonsynonymous SNP mutations. Another 3 SNP
mutations are located in the intergenic space. One
of the identified SNP mutations with coordinate
1610851 in the genome of Y. pestis strain CO92
(G—A, rlmKL gene) was previously used as a target
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Fig. 1. Maximum Likelihood dendrogram of Y. pestis strains of the 4. ANT phylogenetic lineage, constructed from the data
of whole genome SNP analysis based on 1133 bark SNPs.

The PhyML module of the SeaView program was used to construct the dendrogram. The model of nucleotide substitutions — GTR with
500-fold bootstrap support was used. FigTree v. 1.4.5 program was used for dendrogram visualization. To improve the resolution of the figure,
the branch of strain 620024 is not shown in the dendrogram.
mesof. — mesofocus, n. |. — natural landmark (tract).

for detection of strains of the 4.ANT lineage in allele-
specific qPCR [29].

In the dendrogram, Y. pestis strains of the 4. ANT
lineage isolated in the TMPF area separated into four
phylogenetic clusters (phylogroups). Cluster T1, which
separated from the trunk of the 4.ANT lineage earlier
than the others, included 6 strains obtained in 1971
1987. These are some of the earliest strains from the
TMPF in the study sample. Strains 2060, 1771, [-3110
were obtained in the Sagli mesofocus in 1971 and
1984. Strain [-3205 (1986) was isolated in the Tolaylyg
mesofocus (Buure tract). The genome of strain [-3113
(1984) was taken from the NCBI GenBank database
(NZ_CP045149.1). Strains 1-3113 and 1-3223 (1987)
were isolated in the Barlyk mesofocus. Fourteen SNP
mutations characteristic only of strains of the T1

cluster were detected, of which 12 SNP mutations were
located in the coding region (9 nonsynonymous), and
2 mutations were located in the intergenic space. The
branch that gave rise to the remaining strains of the
4.ANT lineage branches off from the phylogenetic node
common to the T1 cluster.

Between the strains of cluster T1 and other
strains of the 4.ANT lineage in the dendrogram is
strain MGJZ12, which is a member of the comparison
group strains [5]. This strain was isolated in Mongolia
in 2002, which indicates phylogenetic continuity of
4.ANT strains distributed in this transboundary area of
natural plague foci.

A separate cluster on the dendrogram is formed
by strains from the Altai Mountains and Mongolia.
Strain 1-3240 was isolated earlier than other strains of
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Fig. 2. Spread of Y. pestis strains of phylogroups T1-T4 of the 4.ANT lineage in the territory of the TMPF.

this cluster (1988) in the territory of the Khukh-Serkh-
Munkh-Hairkhan focus (Mongolia). Modern strains
from the Mountain Altai and Mongolia (2012-2019)
originate from a common ancestor with strain 1-3240.
These strains belong to a new powerful clone of the
4.ANT lineage, which manifested itself in the second
decade of the 21st century in the transboundary section
of the 4. ANT megafocus, including cases of human
plague in Russia and Mongolia [7, 8]. Four specific
SNP mutations were identified for strains from the
Gorno-Altaisk highland focus of Russia and Mongolia,
located in coding regions of the genome.

All other strains from the TMPF taken in the study,
represented by a separate branch on the dendrogram, lie
at the base of the overall polytomy. This branch includes
three different clusters, designated as T2-T4, as well as
individual strains (I-3462, 2002; 1-3471, 2003; 1-3383,
1994; 1-3401, 1998) that did not fall into any cluster. All
of these strains were isolated in the Kargi mesofocus.

Cluster T2 included 10 strains isolated in 2014-
2024 in the Karginsky mesofocus. They are separated
from other clusters by the presence of 2 specific SNP
mutations, one of which is located in the coding region
with coordinate 2774153 on the CO92 genome (G—A,
gene YPO RS13360, synonymous).

Cluster T3 includes strains obtained in the
Karginsky plague mesofocus in 1977-2009. This large
cluster is formed by strains with a similar SNP profile.
Diversification of individual subclusters within cluster
T3 in combination with isolation of cultures of the
plague pathogen during 40 years in the territory of this
mesofocus suggests the presence of an independent
process of microevolution of strains of cluster T3
during that period. The strains of the T3 cluster have

one common specific SNP mutation with the coordinate
4263645 on the CO92 genome (G—T, gene YPO
RS20065, nonsynonymous).

4.ANT strains of another cluster, T4, were isolated
in the Tolaylyg and Karginsky mesofoci of the TMPF
in 2006-2013. Strain 3 (2012), isolated in the Boro-
Shai mesofocus, was also included in the T4 cluster.
Three SNP mutations specific for strains of this cluster
were detected, 2 SNP mutations are nonsynonymous
and located in the coding region (325289, T—A, gene
YPO _RS02605;3972331,C—T, gene YPO_RS18755).

Thus, the presence of diversification of Y. pestis
4.ANT strains in the TMPF due to independent
microevolution of the pathogen in isolated plague
microfoci was established on the basis of a whole-
genome SNP analysis, and the main phylogeographic
groups of these strains were described. SNP mutations
specific for individual phylogeographic populations
of this line of evolution of the plague pathogen are
characterized.

MLVA25-genotyping of Y. pestis strains of the 4. ANT
phylogenetic lineage from the TMPF

MLVA25-genotyping was carried out for all 60
Y. pestis strains of the 4. ANT lineage obtained in 1971—
2024 in the TMPF, the Gorno-Altaisk high-mountain
focus in Russia, and foci of Mongolia. Based on the
typing results, 11 MLVA-genotypes were identified
(Hunter-Gaston index equal to 0.78). The following loci
were variable for 4. ANT strains: yp1290ms04 (number
oftandem repeats 6, 7); yp1935ms05 (4,9); yp0559ms 15
(8, 9); yp4042ms35 (9, 10); yp4425ms38 (5, 8);
ypl108ms45 (6, 7); yp3060msS56 (8,9); yp4280ms62 (6,
7,9, 10, 11, 12, 13, 14); yp1580ms70 (4, 5, 6) (Table).
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Characterization of variable VNTR loci of Y. pestis strains of
the 4.ANT lineage by MLVA25 genotyping

Repeat Number of alk_ales_ Allelic _
VNTR locus length. bp and repeat copies in polymorph|sm
the VNTR locus index h
yp1290ms04 17 6,7 0,19
yp1935ms05 17 4,9 0,03
yp0559ms15 15 8,9 0,35
yp4042ms35 15 9,10 0,19
yp4425ms38 16 5,8 0,10
yp1108ms45 12 6,7 0,03
yp3060ms56 16 8,9 0,21
yp4280ms62 9 6,7,9,10, 11, 12,13 0,74
yp1580ms70 9 4,5,6 0,44

For the remaining loci (yp0120ms01; yp2769ms06;
yp2916ms07; yp1814ms20; yp1895ms21; yp0581ms40;
yp0718ms41; ypl018ms44; yp1335ms46; yp2058ms51;
yp2612ms54; ypll18ms69; yp1925ms71; yp3236ms73;
yp3245ms74), all strains appeared identical. Strains
from TMPF formed 8 MLVA genotypes. The same loci
were found to be variable for them as for all strains of
the 4.ANT lineage, with the exception of yp3060ms56

(8).

When constructing the MLVA25-dendrogram
using the UPGMA method based on the number of
tandem repeats in the VNTR loci, all the strains from
TMPF were divided into 3 major clusters: A and
B (Fig. 3). The division of strains into clusters and
subclusters coincides with their spatial and temporal
origin in the focus: cluster A consists of strains from
1971-1987 from the Saglinsky, Tolaylygsky and Barlyk
mesofoci; cluster B is formed by strains from 1977—
2024. Cluster B includes subclusters: B1 — territory
of Karginsky mesofocus (Chalyyash and Kok-Dorgun
tract); B2 — Tolaylyg and Karginsky mesofoci; B3 —
Karginsky mesofocus; B4 — Karginsky and Boro-
Shai mesofoci. A separate cluster on the dendrogram
is formed by strains from the Altai Mountains and
Mongolia.

Cluster A, as in the whole-genome SNP analysis,
included some of the most previously isolated
strains from Tuva. These are 3 strains from the Sagli
mesofocus (I-3110, 1984; 2060 and 1771, 1971),
strain 1-3205 from the Tolaylyg mesofocus (1986),
and strains from the Barlyk mesofocus (I-3223, 1987;
1-3113, 1984). The MLVA profile of this group is very
different from the other strains of the 4.ANT lineage.
The presence of 2 alleles at the yp4425ms38 locus (5
and 8) and 2 alleles at the yp1108ms45 locus (6 and 7)
underlies the formation of three MLVA genotypes in
the strains of cluster A: Tuv.6, Tuv.7 and Tuv.8. Strains
1-3110, 2060 and 1771 from the Sagli mesofocus have
8 tandem repeats in the VNTR yp4425ms38 locus and
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6 repeats in the ypll108ms45 locus (genotype Tuv.6).
Strains 1-3205 (1986) and 1-3223 (1987) have the Tuv.7
genotype, characterized by the presence of 5 repeats at
the yp4425ms38 locus and 6 repeats at the yp1108ms45
locus. Strain [-3113 (1984), which has 5 repeats at the
yp4425ms38 locus and 7 tandem repeats at the VNTR
ypll108ms45 locus, belongs to a separate genotype,
Tuv.8.

Cluster B was formed by all other studied Y.
pestis 4.ANT strains from the 1977-2024 TMPF
isolation. This is a fairly homogeneous group in terms
of MLVA profile. Only the presence of 3 alleles at the
yp4280ms62 locus (11, 12, 13) and 2 alleles at the
ypl1580ms70 locus (4, 5) underlies the division of the
strains into subclusters B1, B2, B3, and B4 as well
as the formation of 4 genotypes (Tuv.4, Tuv.1, Tuv.2,
Tuv.3), respectively.

Subcluster B1 was formed by 2 strains from the
Karginsky mesofocus — 1-2638 (1977, Kok-Dorgun
tract) and [-3403 (1998, Chalyyash tract). The formation
of the Tuv.4 genotype is based on the presence of 4
repeats in the ypl580ms70 locus. The most similar
MLVA-profile has strains of cluster B3, which on the
tree originate from strains of cluster B1. Subcluster B3
includes strains isolated in 1992-2015 in the Kargin
mesofocus. Cluster B1 and B3 strains (genotypes
Tuv.4 and Tuv.2) are united by the presence of 12
tandem repeats at the yp4280ms62 locus. Subcluster B2
(genotype Tuv.1) is formed by 18 strains isolated in the
Tolaylyg and Karginsky mesofoci (2002—-2013). The
strains of genotype Tuv.1 have 11 VNTR repeats at the
yp4280ms62 locus. The presence of 13 repeats at the
yp4280ms62 locus separates the 7 strains that formed
subcluster B4 (2002—-2024). This included strains from
the Karga mesofocus, as well as strain 3 (2012) from the
Boro-Shai mesofocus. The Y. pestis strain 549, isolated
in 2020 in Kyzyl-Bom tract (Karginsky mesofocus),
was not included in any cluster formed by other strains
from the TMPF. This is the only strain that has 5 tandem
repeats at the yp1935ms05 locus, which accounts for its
characteristic MLVA-genotype Tuv.5.

A separate cluster on the dendrogram was formed
by strains from the Altai Mountains and Mongolia
(genotypes Alt.1, Alt.2, Mon.1).

Discussion

In Tuva, the Altai Mountains and the adjacent
territory of Mongolia there is a natural megafocus of
plague, in which strains of Y. pestis of the phylogenetic
lineage 4.ANT of the antique biovar of the main
subspecies endemic to this region are distributed.
They are highly virulent and epidemically significant.
The use of modern molecular genetic technologies
is necessary to analyze the population structure and
directions of microevolution of 4.ANT strains, to
determine the diversity of genotypes and areas of
their distribution, which is important for improving
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strain genotype year, place
P 45 2012 Gomny Altai
517 2014 Gorny Altai
1-3656  Alt.1 2018 Mongolia Sajljugemsky mesof. Gorny Altai
25 2016 Gorny Altai and Mongolia
_E 256 2018 Gorny Altai
349 Alt.2 2015 Gorny Altai
|-3240 Mon.1 1988 Mongolia Huh-Sjerh-Munh-Hajrhanskij mesof.
1-3503 2006 Tuva Tolaylygsky mesof. n.l. Balyktyg
1813 2012 Tuva Tolaylygsky mesof. n.l. Bert-Charyg
228-232 2013 Tuva Karginsky mesof. n.l. Kadyr-Orug
863-865 2013 Tuva Karginsky mesof. n.l. Kara-Jash
65-68 2012 uva Tolaylygsky mesof. n.l. Bert-Charyg
851 2012 Tuva Karginsky mesof. n.l. Buure
1025-1028 2012 Tuva Karginsky mesof. n.|. Balyktyg-Hem
1063 2012 Tuva Karginsky mesof. n.l. Ush-Dorgun
1-3462  Tuv.l 2002 Tuva Karginsky mesof. n.l. Uzun-Hem
704-705 2012 Tuva Karginsky mesof. n.l. Chalyjash Tuva
1762 2012 Tuva Karginsky mesof. n.l. Uzun-Hem 2006-2013
1823 2012 Tuva Tolaylygsky mesof. n.l. Bert-Charyg
1825 2012 Tuva Tolaylygsky mesof. n.l. Bert-Charyg
1833 2012 Tuva Karginsky mesof. n.|. Choldak-Ak-Kara-Sug
1905 2012 Tuva Karginsky mesof. n.l. Chalyjash
B2 2243 2012 Tuva Karginsky mesof. n.l. Chalyjash
—e— 2685 2012 Tuva Karginsky mesof. n.l. Taldyg-0Oj
2845 2012 Tuva Karginsky mesof. n.l. Chinge-Put
2565 2015 Tuva Karginsky mesof. n.l. Oruktug
429 2015 TuvaKarginsky mesof. n.l. Kurgak
1636 2015 Tuva Karginsky mesof. n.|. Kara-Jash
1-3471 2003 Tuva Karginsky mesof. n.l. Kyzyl-Bom
272276 2014 Tuva Karginsky mesof. n.l. Kadyr-Orug
1-3363 1992 Tuva Karginsky mesof. n.l. Taldyg-Oj
1-3383 1994 Tuva Karginsky mesof. n.l. Buure
1-3418 1999 Tuva Karginsky mesof. n.l. Chalyjash
1-3450 2001 Tuva Karginsky mesof. n.l. Kadyr-Orug Tuva
1-3472  Tuw.2 2003 Tuva Karginsky mesof. n.l. Ojuk-Hem 1992-2015
1-3498 2005 Tuva Karginsky mesof. n.l. Taldyg-Oj
1-3522 2007 Tuva Karginsky mesof. n.l. Kurgak
1-3358 1992 Tuva Karginsky mesof. n.l. Kurgak
1-3384 1994 Tuva Karginsky mesof. n.l. Chalyjash
1-3524 2007 Tuva Karginsky mesof. n.l. Suur-Tajga
| 131-133 2015 Tuva Karginsky mesof. n.l. Ojuk-Hem
1-3401 1998 Tuva Karginsky mesof. n.l. Chalyjash
ﬂ}j 1-3415 1999 Tuva Karginsky mesof. n.l. Chalyjash
1-3419 1999 Tuva Karginsky mesof. n.l. Chalyjash
650 2024 Tuva Karginsky mesof. n.l. Uzun-Hem
660 2024 Tuva Karginsky mesof. n.l. Uzun-Hem
. 661 2024 Tuva Karginsky mesof. n.l. Uzun-Hem
Fig. 3. MLVA-denqro- 885 Tuv.3 2024 Tuva Karginsky mesof. n.l. Kurgak -Sai b
grgm of Y. pestis 1 3 2012 Tuva Boro-Shajsky mesof. n.l. Holan 2002-2024
strains of the ,4'ANT _B,‘_‘I 1-3464 2002 Tuva Karginsky mesof. n.l. Buure
og?a}jfegg?nquyqugg“ B 1-3533 2009 Tuva Karginsky mesof. n.l. Verhnij Ojuk-Hem
in the TMPF, the Gorno- —-B;ll 1-2638 Tuv.4 1977 Tuva Karginsky mesof. n.l. Kok-Dorgun Tuva
Altaisky high-mountain 13403 1998 Tuva Karginsky mesof. n.I. Chalyjash 1977-1998
focus in Russia and foci L 549 Tuv.5 2020 Tuva Karginsky mesof. n.l. Kyzyl-Bom
of Mongolia according 1-3110 1984 Tuva Saglinsky mesof. n.|. Hany-Kara-Sug
to MLVA25-genotyping 2060 Tuv.6 1971 Tuva Saglinsky mesof. n.l. Shin
data, constructed by the 1771 1971 Tuva Saglinsky mesof. n.l. Verhov'e Sagly Tuva
UPGMA method. A 1-3205 1986 Tuva Tolaylygsky mesof. n.l. Buure 1971-1987
mesof. — mesofocus, 13223 7 1987 Tuva Barlyksky mesof. n.l. Onachi
n. l. — natural landmark L 1-3113 Tuv.8 1984 Tuva Barlyksky mesof. n.l. Kyzyl-Haja

(tract)
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the efficiency of epidemiological monitoring in these
active foci of Siberia. Over the last few years, the use
of whole-genome SNP analysis and MLVA typing has
proved the effectiveness of these methods for tracking
the evolution and typing of Y. pestis strains, as well as
in epidemic investigations and for controlling plague
epizootics [6, 12, 15, 20-23, 30, 31].

Our phylogenetic study of 60 strains of Y. pestis
lineage 4.ANT from the natural megafocus of plague,
based on the data of whole-genome SNP-analysis,
showed that the strains from the 1971-1987 TMPF were
the earliest to diverge from the evolutionary trunk of
this lineage. On the phylogenetic tree, strains from this
period formed a closely related cluster, which included
strains isolated in the Sagli (1971, 1984), Barlyk (1984,
1987), and Tolaylyg (1986) mesofoci. The strains were
first isolated in this area in the Saglinsky mesofocus in
1966, in the Barlyksky mesofocus in 1983, and in the
Tolaylygsky mesofocus in 1985 [16]. After large-scale
disinfestation activities in 1981-1985, Y. pestis cultures
were no longer isolated in the Saglinsky mesofocus. The
performed phylogenetic analysis showed that the Tuvan
strains from the 1971-1987 cluster are evolutionarily
earlier and precede on the dendrogram all other strains
of Y. pestis from the 4. ANT megafocus in Tuva and the
Altai Mountains.

The strains of this cluster are followed on the
dendrogram by two modern branches of evolution, one of
which includes 4. ANT strains from 1988-2019 from the
Gorno-Altaisk high-mountain focus in Russia and foci
in Mongolia (Sailugemsky and Khukh-Serkh-Munkh-
Hairkhansky). The second branch of 4.ANT consists of
Tuvan strains from 1977-2024 predominantly from the
Karginsky mesofocus. The SNP profile of this branch
of Tuvan strains differs significantly from the strains
of the 1971-1987 cluster, suggesting a subsequent
independent microevolution of 4.ANT in the Kargin
mesofocus. This branch of Tuvinian strains shows
spatial and temporal clustering and their diversification
within separate clusters, which indicates the ongoing
process of independent microevolution of the 4. ANT
lineage in the TMPF.

It was previously shown that the MLVA25-
typing method has a significant discriminatory ability
with respect to strains of Y. pestis of the major and
non-major subspecies from the TMPF and the Gorno-
Altaisk high-mountain plague focus, respectively [15].
It was shown that strains were clustered on the basis of
the number of tandem repeats both at the population
level (separation of strains depending on the focus)
and at the intrapopulation level (separation of strains
within one focus). Our data confirm the diversity of
MLVA25-genotypes of 4. ANT strains isolated in the
Tyva Republic, Gorny Altai and Mongolia. The data
of MLVA25- and SNP-typing coincide, which proves
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the prospect of integrated use of these two modern
methods to reconstruct the long-term evolution and
analyze the population structure of 4. ANT strains. High
discriminatory capabilities of the MLVA25 method in
determining the intrapopulation structure of Y. pestis
strains will allow further effective monitoring of the
genetic variability of the plague pathogen in the natural
megafocus of 4. ANT in Tuva and the Altai Mountains.

Conclusion

The phylogenetic structure of 4. ANT strains from
the plague megafocus located in Russia and Mongolia
was determined based on the data of whole-genome
SNP analysis of 60 Y. pestis strains of the 4. ANT lineage
from the plague megafocus, reflecting the spatial and
temporal circulation of the pathogen in the megafocus.
The presence of 4 major phylogeographic groups
of 4. ANT strains from the TMPF was established.
Phylogroup T1 includes strains from the Sagli, Barlyk,
and Tolaylyg mesofoci of 1971-1987. Phylogroup
T2 includes 10 strains isolated from 2014-2024 in the
Karginsky mesofocus. Phylogroup T3 includes strains
from the Karginsky mesofocus obtained in 1977-2009.
Phylogroup T4 consists of strains isolated in 20062013
from Karginsky, Tolaylygsky and Boro-Shai mesofoci.
Marker SNP-mutation dendrograms for phylogenetic
nodes of 4. ANT were identified, which can be used for
extended molecular genetic identification of strains from
the TMPF. Using MLVA25-typing, the presence of 8
MLVA-genotypes for the Tuvan population of 4. ANT
was established and variable VNTR loci were identified.
The revealed genetic diversity of Y. pestis strains of the
4.ANT lineage is associated with microevolution of
separate phylogeographic groups in different microfoci in
the TMPF. The pronounced diversification distinguishes
the 4.ANT population from the TMPF from the 4. ANT
population from the Gorno-Altaisk focus, which is
characterized by significant genetic homogeneity.

Thus, strains of lineage 4.ANT from the
transboundary plague megafocus in Russia and
Mongolia are a convenient model for studying the
influence of existence conditions on the microevolution
of different phylogeographic populations of Y. pestis.
The obtained results of whole-genome SNP-analysis
and MLVA25-typing can be used for molecular-
genetic differentiation of Y. pestis strains of lineage
4.ANT from the TMPF, detailing the molecular-genetic
passportization of the territory and increasing the
efficiency of molecular-epidemiological monitoring
of the TMPF and adjacent plague foci of Russia and
Mongolia. Against the background of the growing
tourist flow and construction of new transportation
networks, the obtained data may contribute to reducing
the risks of human plague as well as carrying the
pathogen outside the epizootic territories.
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Abstract

Introduction. Currently, the vast majority of influenza vaccines in the world are produced using developing
chicken embryos as substrate, but there is an urgent necessity for transferring vaccine production to continuous
cell lines, which would ensure uninterrupted production during an avian influenza pandemic and also allow the
vaccine to be administered to individuals with chicken protein allergies. When vaccine strains of live attenuated
influenza vaccine (LAIV) grow in mammalian cells, adaptation mutations can occur that may affect the antigenic
and immunogenic properties of the vaccine.

The aim of the study is to investigate the biological properties of vaccine strains of LAIV subtypes A/H1N1 and
A/H3N2, produced by the classical reassortment in eggs, when adapted to Madin—Darby canine kidney (MDCK)
cell culture.

Materials and methods. In current study, LAIV strains A/17/California/2009/38 (H1N1pdm09) and A/17/
Texas/12/30 (H3N2) were used. These viruses were passaged on MDCK 5 times and the growth properties of
the isolated clones by the plaque assay were analyzed in vitro and in vivo, also immunogenicity, cross-reactivity
and protective efficacy were estimated on a mouse model, as well as using hyperimmune rat sera. Experimental
series of LAIV strains A/17/Bolivia/2013/6585 (H1N1), A/17/Switzerland/2013/1 (H3N2) and B/60/Phuket/2013/26
were produced on MDCK cells at the Vector State Research Center of Virology and Biotechnology. The surface
protein genes of monovalent vaccines were sequenced, and the mutations in HA and NA were identified and
compared between adaptation to MDCK culture in laboratory and industrial conditions.

Results. Sequencing of surface antigens of MDCK-adapted variants of the A/H1N1 virus revealed adaptation
mutations in the hemagglutinin molecule N756D (HA1 subunit) and A44V (HA2 subunit), which enhanced the
replicative properties of the H1N1 vaccine strain in MDCK cells. The study of this MDCK-adapted variant in a
mouse experiment showed no effect of the detected mutations on the immunogenic and protective properties
of the vaccine. Adaptation of the H3N2 vaccine strain to MDCK cells resulted in a significantly higher number
of substitutions in the HA molecule compared to the H1N1 virus, and it was shown that the Y85E and N154K
mutations in HA2 are critical for virus multiplication in cell culture, and the set of mutations P275T in HA1 and
W92G, D160H in HA2 gave the vaccine strain a significant advantage for growth in MDCK cells, which can be
effectively used in the production of cell-based LAIVs.

Discussion. The study of the MDCK cell-produced series of LAIVs showed the presence of adaptation mutations
in the hemagglutinin molecule of the H1N1 (K7716E in the HA2 subunit) and H3N2 (S2719Y and N246K in the HA1
subunit) strains. It is important to note that all the adaptation mutations studied did not affect the antigenicity of
the vaccine strains.

Conclusion. In general, the data obtained in the course of the study indicate the feasibility of producing a culture-
based live attenuated influenza vaccine from vaccine strains prepared by classical reassortment in eggs.

Keywords: live attenuated influenza vaccine, MDCK cell line, adaptation mutations, hemagglutinin, antigenicity,
immunogenicity
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CTabunbHOCTb BaKLMHHbIX LUTAMMOB C€30HHO »KNBOW FPUNMO3HOMN
BaKLMHbI NpN X agantauum K Kynbrype knetok MDCK

MartioweHko B.A.”, KoctpomutuHa A.[l., CrenaHosa E.A., PyaeHnko J1.I, UcakoBa-Cneak U.H.
WNHCTUTYT 3KCnepumeHTanbHoM MmeanurHbl, CaHkT-MNMeTepbypr, Poccus

AHHOMayus

BeeaeHue. MNMogasnstoLee 60MbWLUNHCTBO FPUMNO3HbLIX BAKLMH B MUPE NPOU3BOANTCS C UCMONb30BaAHMEM pasBu-
BalOLLMXCHA KypUHbIX aM6proHoB (PKJ) B kavecTBe cybcTpaTa, ogHaKo akTMBHO 06CyXaaeTcs Bonpoc O NepeBo-
e Npoun3BOACTBa BaKUMH Ha NepeBnBaeMbIe€ KIETOYHbIE NNMHUK, YTO obecneunt GecnepeboriHOCTL B YCNOBUSX
naHaemMun NTUYLEro rPUNMa, a Takke NO3BONUT NPUMEHSATL BaKUMHY Y NULL C annepryuei Ha KypuHblin 6enok. Mpu
HaKoMMeHWN BaKLMHHbIX LUTAMMOB XXMBOW FPUNMO3HOM BakuMHbl (XKIB) B kneTkax MrekonuTaLLMX MOryT BO3HM-
KaTb aganTauuoOHHble MyTauun, BMSAOLLME Ha aHTUTEHHbIE N MIMMYHOTEHHbIE CBOMCTBA BaKLMHbI.

Llenb paboTbl — 13y4ntb Guonornyeckne CBOMCTBa BakUUHHbIX WTaMmmoB XKIMB nogtnnos A/H1N1 n A/H3N2, no-
NyYeHHbIX Krnaccuyeckmm cnocobom B PKD, npu nx agantauum K KynsType KneTok noyvkm cobakv MagmHa—[dap6bu
(MDCK).

MaTepuansi u metoabl. B paGote 661N ncnons3oBaHbl WTaMMbl Ans atTeHympoBaHHol XKIB A/17/Kanudop-
HKa/2009/38 (H1N1pdm09) n A/17/Texac/12/30 (H3N2). Mbl npoBenu cepunitHOe NaccMpoBaHUe 3TUX BUPYCOB Ha
MDCK u npoaHanusvpoBanu poCcToBble CBONCTBA U30NMPOBAHHBLIX METOAOM OnisiLLeK KIOHOB in Vitro n in vivo, nx
UMMYHOIE€HHOCTb, NEPEKPECTHYIO PEAKTUBHOCTL M 3aLUUTHYIO 3O(EKTMBHOCTb HA MOAENWN MbILLEWN, @ TaKkKe C UC-
NosIb30BaHNEM TMNEPUMMYHHbIX KPbICUHBIX CbIBOPOTOK. QKCNEepUMeHTanbHble Cepum BakLMHHbIX wWrammos XKIMB
A/17/bonnena/2013/6585 (H1N1), A/17/Weenuapna/2013/1 (H3N2) n B/60/Txyket/2013/26 6binn HapaboTaHbl
Ha kynstype MDCK B 'HL|, BB «BekTop». Mbl npoBenu cekBeHMpoBaHMe reHoB NOBEPXHOCTHLIX 6EMNKoB KneTou-
HbIX MOHOBAKLWH 1 CPaBHUNM MyTaLmmn, obHapyXeHHble B reMarrioTMHUHE U HelpamuHugase npy agantauum K
Kynetype knetok MDCK B nabopaTopHbIX Y NPOU3BOACTBEHHbIX YCITOBUSIX.

PesynbraTtbl. CekBeHMpoOBaHMe MOBEPXHOCTHbIX aHTureHoB MDCK-aganTupoBaHHbIX BapuaHTOB BuMpyca
A/H1N1 oGHapyxuno aganTtauMoHHble MyTauMn B Mornekyne remarrnotnHuHa — N156D (cybbeamHunua HA1)
n A44V (cybbegunuua HA2), ogHOBpeMEHHOe NMPUCYTCTBME KOTOPbIX YCUMNMBANO penvKaTuBHbIE CBOWCTBA Bak-
unHHoro wramma XXIMB H1N1 B kynsType knetok MDCK. U3yveHne aaHHOro aganTMpoBaHHOrO K KyrnbType KNneTok
MDCK BapuvaHTa B 3KCNepyMeHTe Ha Mblllax He BbISBUMO BMAHUS OBHapYyXeHHbIX MyTauMi Ha UMMYHOTrEHHble
W NPOTEKTMBHbIE CBOWCTBA BaKUUWHbL. AdanTaums BakumHHoro wrtamma KB H3N2 k kynbtype knetok MDCK
npuBena K NosiBNeHnIo CyLLeCTBEHHO BonbLUero KonuyecTsa 3ameH B Mmonekyne HA, no cpaBHEHWIO C BUPYCOM
H1N1. MyTtaumm Y85E n N154K B HA2 aBnsAoTCA KPUTUHECKUMU ANS Pa3MHOXEHUS BUPYCa B KyNnbType KNeTok,
a Habop myTaumn P215T B HA1 n W92G, D160H B HA2 panv BakuMHHOMY LUTaMMY CyLLECTBEHHOE NpenmMyLle-
CTBO 4111 pa3MHOXeHus1 B KynbType knetok MDCK, 4to MoxeT 6biTb 3¢hpEeKTUBHO MCMONb30BaHO B NPOU3BOACTBE
KynetypanbHou XKIMB.

O6cyxaeHue. N3yyeHrne npov3BOACTBEHHbIX Cepuii KynbTypanbHbix XKIMB nokasano Hanuune aganTauMOHHbIX
MyTauui B MOnekyne remarrmotuHuHa wrammos H1N1 (K7176E B cyobeauHuue HA2) n H3N2 (S2719Y n N246K B
cy6beamHmue HA1). Bce nsyyeHHble aganTauMoHHbIe MyTaumm He BAVSAMN Ha aHTUNEeHHOCTb BaKLMHHbIX LLITaMMOB.
3aknwoyeHue. NonyyeHHble B XO4e MCCNefoBaHWA AaHHble yKasblBalOT Ha NEpPCneKTUBHOCTb NMPOM3BOACTBA
KynbTypansHon XKIMB n3 peaccopTaHTHbIX LUTAMMOB, NOArOTOBNEHHbIX CTaHAAPTHLIM NyTéMm B PK3.

KnroueBble cnoBa: usas epurno3Has eakyuHa, Kynbmypa kinemok MDCK, adanmayuoHHble Mymauyuu, eemaez-
2/MIOMUHUH, aHMu2eHHOCMb, UMMYHO2EHHOCMb

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COBMNOAEHNE MHCTUTYLMOHANbHBIX U HaLMOHanbHbIX CTaHaap-
TOB MO MCMNOMb30BaHMIO NabopaTopHbIX XXUBOTHLIX B cOOTBETCTBMK ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NpoTokon uccneaosaHnsa o406peH STMHECKUM KOMUTETOM VHCTUTYTa SKCnepuMeHTansHon me-
avumHbl (npotokon Ne 1/20 ot 27.02.2020).

BnazodapHocmsb. ABTOpbI BbipaxatoT brnarogapHocTe cotpyaHuue ®BYH MHL BB «Bektop» E.A. HeuaeBoii 3a npe-
[OCTaBneHne aKcrepuMeHTarnbHbIX cepuii MoHoBaneHTHbIX XKIMB, HapaboTaHHbix Ha MDCK B ycrnioBusix NpOMbILLIIEH-
HOro NPOV3BOACTBA.

HUcmoyHuk gpuHaHcupoeaHus. PaboTta BbINofiHeHa npu (huHaHCOBOW nopaepke MuUHMCTEPCTBA HayKkun U BbICLLErO
obpasoBaHusi Poccuiickon ®epepaumm (npoekt Ne FGWG-2025-0015).

KoHpnnukm uHmepecoe. ABTOpbI AeKnapupyoT OTCYTCTBUE SIBHLIX U NOTEHLMANbHBIX KOH(PIIMKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6nunKaumen HacTosiLLen cTaTbu.

Ans yumupoeaHus: MatioweHko B.A., KoctpomutuHa A.[l., CtenaHosa E.A., PygeHko J1.I., Ncakosa-Cusak N.H.
CTabunbHOCTb BaKUMHHBIX LUTAMMOB CE30HHOM >XMBOW PUMMNO3HOW BaKUMHbI MpY UX agantauun K KynbType KneTok
MDCK. XKypHan mukpobuormnoauu, anudemuonoauu u ummyHobuonoauu. 2025;102(3):296-309.
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Introduction

Annual vaccination against seasonal influenza is
the most effective way to combat this infection [1]. For
over 70 years, the allantoic fluid of the embryonated
chicken eggs has been recognized as the most optimal
substrate for receiving of high-yield virus material,
which made it possible to produce a sufficient number
of vaccine doses for seasonal flu vaccine campaign [2,
3]. However, the outbreak of highly pathogenic H5SN1
avian influenza in Hong Kong in 1997, and since 2003,
the widespread spread of this infection throughout the
world, forced the scientific community to consider
switching the production of influenza vaccines to im-
mortalized cell lines, since such production would not
depend on the promptly supply of embryonated chicken
eggs in the avian influenza presence [4]. Furthermore,
the production of vaccine viruses in cell culture allows
avoiding the occurrence of egg-adaptation mutations
in vaccine strains, which could have a negative impact
on the antigenicity and immunogenicity of the vaccine
and, as aresult, reduce its protection effectiveness [5, 6].
Generally accepted cell line for the influenza vaccines
production is the Madin-Darby canine kidney (MDCK)
cell culture, which is currently used to produce the Flu-
CellVax — cultural inactivated influenza vaccine [7].
Another important advantage of the culture influenza
vaccine is the possibility of its use in people suffering
from an egg allergy.

The preparation of vaccine strains for a Russian li-
censed live attenuated influenza vaccine (LAIV) is cur-
rently possible only by classical reassortment in embry-
onated chicken eggs, in which the 6:2 vaccine formula
is obtained according to a proven protocol and usual-
ly allows obtaining the required vaccine strain [8]. To
transfer LAIV production from chicken eggs to MDCK
cell culture, studies were previously conducted to ob-
tain vaccine strains in MDCK cells. It was shown that
during classical reassortment in this cell line of the epi-
demic virus and the attenuation donor, there was no for-
mation of a vaccine strain with the required 6:2 genome
formula [9]. Since 2019, the World Health Organiza-
tion has divided strains for cell-based and egg-based
influenza vaccines in its recommendations for current
influenza virus strains for seasonal influenza vaccines
because of the fact that many studies have shown that
strains isolated on the same substrate should be used for
vaccine production in order to avoid the appearance of
adaptive mutations [10]. The issue of obtaining LAIV
strains in MDCK cells could be resolved using reverse
genetics methods to assemble influenza viruses with a
given set of genes, however, the presence of a patent
for this technology by Medlmmune excludes the possi-
bility of its use for commercial production [11]. Thus,
one of the options for obtaining culture LAIV is the use
of vaccine strains obtained by classical reassortment in
developing chicken embryos for their growth on a cell
line. Since the substrate for the accumulation of vaccine
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viruses is exchanged, it is necessary to study the stabil-
ity of the main biological properties of LAIV strains
during their adaptation to MDCK cells.

The aim of this study was to identify possible ad-
aptation mutations in the LAIV strains A/HIN1 and A/
H3N2 obtained by the classical reassortment method
in the emryonated chicken eggs during their adaptation
to the MDCK cells, with subsequent assessment of the
effect of the detected mutations on the growth charac-
teristics of the viruses, their immunogenicity, cross-re-
activity and protective activity in the experiment. Fur-
thermore, as part of the study, an experimental series of
cultural LAIV produced by the State Research Center
of Virology and Biotechnology Vector on MDCK cell
culture using industrial bioreactors was analyzed [12].

Materials and methods

Viruses

The LAIV strains A/17/California/2009/38 (H1N-
1pdm09) (Calif17) [13] and A/17/Texas/12/30 (H3N2)
(Tex17) [14] were used, the surface genes of which cor-
responded to the epidemic strains A/California/07/2009
(HIN1pdm09) (NCBI database number: NC 026433
(HA) and NC 026434 (NA)) and A/Texas/50/2012
(H3N2) (NCBI database number: KC892248 (HA) and
KC892237 (NA)) respectively. Mouse-adapted influen-
za virus A/California/07/09 (HIN1) was obtained from
the Collection of Influenza and ARVI Viruses of the
A.A. Smorodintsev Research Institute of Influenza and
were used for the challenge experiment [15]. Experi-
mental series of LAIV strains A/17/Bolivia/2013/6585
(HIN1), A/17/Switzerland/2013/1 (H3N2) and B/60/
Phuket/2013/26 were produced on the MDCK cells at
the Vector State Research Center of Virology and Bio-
technology using bioreactors with a culture vessels vol-
ume of 2 liters (Multigen) and 10 liters (Biostat) [12].

Virus growth in eggs and MDCK cells and infectious
titer counting

To grow influenza viruses in eggs, 10—11-day-old
embryonated chicken eggs were infected with 0.2 ml
of viral liquid, after which the eggs were incubated for
48 h at 33°C. Virus propagation in MDCK cells was
carried out on a 24-hour monolayer with 90-95% cells
confluence, grown in DMEM with 1x antibiotic-an-
timycotic (AA) (Gibco) and 10% fetal bovine serum
(FBS) (Biolot) at 37°C in a incubator with 5% CO,. To
infect MDCK cell culture, the monolayer was washed
twice with a warm solution of phosphate-buffered sa-
line (PBS), after which the viral suspension was add-
ed in a volume of 1, 2, 4 ml to T-25, T-75 and T-175
flasks, respectively. After contact for 1 h at 33°C and
5% CO,, the inoculum was removed and condition me-
dium (DMEM with 1xAA and 1 pg/ml TPCK trypsin
(Sigma-Aldrich)) was added. After 72 h of incubation
at 33°C, the cytopathic effect of the virus was visually
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assessed and its titer was counted in the hemaggluti-
nation assay using the standard method with chicken
RBC. Infectious titers of viruses in both cultivation
systems were determined by the limiting dilution as-
say. The titer in MDCK cells was evaluated at 96-well
plates with a daily monolayer, while serial 10-fold di-
lutions were prepared in condition medium. After 1 h
adsorption at 33°C, the inoculum was removed, the
cells were washed and then incubated in a maintenance
medium for 3 days at 33°C and 5% CO,. The presence
of viruses in the wells was determined in a hemaggluti-
nation assay with chicken RBC. Viral titers in eggs and
MDCK cells were counted using the Reed and Mench
method [16] and put as 50% embryonated or tissue cul-
ture infectious doses (IgEID, /ml and IgTCID, /ml).

Virus adaptation to MDCK cells

Adaptation of influenza viruses to MDCK cell cul-
ture was performed over 5 serial viral passages at an
optimal multiplicity of infection (MOI) of 0.001-0.010,
followed by virus cloning using the plaque assay. For
this purpose, 10-fold dilutions of viruses were applied
in double replicates to 6-well plates seeded with MD-
CK cells the day before. After an hour of contact with
regular plates shaking, the inoculum was removed and
3 ml of an agar coating obtained by mixing equal vol-
umes of 2xDMEM medium (in the presence of 2xAA
and 2 pg/ml TPCK trypsin) and 1.6% low-melting aga-
rose (Lonza) were added to the wells. On the 375" day
of incubation, the viral plaques were visually observed,
20-30 plaques that were easily separated from each
other were isolated at limiting dilutions, separate clones
of the virus was isolated from each plaque, which was
then grew on the MDCK cell culture. Each propagat-
ed viral clone was whole-genome sequenced by the
Sanger method using the BigDye Terminator Cycle Se-
quencing Kit v3.1 (Thermo). First of all, the presence
of unique attenuating mutations of LAIV strains was
checked, since it is their existence that determines the
attenuating of LAIV and the possibilities of its use [17],
and then a search was conducted for amino acid substi-
tutions in the genes of surface proteins: hemagglutinin
(HA) and neuraminidase (NA).

Animal experiments

In animal experiments, CBA mice (Stolbovaya,
Russia) were used. The study was approved by the Eth-
ics Committee of the Institute of Experimental Medi-
cine (protocol No. 1/20 dated 02/27/2020). To assess
the immunogenicity and protective efficacy of the
HI1N1 vaccine strains, female CBA mice were immu-
nized intranasally at a dose of 10° TCID, in a 50 ul vol-
ume , twice with a difference of 3 weeks, after which,
after another 21 days, blood serum was collected to as-
sess antibody levels in the hemagglutination inhibition
assay (HAI) and enzyme-linked immunosorbent assay
(ELISA) using a standard methods. To study the pro-

tective efficacy, an experiment was carried out on mice
immunized according to the scheme described above,
followed by infection with a lethal dose 5.0 Ig EID, of
the mouse-adapted A/California/07/09 (HIN1) strain
with daily monitoring of survival for 14 days. To assess
the cross-reactivity of antibodies produced to the H3N2
LAIV strains, hyperimmune rat sera were obtained. For
this purpose, Wistar rats (Rappolovo, Russia) were im-
munized 5 times with an interval of 5—7 days. The first,
third and fifth immunizations were administered intra-
peritoneally in a volume of 5 ml/animal, the second and
fourth immunizations were administered subcutaneous-
ly in the withers using complete Freund's adjuvant in a
volume of 1 ml/rat, the ratio of virus and adjuvant was
1 : 1. A week after the last immunization, whole blood
samples were taken from all immunized animals. After
centrifugation of the blood for 15 min at 3000g, the se-
rum was carefully collected, and aliquots were stored
at —20°C.

Immunological methods

The animal blood serum was studied in HAI ac-
cording to the standard WHO protocol with chicken
RBC and treatment of the serum with a receptor-de-
stroying enzyme (Denka). The serum titer in HAI was
counted as the last dilution at which complete inhibi-
tion of erythrocyte agglutination was observed.

ELISA with mouse serum samples was performed
using the relevant wild influenza viruses purified on a
sucrose density gradient as the antigen. The 16 agglu-
tinating units (AU) of antigen were added to 96-well
plates with high sorption (Corning) 50 pl/well and incu-
bated overnight at 4°C. The plates were washed 3 times
with washing buffer (PBS + 0.05% Tween-20 (Biolot)),
unbound sites were blocked with 1% bovine serum al-
bumin. Two-fold dilutions of sera were prepared in sep-
arate U-bottom plates, which were then transferred to
the wells of the ELISA plate washed from the blocking
solution. After incubation for 1 h at 37°C, the plates
were washed 3 times with washing buffer, dried, and
secondary antibodies conjugated with horseradish per-
oxidase, anti-mouse IgG were added in dilution ration
1 : 10,000. The plates were incubated for 1 h at 37°C,
washed 5 times with washing buffer, dried, and 50 pl/
well of TMB substrate (Thermo) were added, which
was incubated in the dark for up to 20 min at room tem-
perature. The reaction was stopped by adding 50 ul of
1 M H,SO,. The primary ELISA results were recorded
on a spectrophotometer (Bio-Rad) at a wavelength of
450 nm. The area under the curve parameter of optical
density was calculated using the GraphPad Prizm v. 7
software package.

Statistical data analysis

Statistical processing was performed using the
GraphPad Prizm v. 7 software. For pairwise compar-
ison of virus titers, the nonparametric Mann-Whitney
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U-test was used; antibody levels between groups of
immunized mice were compared in a nonparametric
one-way ANOVA with the Kruskal-Wallis correction.
Differences were considered significant at p < 0.05.

Results

Adaptation of the H1N1 vaccine strain to MDCK cells
in laboratory conditions

As a result of serial passaging of the Califl7 vac-
cine strain in MDCK cell culture with subsequent clon-
ing by the plaque method, 21 virus variants were ob-
tained. Sequencing showed the safeguarding of unique
attenuating mutations in the genes of internal and
non-structural proteins. At the same time, only 2 of the
21 studied variants did not have amino acid substitu-
tions in the HA molecule, and in the remaining isolates,
either N156D mutations in HA1, or A44V in HA2, or
both were detected simultaneously (Table 1).

The arrangement of amino acid substitutions in the
HA molecule of Calif-17 cell clones is shown in Fig. 1.

The growth capacity of three MDCK-adapted
variants (Calif17-1, Calif17-4, and Calif17-8) with
different sets of found mutations were studied in eggs
and MDCK cells in comparison with the original vi-
rus propagated in eggs (Calif17). Reproduction of the
original Califl7 vaccine strain on different substrates
also differed by almost two orders of magnitude: the
virus titer in eggs was 8.0 Ig EID, /ml, while the vi-
rus titer in MDCK cells was 6.3 Ig TCID, /ml (Fig. 2).
In the study of MDCK-adapted variants of the Califl7
strain, a reliable increase in virus titers in MDCK cell
culture by more than 10 times was found in 2 strains
(Calif17-4 — 7.3 Ig TCID,/ml and Calif17-8 — 7.6
lg TCID, /ml), both containing the 444} mutation in
HAZ2. The Calif17-8 variant also retained a high level
of reproduction in embryonated chicken eggs (8.2 Ig
EID, /ml), while the Calif17-1 strain, which has only
the N156D mutation in HA1, did not improve repro-
duction in cell culture and decreased it in eggs by more
than 30 times (6.2 Ig TCID, /ml and 6.6 log EID, /ml).
Thus, the 444V mutation in HA2 has a positive effect
on the replication of the HIN1pdm09 vaccine strain in
both culture systems.

The isolated variants of the Califl7 virus after
plaque cloning, carrying one of the two mutations, ac-
quired both mutations during subsequent accumulation
in the MDCK cell — A44V in HA2 and N156D in HA1,
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becoming identical in amino acid composition to the
Calif17-8 variant. This phenomenon suggests that these
two mutations are strongly associated with the adap-
tation of the virus to the mammalian cell line, but the
initial five-times passaging did not completely replace
the corresponding amino acids in the heterogeneous
virus population. Additional growing of variants with
one mutation in the MDCK cells continued the process
of virus adaptation, introducing the missing mutation
in the HA gene. Thus, in the experiment on the immu-
nogenicity and protective activity of viruses in mice,
it was possible to compare only the Calif17-8 strain,
carrying both adaptation mutations, with the original
Calif17 virus propagated in eggs.

Figure 3 shows the results of ELISA of blood se-
rum from immunized mice, where the epidemic strain
A/California/09/07 (HIN1pdmO09), grew in the eggs
and purified on a sucrose density gradient, served as an
antigen substrate. Statistical processing of the experi-
mental data showed that there are no significant differ-
ences between levels of IgG antibodies induced by both
vaccine strains, which indicates the absence of a neg-
ative effect of the detected adaptation mutations A44V
in HA2 and N156D in HA1 on the immunogenicity of
LAIV HIN1pdmO09.

Fig. 1. Mapping of adaptation amino acid substitutions
in the HA molecule of the vaccine strain Calif17.
The arrangement of amino acids is shown on the HA monomer
A/California/04/2009 (H1N1) (PDBID: 3UYX). lllustrations were
obtained using the «RasMol v. 2.7.5» program.

Table 1. Mutations found in the HA molecule of MDCK-adapted variants of the Calif17 vaccine strain

Original virus

MDCK-adapted viral variants

HA subunit Amino acid position Calif17 Calif17-1 Calif17-4 Calif17-8
(9 clones) (7 clones) (3 clones)
HA1 156 Asn Asp Asn Asp
HA2 44 Ala Ala Val Val
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Fig. 2. Infectious titers of the LAIV strain A/17//California/2009/38 (H1N1pdm09) and its MDCK-adapted variants
in embryonated chicken eggs and MDCK cells.

*p < 0.05 compared with TCID, /ml Calif17; p < 0.05 compared with EID, /ml Calif17.

The cross-reactivity of antibodies induced by the
MDCK-adapted variant of Califl7-8 and the vaccine
strain Califl17 was assessed in HAI using the classical
method. Adaptation mutations did not affect the ability
of the produced antibodies to bind the original HA
variant of the A/California/07/09 (HIN1pdm09) strain
(Table 2), which is completely consistent with the
immunogenicity data presented above.

The effect of the adaptation mutations N156D
in HA1 and A44V in HA2 on the protective efficacy
was studied using the wild virus A/California/07/09
(HIN1pdm) adapted to mice. In the challenge

a
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Days after infection

experiment, mice immunized with the vaccine strains
Calif17 and Califl17-8, as well as the control group of
naive animals, were infected with the mouse-adapted
lethal virus at a dose of 10° IgEID,, after which daily
survival monitoring have been carrying out for 14 days.
The protective efficacy of both the egg-derived LAIV
strain and its MDCK-adapted variant was 100%, while
the animals of the control group died completely, and
the survival rate in it was 0% (Fig. 3, ¢, d). Thus, the
studied MDCK adaptated mutations did not affect the
protective efficacy of the LAIV strain Califl7.

b
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Fig. 3. Immunogenicity and protective efficacy of the
H1N1pdm09 vaccine strain obtained in the embryonated
chicken eggs and its analogue adapted to the MDCK cell

culture in an experiment on CBA mice.

a — dependence of optical density on serum dilution in ELISA;
b — calculation of the area under the curve according to the data
of graph a; ¢ — survival rate of immunized and control mice after
experimental infection with the lethal virus A/California/09/07 MA.
Statistical analysis was performed by the method of nonparametric
one-way ANOVA with the Kruskal-Wallis correction.
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Table 2. Cross-reactivity of antibodies produced in response
to immunization of mice with different variants of LAIV
H1N1pdm09

HAI titer of antibodies in blood sera of mice
vaccinated with the H1N1 viral variants

Antigens
Calif17 Calif17-8
Calif-wt 640 320
Calif17 640 320
Calif17-8 320 320

Adaptation of the H3N2 vaccine strain to MDCK cells
in laboratory conditions

The vaccine strain A/17/Texas/12/30 (H3N2)
(Tex17) containing HA and NA from the epidemic
influenza virus A/Texas/50/2012 (H3N2) was used in
the study. After adaptation of Tex17 to the MDCK cell
culture, 20 clones of Tex17 were isolated, 10 of which
were found to have various amino acid differences in
the HA molecule during sequencing (Table 3).

No matching mutations were found in the HA
molecule of MDCK-adapted clones of the vaccine
strain Tex17, but frequently occurring amino acid sub-
stitutions were noted: V1761, P215T, P221S and D265E
in HA1. Single mutations were also identified: R30/K
in HA1, D79N, D79G, Y83H, E85D, W92G, KI124E,
NI154K, D160H and N169K in HA2 (Table 3). The lo-
calization of frequently occurring and single mutations
is different: the former are located in the globular part
of HA near the receptor-binding site, the latter are in the
HA stalk-domain.
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An examination of the vaccine strain reproduction
showed that the original vaccine strain Tex17 reproduc-
es 50 times better in the eggs than in the MDCK cells.
Interestingly, one of the MDCK-adapted variants, strain
Tex17-16, showed the most significant increase in in-
fectious titer in MDCK cells compared to the egg-de-
rived vaccine strain Tex17 (Fig. 4). Thus, the set of
mutations V1761, P221S, D265E in HA1 and N154K in
HAZ2 is associated with an increase in the reproductive
capacity of the vaccine strain in MDCK cell culture.

Furthermore, the variant Tex17-8 was identified,
which had a significantly lower titer in the MDCK cell
culture compared to the control strain Tex17, which
was affected by the amino acid substitutions P221S,
D265FE in HA1 and Y85E in HA2. Thus, it follows that
the N154K and Y85E mutations in HA2 have critical
for virus replication in cell culture and require further
study. The strain Tex17-17, which replicated 200 times
better in the MDCK cell culture than in the developing
chicken embryo system, also turned out to be interest-
ing. This means that the adaptation mutations P2/5T
in HA1 and W92G, DI60H in HA2 gave the vaccine
strain a significant advantage for replication in the MD-
CK cell culture, which can be effectively used in the
production of cell-based LAIV. However, the set of the
specified mutations significantly reduced the reproduc-
tion of viruses in the eggs, and if we pay attention to the
viruses Tex17-11 and Tex17-15, we can see that these
variants differ only in mutations in the HA2 subunit of
the HA molecule, and it is the amino acid differences in
the HA stalk-domain that are key in the adaptation of
H3N2 vaccine strains to the MDCK cells.

Table 3. Mutations found in the HA molecule of MDCK-adapted variants of the Tex17 vaccine strain

MDCK-adapted variants
HA Amino acid | Original

Subunits | position | VIUS | 1o, 471 | Tex17-4 | Tex17-8 | Tex17-9 | Tex17-11 | Tex17-15 | Tex17-16 | Tex17-17 | Tex17-20 | Tex17-21
176 Val Val Val lle lle Val Val lle Val Val lle
215 Pro Pro Pro Pro Pro Thr Thr Pro Thr Pro Pro

HA1 221 Pro Pro Pro Ser Ser Pro Pro Ser Pro Pro Ser
265 Asp Asp Asp AGslzl %slﬂl AGslﬁl AGSIEI AGslzl Asp Asp Asp
301 Arg Arg Arg Arg Arg Arg Arg Arg Arg Lys Arg
79 Asp Asp Asp Asp Gly Asp Asp Asp Asp Asp Asn
83 Tyr His Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr Tyr
85 Glu Glu Glu Asp Glu Glu Glu Glu Glu Glu Glu

HA2 92 Trp Trp Trp Trp Trp Trp Trp Trp Trp/Gly Trp Trp
124 Lys Lys Glu Lys Lys Lys Lys Lys Lys Lys Lys
154 Asn Asn Asn Asn Asn Asn Asn Lys Asn Asn Asn
160 Asp Asp Asp Asp Asp Asp Asp Asp His Asp Asp
169 Asn Asn Asn Asn Asn Asn Lys Asn Asn Asn Asn

Note: MDCK-adapted amino acid substitutions in HA have been highlighted compared to the egg-derived Tex17 vaccine strain.
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. 4. Reproduction of influenza A/17/Texas/12/30 (H3N2) vaccine viruses in the different culture systems.

*p < 0.05 compared with TCID_ /ml Tex17; Tp < 0.05 compared with EID,/ml Tex17-17.

Figure 5 shows the three-dimensional structures
of the HA molecules of the vaccine strains Tex17-8 and
Tex17-16, on which the noticed adaptation mutations
are marked. It is evident that the mutations that critical-
ly affected the level of reproduction of vaccine viruses
in the MDCK cells are located in the HA stalk-domain.
It is also of interest to study the immunogenicity and
antigenicity of these viruses, but current influenza vi-
ruses of the H3N2 subtype are not able to infect mice,
therefore, within the framework, study of the immu-
nogenicity of H3N2 viruses was not carried out in a
mouse model. To assess the antigenicity of the most
interesting MDCK-adapted variants, hyperimmune rat
sera were obtained.

The cross-reactivity of antibodies induced by the
cell clones Tex17-8, Tex17-16 and Tex17-17 was as-
sessed in HAI using the classical method. It was shown
that adaptation mutations did not affect the ability of the
produced antibodies to bind the HA, of the egg-derived
A/Texas/50/2012 (H3N2) strain (Table 4).

Adaptation of trivalent LAIV vaccine strains to MDCK
cell culture under industrial production conditions

In Russia, cultured LAIV is being developed at the
State Research Center of Virology and Biotechnology
Vector, using reassortant LAIV vaccine strains prepared
by the classical reassortment method at the developing
chicken embryos as the starting material. The company
registered a system for producing LAIV in mammalian
cell culture and successfully produced an experimental
series of cellular monovalent vaccines against seasonal
influenza viruses in 2015 [12] and then conducted
phase I clinical trials [18]. However, it remained
unknown how the production process affected the
properties of the LAIV strains. Sequencing of the HA
and NA surface protein genes of cellular monovalent
vaccines showed that adaptation mutations appeared
only in the HA molecules of influenza A viruses, while

no amino acid substitutions were found in the B/60/
Phuket/2013/26 strain (Table 5). Thus, in the vaccine
strain  A/17/Bolivia/2013/6585 (H1N1pdm09), the
K116E mutation in the HA2 subunit was identified,
and in the strain A/17/Switzerland/2013/1 (H3N2), the
S$219Y and N246K mutations in the HA1 subunit were
identified.

In Fig. 6, the positions at which amino acid
substitutions were detected during adaptation of vaccine
strains to cell culture on a laboratory scale (444V in
HAZ2 of the HIN1 subtype, V1761, P215T, P221S and
D265E in HA1 of the H3N2 subtype) and during the
production of culture LAIV batches (K//6F in HA2 of
the HIN1 subtype, S2/9Y and N246K in HA1 of the
H3N2 subtype) are highlighted on the monomers of
the corresponding HA molecules. It should be noted
that, although the mutations detected are not identical
in different viruses, their common localization can be
observed in each subtype. Thus, positions 44 and 116
in HA2 of the HINI1 subtype are in close proximity
to each other, positions 176, 215, 219, 221 in HA1 of
the H3N2 subtype are localized in the region of the
receptor-binding site.

Discussion

Adaptation of the virus to a new host range
inevitably entails the emergence of adaptive
mutations, which can lead to changes in the properties
of the original virus. In this case, adaptive mutations
can be dramatic, as, for example, occurred during the
adaptation of influenza viruses from avian cells to
mammalian cells, which led to the H2N2 influenza
pandemics in 1957 and H3N2 in 1968 [19-22]. The
substrate for the production of biomass for obtaining
an influenza vaccine, both live and inactivated, can
also affect its properties. As mentioned above, the
preparation of strains for Russian LAIV is possible
only in the embryonated chicken eggs, while
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there are known cases of the emergence of egg-
adaptive mutations that affected the antigenicity
of the vaccine strain, which led to a decrease in
the effectiveness of the vaccine during its mass use
[21, 23-25]. Since A/H3N2 strains are the most
variable and more susceptible to antigenic drift than
others, this circumstance must be taken into account
when producing vaccine viruses in various culture
substrates [21]. Thus, from 2013 to 2018, a number
of mutations were discovered that critically affected
the antigenicity of circulating viruses: the F'7/59Y and
K160T substitutions in antigenic site B, together with
the N residue in site 158, contribute to the acquisition
of an additional glycosylation site, which actively
helps the virus evade the immune response [26—28].
Then, in the process of evolution, a characteristic
amino acid substitution N/71K occurred, located on
the antigenic site D of the HA molecule, as well as the
DI22N and TI135K substitutions in antigenic site A,
each of which causes the loss of N-linked glycosylation
sites [29]. The following season revealed the presence
of a §144K substitution in the HA1 molecule, which
is located in the antigenic site flanking the receptor-
binding site. Two clusters of the H3N2 influenza virus
showed that the /58V and S219Y substitutions, as well
as the 122D and S262N substitutions, which lead to
the loss of the glycosylation site, are also antigenically
important [21]. In the current study, during adaptation
to MDCK cells, mutations were found that are also
probably located in antigenic sites: V1761, P215T,
P221S and §219Y, however, it was shown that they
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Tex 17-8

Tex 17-16

3

Fig. 5. Mapping of adaptation amino acid substitutions in the
HA molecule of the vaccine strain Tex17.

The arrangement of amino acids is shown on the HA monomer of
A/Pennsylvania/14/2010 (H3N2) (PDBID: 6MZK). lllustrations were
obtained using the «RasMol v. 2.7.5» program

do not affect the antigenicity of the vaccine strain, but
affect its ability to grow in mammalian cells.

Studies of the infectious activity and stability of
high-yielding influenza virus strains for inactivated in-
fluenza vaccine demonstrated that cultivation of HIN1
and H3N2 influenza viruses in Vero or MDCK cell cul-
ture under acidified conditions maintains virus stability,
which was successfully used in the production of inac-

Table 4. Cross-reactivity of antibodies in hyperimmune rat sera obtained to different variants of the LAIV H3N2 vaccine strain

HAI titer of antibodies in hyperimmune sera of rats obtained to the indicated variants of the vaccine virus

Antigens
Tex17 Tex17-8 Tex17-16 Tex17-17
Tex-wt 1280 320 640 640
Tex17 1280 320 320 1280
Tex17-8 2560 320 320 1280
Tex17-16 640 640 640 640
Tex17-17 1280 320 640 640

Table 5. Amino acid substitutions in surface antigens of experimental cellular monovalent LAIV

Vaccine Gene | Protein Amino acid Original vaccine strain Vaccine strain after production
passages
A/17/Bolivial2013/6585 HA - HA2 116 Lys Glu
(H1N1pdm) NA NA Mutation not found
219 Ser Tyr

A/17/Switzerland/2013/1 A 046 Ash Lve
(H3N2) y

NA NA Mutation not found

HA HA Mutation not found
B/60/Phuket/2013/26

NA NA Mutation not found
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V1821

Fig. 6. Mapping of adaptation amino acid substitutions in the
HA molecule of the vaccine strains Calif17 and Bolivia17 (a),
Tex17 and Switzerland17 (b).

The arrangement of amino acids is shown on the HA monomer of A/

California/04/2009 (H1N1) and A/Singapore/H2011.447/2011 (H3N2)

(PDBID: 3UYX and 4WEA, respectively). lllustrations were obtained
using the «RasMol v. 2.7.5» program.

tivated influenza vaccine against HSN1 avian influen-
za. Passaging of viruses without additional conditions
contributed to the emergence of adaptive mutations
N50K (HINT1) and D160E (H3N2) in the HA2 mole-
cule, which improved viral growth in cell culture, but
negatively affected antigen stability [30]. H3N2 viruses
grown in embryonated chicken eggs trigger conforma-
tional changes in the HA molecule under less acidic con-
ditions than their antigenically similar primary isolates,
and this phenotype was associated with the presence
of amino acid substitutions 4138S, L194P in HA1 and
DI160N in HA2, reduced resistance to acidic conditions
and elevated temperatures [30]. Probably, the difference
in pH levels during propagation in chicken embryos and
cell culture caused the appearance of mutations in the
region of the fusion peptide in HA2 in MDCK-adapted
variants of the H3N2 vaccine strains Tex17-8, Tex17-
16, Tex17-17 and HIN1 Calif17-8. Interestingly, that 5
mutations in the HA molecule were found only in the
HA1 molecule, in particular, 4 of them (4138S, G218R,
P221L and V223]) are located near the receptor-binding
site [31]. The N165K mutation was localized in the HA
antigenic site [31]. The 4138S substitution can occur in
vivo in immunocompromised patients as well as in vitro
in MDCK cell culture and was found to cause a com-
plete loss of a2,3-type receptor binding [32]. A mutation
at position 218 in the HA1 molecule, which is located
near the receptor-binding site, was also associated with
decreased affinity for the human receptor and increased
pathogenicity in a mouse model [33, 34]. The L194P
amino acid substitution in HA1, which is prevalent in
egg-adapted (passaged in embryonated chicken eggs

4-5 times) variants of H3N2 viruses, reduces binding
and neutralization by broad-spectrum antibodies recog-
nizing the receptor-binding site by 3 orders of magni-
tude, and also significantly changes the antigenicity of
the HA molecule [35]. Despite the fact that some of the
adaptation mutations detected in our study are located
in significant places of the HA molecule, such as the re-
ceptor-binding site or antigenic sites, the described mu-
tations do not affect the key parameters for the LAIV
vaccine strain — the antigenicity of the MDCK-adapt-
ed strain and its immunogenicity do not change, but the
replicative activity of the vaccine virus in cell culture
increases, i.e., a useful property is acquired in the con-
text of the production of cell-based LAIV. In this case,
a decrease in infectious titers of MDCK-adapted LAIV
strains in developing chicken embryos can be observed,
which is an acceptable phenomenon when changing the
substrate for culturing viruses. For the production of
cultural LAIV, high replication activity in MDCK cell
culture is most important, but not in eggs.

The influenza strain A/California/7/2009 (HIN-
Ipdm) is genetically very similar to the A/Califor-
nia/4/2009 (H1N1pdm), but was isolated in the eggs
and acquired the Q226R adaptation mutation during
passaging, and after adaptation to mice, the N159D and
K212M mutations were added. In this case, the virus
with the 0226R mutation in HA1 lost affinity for hu-
man-type receptors and acquired affinity for avian re-
ceptors [36]. In both viruses, mutations located directly
in the receptor-binding site expectedly affected the re-
ceptor specificity of the virus, disrupting the HA-NA
balance, which led to a decrease in the reproductive
activity of the virus in the MDCK-SIAT-1 cell culture.
The mutations in the HA molecule that appeared after
several more passages in mice became compensatory
for the surface charge of the molecule and at the same
time made a significant contribution to the increased
pathogenicity of the studied viruses. Interestingly, data
on the contribution of the D225E and Q226R mutations
in HA to the virulence of the pandemic HIN1 influenza
virus in mice were also obtained by Korean scientists
[37]. In other studies, the N159D mutation is associated
with escape mutations that allow the virus to evade the
immune response [38].

During the preparation of the X-181 HIN1pdm09
vaccine strain in chicken embryos, the N133D, K212T
and 0226R mutations were found in the HA1 molecule,
which led to a strong change in the cross-reactivity of
the vaccine strain, as a result of which the antibodies
induced by the vaccine strain bound to the wild type
of the virus, but did not neutralize it [39]. Evolutionary
studies of the H1 molecule have shown the importance
of amino acids at positions 156, 190 and 225 for adap-
tation to human receptors and antigenic drift of circu-
lating HINT1 viruses [40].

Comparison of the HIN1pdm strains A/Califor-
nia/9/2007 and A/Brisbane/10/2010 revealed the pres-
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ence of the £47K mutation in the HA2 molecule, which
affected the stability of the HA trimer and decreased
the threshold pH of membrane fusion from 5.4 to 5.0.
It was also established that this occurs due to the pres-
ence of an intermonomer salt bridge between the amino
acids K47 in HA2 and E27 in HA1 [41]. Furthermore,
the £47K substitution increased the thermal stability of
the virus and its virulence in ferrets, which indicates an
advantage of the virus with K47 in HA2 in adapting to
evolutionary changes in humans [42]. The V66H mu-
tation in HA2 at the site of contact between two sub-
units of the HA molecule of the influenza A/WSN/33
(HIN1) virus affects the shift of the maximum pH of
membrane fusion towards lower values (from 5.6 to
5.1). In this case, the ability of the virus to replicate
in MDCK was reduced, which was accompanied by a
longer clearance of the virus in mice [43]. It can be not-
ed that the adaptation mutations 444V in Calif17-8 and
KI1I6E in Bolivial 7-M, detected in the present study,
have a similar localization with the already described
mutations K47 in HA2 and E27 in HA1. Probably, they
can affect the threshold pH value during membrane fu-
sion, which is the expected result of virus adaptation to
anew substrate. Based on the data obtained, the adapta-
tion of the influenza A(H3N2) vaccine virus to the MD-
CK cell culture led to the emergence of multiple amino
acid substitutions in HA. It was shown that the N154K
and Y85F mutations, detected in the HA2 subunit of the
HA molecule of the vaccine strain, are critical for virus
replication in culture. Furthermore, the W92G, D160H
adaptation mutations in HA2 provide a significant ad-
vantage for the replication of the vaccine virus in the
MDCK cells over its replication in the embryonated
chicken eggs.

Comparison of the steric arrangement of adapta-
tion mutations between strains adapted to MDCK cells

ORIGINAL RESEARCHES

in laboratory and industrial conditions revealed the
similarity of these positions. Thus, in the HINT1 strain,
amino acid substitutions 444V (Calif17-4) and K1/6F
(Bolivial7) are in close proximity to each other in the
HAZ2 subunit of the HA stalk-domain, and most of the
adaptation substitutions found in H3N2 strains are in
the globular domain of the HA1 molecule (Fig. 6).
Thus, adaptation of LAIV vaccine strains to MDCK
cells in laboratory and industrial conditions leads to the
appearance of similar adaptation substitutions in strains
of the same subtype, with influenza B viruses being
maximally stable, and A/HIN1 viruses acquiring adap-
tation substitutions necessary for enhanced virus rep-
lication in this substrate. Strains A/H3N2 are the least
stable, and adaptation mutations can also affect recep-
tor-binding regions, which indicates the need for care-
ful monitoring of the antigenic properties of strains of
this subtype during their production on a cell substrate.

Conclusion

As a result of adaptation of the A/17/Califor-
nia/2009/38 (H1N1pdm09) vaccine strain to the MD-
CK cells, mutations N156D in HA1 and A44V in HA2
were found. A study of their effect on replicative ac-
tivity in vitro showed that the presence of both mu-
tations increases the titer of the vaccine strain in the
MDCK cell culture by an order of magnitude, which
gives advantages to this variant when it is produced on
an industrial scale. The detected mutations retained the
immunogenicity, cross-reactivity and protective effica-
cy of the MDCK-adapted strain Califl7-8 at the lev-
el of the egg-derived vaccine strain Calif17. Thus, the
conducted studies show that the vaccine strain of LAIV
subtype HIN1pdm09, obtained by the method of clas-
sical reassortment in developing chicken embryos, can
be used for the production of LAIV on the MDCK cells.
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Abstract

Introduction. Tomsk region is one of the territories of the Russian Federation with the highest possible incidence
of tick-borne infections. However, the spectrum and genetic diversity of tick-borne pathogens remain insufficiently
studied.

Materials and methods. The study analyzed 534 ticks: Ixodes persulcatus (n = 107), I. pavlovskyi (n = 234) and
Dermacentor reticulatus (n = 193), collected in 13 biotopes of Tomsk and its suburbs during 2023. Detection of
genetic material of tick-borne pathogens was carried out by PCR and RT-PCR in individual ticks with subsequent
sequencing and phylogenetic analysis of nucleotide sequences.

Results. More than fourfold dominance of I. paviovskyi and D. reticulatus ticks over the taiga tick was observed.
Infection of I. persulcatus ticks with tick-borne encephalitis virus (TBEV) of the Siberian genotype amounted to
1.3%, in ticks of the Ixodes genus, the genetic material of Borrelia burgdorferi s.|. was detected in 8.5%, B. miya-
motoi — in 2.1%, Anaplasma phagocytophilum — in 1.5%, and Rickettsia tarasevichiae — in 14.1%. R. raoultii
infection of D. reticulatus ticks was identified in 48.7%, and Babesia canis DNA was detected in a single sample.
Genotyping and phylogenetic analysis of genomic nucleotide sequences showed the presence of new, unusual for
the region genetic variants of B. garinii, B. bavariensis, B. afzelii and the Siberian TBEV genotype (subclade V).
Conclusion. In the territory of Tomsk and its suburbs, genetic material of 9 species of tick-borne pathogens,
including their new genetic variants, was detected in ixodes ticks.

Keywords: ixodes ticks, tick-borne encephalitis virus, Borrelia spp., Rickettsia spp., Anaplasma spp., genotyping,
Tomsk, Russia
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BcTpeuaemocTb 1 reHOTUNUPOBaHME BO30yanTeNnen KnewesBbixX
NHPEKLUMI B NKCOZOBDIX Kielwax Ha BocToke 3anagHon Cnbupn
(Poccusn, 2023 r.)

WnbuHcknx E.H."*, Kapnosa M.P."™, BopoHkoBa O.B.’, PewetoBa A.B.', ®unatoBa E.H.,
Kaptawos M.10.%*, KpusowenHa E.N.2, bennueHko K.P.2, TepHoBow B.A.%, JlokTeB B.b.%*
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AHHOMauus

BBepeHue. Tomckasi obrnactb oTHOCUTCA K permoHam P® ¢ makcMmanbHO BbICOKMM ypoBHEM 3aboneBaemocTu
HaceneHus KnewuesbiMU MHEKLUsIMU. OgHaKo CNEKTP U reHeTuYecKkoe pasHoobpasme Bo3byauTenen KneLweBbix
WHMEKUNIA N3YYeHbI HEAOCTATOYHO.

Llenb nccnegoBaHns — oUEHWUTb BCTPEYaAEeMOCTb U MPOBECTM reHOTMNMPOBAaHWE Pas3fnnyHbIX BUAOB BO3byamTe-
nen KnewesblX UH(EKUNIA B MKCOAOBLIX KNellax, cCobpaHHbIX C pacTUTENbHOCTU B FOPOACKUX WM NMPUTOPOLHbIX
6uotonax r. Tomcka.

MaTtepuanbl u metoabl. B nccnegosaHun npoaHanuampoBaHbl 534 knewa: Ixodes persulcatus (n = 107),
I. paviovskyi (n = 234) n Dermacentor reticulatus (n = 193), cobpaHHbix B 13 6uotonax Tomcka n B 6Guotonax
npuropofoB B TedeHne 2023 r. [leTekuns reHETUYECKOro matepuana KrnewleBbix NaToreHoB NpoBegeHa MeToaoMm
nonumepasHow uenHon peakumm (MLP) n MUP ¢ o6patHon TpaHckpunumen B MHANBUAYanbHbIX Kewax ¢ nocne-
OYIOLUM CEKBEHMPOBAHMEM U (OUMOTEHETUYECKUM aHANM30M HYKNEOTUAHbIX NOCNen0BaTENbHOCTEN.
Pe3ynbraTtbl. O6HapyxeHo 6onee Yem YeTbipexkpaTHOe AOMUHUPOBaHMeE knellen . paviovskyi n D. reticulatus
Had TaéxHblM knewom. [Npyn 3TOM MHPUMUMPOBAHHOCTL KneLlewn [. persulcatus BUpycom KrnewleBoro aHueda-
nuta (BK3) cubupckoro reHotmna coctasuna 1,3%, B knewiax poga Ixodes reHetudeckuii matepuan Borrelia
burgdorferi s.l. 6bin 06HapyxeH B 8,5%, B. miyamotoi — 2,1%, Anaplasma phagocytophilum — 1,5%, a Rickettsia
tarasevichiae — 14,1%. WNHdunuuposaHHocTb R. raoultii knewen D. reticulatus coctaBuna 48,7%, a B eguHu4-
HoM obpasue 6bina obHapyxeHa [AHK Babesia canis. FTeHOTUNMpOBaHUE u (OUNOrEHETUYECKUIA aHann3 reHoM-
HbIX HYKINEeOTMAHbIX NOcnefoBaTenbHOCTEN NoKasar HanmyMe HOBbIX, HEOObIYHbIX ANA pernoHa reHoBapnaHToB
B. garinii, B, bavariensis, B. afzelii n cnbupckoro reHotuna BK3 (cybknang V).

3akntouveHue. Ha Tepputopun Tomcka 1 ero NnpuropogoB B UKCOAOBbIX KNeLax 0bHapyXeH reHeTUYeCcKuin MaTte-
pvan 9 BUOOB KIeLeBbIX NaToreHoB, B TOM YUCIE UX HOBbIE rEeHETUYECKNE BapUaHThI.

KnioueBble cnoBa: ukcodosbie Kreuju, eupyc knewesoeo 3aHueghanuma, Borrelia spp., Rickettsia spp.,
Anaplasma spp., 2eHomunuposa+Hue, ToMck, Poccusi

UcmoyHuk ¢huHaHcupoeaHusi. ViccnenoBaHme BbINOMHEHO 3a CYET rpaHTa Poccuickoro HayvHoro dooHaa Ne 22-15-
20010, https://rscf.ru/project/22-15-20010/ u cpencte AoMmuHUcTpaLuum TomMckol obrnacTu, a Takke B paMKax BblNorHe-
HWSA rocyaapcTBeHHoro 3agaHns PBYH MHL BB «Bektop» PocnotpebHagsopa ("3-7/21).

KoHgbnnukm unmepecoe. ABTOpbI eKNapupyoT OTCYTCTBUE SIBHLIX M MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
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Ans yumupoeaHus: VinbnHcknx E.H., Kapnosa M.P., BopoxkoBa O.B., PewetoBa A.B., dunatosa E.H., Kapta-
wos M.1O., KpueowewnHa E.N., BennueHko K.P., TepHosown B.A., lNlokteB B.B. BcTpeyaemocTb M reHOTUNMpOBaHue BO3-
OyamTenen KneweBbiX UHGEKUUA B MKCOAOBbLIX knelax Ha BocToke 3anagHoin Cubupu (Poccus, 2023 r.). XKypHan
Mukpobuorsnoauu, anudemuornoauu u ummyHobuonoauu. 2025;102(3):310-324.

DOI: https://doi.org/10.36233/0372-9311-665

EDN: https://www.elibrary.ru/PDFGKO

#ABTopr BHecCnn paBHbIVI BKnag B uccnegosaHue.

© UnbuHcknx E.H., Kapnoea M.P., BopoHkoBa O.B., PeweTtoBa A.B., ®unatosa E.H., Kaprawos M.IO., KpuBoweunHa E.U.,
Benuuenko K.P., TepHosown B.A., Jloktes B.B., 2025



312

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(3)

DOI: https://doi.org/10.36233/0372-9311-665

Introduction

Ixodes ticks are carriers of a number of infectious
agents of viral, bacterial and protozoal nature, which
play a major role in human infectious pathology. The
Tomsk region belongs to the territories of Russia with
the highest incidence rates of ixodal tick-borreliosis
(ITB) and tick-borne encephalitis [1-4]. In 2020-2023,
the incidence rates exceeded the average incidence
rates in Russia by 2.0-5.9 times, amounting to 10.3—
15.7 per 100,000 population for ITB, and by 4.0 or
more times, ranging from 2.9 to 4.5 per 100,000 pop-
ulation, for tick-borne encephalitis. At the same time,
the number of applications of the population to medi-
cal organizations in the region for medical care for tick
bites was more than 1,000 per 100,000 population in
2020-2023.! During this period, this parameter ranged
from 1705.5 to 2390.1 per 100,000 population, exceed-
ing the corresponding average values of the parameter
in Russia from 5.0 to 7.4 times.

In general, several tick species are involved in the
spread of tick-borne infections in Russia, with Ixodes
ricinus and I. persulcatus ticks being the most import-
ant [5]. At least 11 species of ixodid ticks have been
described in Western Siberia, of which the /. persulca-
tus tick has the greatest epidemic significance [6—8].
Traditionally, the taiga tick is considered to be the main
vector for tick-borne pathogens in the south of West-
ern Siberia, but recently in urban and suburban bio-
topes of Tomsk unusually widespread ticks /. paviov-
skyi (Pomerantzev, 1946) and D. reticulatus (Fabricius,
1794) [8, 9]. It is known that ticks of the Dermacentor
genus, prevalent in steppe and forest-steppe zones of
Siberia, can be carriers of the Omsk hemorrhagic fever
virus, rickettsiae of tick-borne typhus of North Asia, as
well as pathogens of Q fever and human granulocytic
anaplasmosis [2, 3, 7, 8]. The average number of ixo-
did ticks on the territory of the suburbs of Tomsk and
Tomsk district varied from 26.5 to 57.7 specimens per
1 km of the route [4]. The results of the study of tick
viral infection rate by immunoenzyme analysis and
polymerase chain reaction methods ranged from 0.6%
to 6.1%. Infection with tick-borne encephalitis virus
(TBEV) in ticks of the Ixodes genus amounted to 6.5%,
and in ticks of the Dermacentor genus — 1.9% [4].

A study of the species composition of ixodid ticks
within the city limits of Tomsk, conducted in 2015-
2016, showed a significant increase in the number of
D. reticulatus on the slopes of the high bank of the Tom
River (Camp Garden area), reaching 66 specimens per
1 km of the route. Previously, in 2012-2014, the aver-
age seasonal abundance was only 0.17 specimens per 1
km of route [7, 8]. In 2018-2021, the maximum abun-
dance of ticks of the Dermacentor genus reached 20

! On the state of sanitary and epidemiological welfare of the
population in the Russian Federation in 2022: State Report.
Moscow; 2023. 368 p. (In Russ.)
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specimens per 1 survey km. In 2015, the study showed
that from the number of ticks of the Ixodes genus cap-
tured from vegetation in the suburbs of Tomsk, the per-
centage of 1. pavlovskyi and I. persulcatus amounted to
70.3% and 29.7% respectively. The average seasonal
abundance was 3.67 specimens for /. persulcatus and
8.42 specimens for 1. paviovskyi per 1 survey km, re-
spectively [7, 8].

Recently, the significant dominance of /. paviov-
skyi and D. reticulatus among the ticks attacking hu-
mans was also described in Novosibirsk and its suburbs
[6]. At the same time, such a fact has not yet been de-
scribed in other Siberian regions, where taiga ticks are
still associated with the spread of tick-borne infections
in the population.

Infection of ixodid ticks in the south of Western Si-
beria with various pathogens of viral, bacterial and pro-
tozoan nature remains insufficiently investigated. At the
same time, the number of publications on a wide range
of tick-borne pathogens found in various tick species
in the territories of Northern Eurasia is increasing [6,
10, 11]. To replenish and update the data on the molec-
ular epidemiology of tick-borne pathogens in the con-
ditions of a large Siberian metropolis, an attempt was
made to determine the infection levels of various spe-
cies of ixodid ticks in urban and suburban biotopes of
Tomsk during one summer season. Detection of genetic
material of pathogens of various tick-borne infections,
including TBEV, orbiviruses (Kemerovo virus), Borrel-
ia spp., Rickettsia spp., Anaplasma spp. and Babesia
canis, was performed by PCR and RT-PCR methods
for each tick individually with subsequent sequencing
of the detected genetic material and genotyping of the
identified pathogens.

Materials and methods

During the study, 534 individual ticks belonging
to the following species were collected and analyzed:
L persulcatus (n = 107), I. pavilovskyi (n = 234), and
D. reticulatus (n = 193). The ticks were collected using
the standard method from vegetation in 13 urban and
suburban biotopes of Tomsk (Fig. 1) in the summer of
2023. Species identification of ticks was carried out as
described previously [6].

To isolate nucleic acids, ticks were treated twice
with 70% ethyl alcohol and washed with phosphate-salt
buffer to remove external contaminants and external mi-
croflora. Homogenization of the obtained samples was
performed using a TissueLyserLT laboratory homoge-
nizer (Qiagen) in 300 pL of sterile physiological solu-
tion. Total nucleic acids were isolated from 100 pL of ho-
mogenate using the AmpliPrime RIBO-prep reagent kit
(NextBio) according to the manufacturer's instructions.
cDNA was obtained in reverse transcription reaction us-
ing a REVERTA-L commercial kit (AmpliSens).

In order to control the stage of nucleic acid isola-
tion and its safety during storage, PCR was performed
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Fig. 1. Map-scheme of Tomsk and suburbs with designation of tick collection areas.

A — TBEV RNA detection sites; B — B. burgdorferi s. DNA; C — B. miyamotoi DNA; D — A. phagocytophilum DNA,
E — Rickettsia spp. DNA.

Designation of collection areas: 1 — Camp Garden; 2 — Burevestnik stadium; 3 — Southern cemetery; 4 — garage cooperative on
Continental Street; 5 — Akademgorodok microdistrict; 6 — forest near Zonal Station; 7 — Anikino microdistrict; 8 — forest belt on Irkutsk
tract; 9 — Loskutovo village; 10 — Mezheninovka village; 11 — Basandaika settlement; 12 — Stepanovka settlement;

13 — Timiryazevskoye settlement.

with all the studied samples to detect the site of cyto-
chrome oxidase subunit I gene localized in the mito-
chondrial genome of ticks. The primer pairs [pCX-6f/
IpCX-9R for ticks of the Ixodes genus and DH_{/DH r
for ticks of the Dermacentor genus were used for this
purpose.

Samples were screened for the presence of genet-
ic material of the studied pathogens (TBEV, Kemero-
vo virus, B.burgdorferi s.l., B. miyamotoi, Rickettsia
spp., A.phagocytophilum, Babesia spp.) by real-time
PCR or with subsequent electrophoretic detection.
PCR was performed in 25 pL of reaction mixture using
BioMaster HS-Taq PCR (2x) kit (Biolabmix) and 0.4
pM specific oligonucleotide primers (Table 1). Fusion
DNA polymerase Pfu-Sso7d (Biolabmix) was used to
perform targeting PCR and to generate amplicons for
whole-genome sequencing of TBEV isolates. The 95%
confidence interval (CI) of the level of tick infectivity
with the pathogens studied was calculated using the on-
line service?.

Amplification products were analyzed by separa-
tion of DNA fragments in a 2% agarose gel in Tris-ac-

2 URL: https://www.pedro.org.au/english/downloads/confidence-
interval-calculator

etate buffer containing 0.1% ethidium bromide. Puri-
fication of amplicons from agarose gel for subsequent
sequencing reaction was performed using a microcol-
umn-based kit (Biosilica) according to the manufactur-
er's instructions.

Sanger sequencing reaction was performed using
the Big Dye Terminator Kit v. 3.1 (Thermo Fisher Sci-
entific). Nucleotide sequences were determined for
both strands using a 3130xl Genetic Analyzer auto-
mated sequencer (Applied Biosystems), and all nucle-
otide sequences were determined twice in independent
experiments. Whole genome sequencing of identified
TBEV isolates was performed using MiSeq technol-
ogy and appropriate MiSeq reagent kits v2 (Illumina)
by analyzing overlapping specific fragments after PCR.
Sequence assembly was performed by mapping reads
to the reference genome of Zausaev strain (AF527415)
with contigs determination using the Geneious Prime
program (2024.0.5).

Analysis of the obtained nucleotide sequences,
alignments and phylogenetic analysis were performed
using the Unipro UGENE v. 1.50 [16] and MEGA X
software [17]. Phylogenetic trees were constructed
using the maximum likelihood method and the Tamu-
ra-Nei evolutionary model (TN93). The statistical sig-
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Table 1. Primers used for isolation of gene fragments of viruses, borrelia, rickettsia and anaplasma from ixodid ticks

Target Primers Primer sequence Size of the fragment Source
IpCX-6f ATTAGGAGCACCTGATATAGCTTTCCC
Ixodes sp. 660
IpCX-9r GCTGTAAATAAGCTCGAGTGTCGATA
DH_f TCGAWTAGAAYTAAGACAACCTGG
D. reticulatus 610 [6]
DH_r GGTGRCCAAAAAATCAAAATARATG
Kgg31 AAAGGCAGCATTGTGACCTG
TBEV 361 [11]
Kgg19 CGTGTCTCCACGGCAGAGCC
Miass_gly_3F TGGATCAGCTCACACCACAC
ALSV 333
Miass_gly_3R TCACCGTCACAGTGGAATGG
YGTV_gly_1F ACTACTGGTTGCCGTCCTCG
YGTV
YGTV_gly_1R GTCGCTGCAGTCAAATATCT
rt_Kem4f TCCGCCACCCTGGAATGAGAC
Kemerovo rt_Kemdr TCAGGATCGGTCAAGGCCATTC 16 [9, 12]
Kem_prb4 FAM-AGCCGTTTCTGTCCACGAGACG-BHQ1
F7 TTCAAAGGGATACTGTTAGAGAG [13]
F10 AAGAAGGCTTATCTAATGGTGATG
B. burgdorferi s.l.
F5 ACCTGGTGATGTAAGTTCTCC
F12 CTAACCTCATTGTTGTTAGACTT
Q1 CACCATTGATCATAGCTCACAG [13]
Q4 CTGTTGGTGCTTCATTCCAGTC
B. miyamotoi
Q3 GCTAGTGGGTATCTTCCAGAAC
Q2 CTTGTTGTTTATGCCAGAAGGGT
PrF_gltA GGCTTCGGTCATCGTGT 120 [14]
PrR_gltA TTGCTATTTGTAAGAGCGGATTG
Rickettsia spp. Z(ROX)_gltA ROX-CCACGTGCCGCAGTACTTAAAGAAAC-
BHQ2
CS409d CCTATGGCTATTATGCTTGC 765 [15]
RP1258n ATTGCAAAAAGTACAGTGAACA
MSP2- 3f CCAGCGTTTAGCAAGATAAGAG 334 [13]
A. phagocytophilum
MSP2- 3r GCCCAGTAACAACATCATAAGC

nificance of phylogenetic tree topology was assessed
by Bootstrap analysis; calculations were performed for
500 pseudo-samples.

The nucleotide sequences identified in this
study were deposited in the international GenBank
database under the following accession numbers:
PP942931-PP942934 for whole genome TBEV se-
quences, PQ126376-PQ126404 for B. burgdorferi
s.l. P83/100 gene fragments, PQ126405-PQ126411
for B. miyamotoi glpQ gene fragments, PQ126412—
PQ126416 for A. phagocytophilum msp2 gene frag-
ments, PQ123220 for the gene fragment of the de-
tected B. canis isolate.

The study was conducted in compliance with the
biosafety rules regulated in SanPiN 3.3686-21 “Sani-

tary and Epidemiological Requirements for the Preven-
tion of Infectious Diseases” dated 28.01.2021.

Results

Of the 534 studied ixodid ticks, 1. persulcatus was
represented by 107 (20.0%) specimens (56 females and
51 males), I. paviovskyi — 234 (43.8%; 133 females
and 101 males), D. reticulatus — 193 (36.1%; 120
females and 73 males). All ticks were tested by PCR
for the presence of genetic material of 10 species of
tick-borne pathogens of viral, bacterial and protozoan
etiology (Kemerovo virus, TBEV, B. garinii, B. afzelii,
B. bavariensis, B. miyamotoi, R. tarasevichiae, R. raoul-
tii, A. phagocytophilum and B. canis) (Table 2). The Ke-
merovo virus was not detected during the analysis.
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Table 2. Detection of markers of tick-borne infections in D. reticulatus. I. persulcatus and I. paviovskyi ticks

Number of PCR-positive samples in ixodid ticks, abs./% (95% Cl)

Mapxepe! lxodes(tg(])etglt;s ticks I. persulcatus I. pavlovskyi D. reticulatus
(n=341) (n=107) (n=234) (n=193)
TBEV RNA 4/1.3 (0.3-2.6) 4/1.3 (0.3-2.6) 0 0

DNA R. tarasevichiae/R. raoultii 48/14.1 (10.8-18.2)
DNA A. phagocytophilum 5/1.5 (0.6-3.4)
DNA B. canis 0

7/2.1 (1.0-4.2)
29/8.5 (5.9-11.9)

DNA B. miyamotoi
DNA B. burgdorferi s.|.
Including (n = 29):
19/65.5 (47.4-80.1)
7/24.1 (12.2-42.1)
3/10.4 (3.6-26.3)

B. garinii
B. afzelii

B. bavariensis

43/40.2 (31.4-49.7)
4/3.7% (1.5-9.2)

9/8.4 (4.5-15.2)
5/4.7 (2.0-10.5)
3/2.8 (0.9-7.9) 0

5/2.1 (0.9-4.9) 94/48.7 (41.8-55.8)
1/0.4 (0.1-2.4) 0

0 0 1/0.5 (0.1-2.9)
3/2.8 (0.9-7.9) 4/1.7 (0.6-4.3) 0
17/15.9 (10.2-23.9) 12/5.1 (2.9-8.7) 0

10/4.3 (2.3-7.7)
2/0.8 (0.2-3.0)

TBEV RNA was detected in 4 (1.3%; 95% C1 0.3—
2.6) individuals out of 341 ticks of the Ixodes genus. All
detected TBEV isolates were attributed to the Siberian
genotype when analyzing the full-length nucleotide se-
quence of the genome. They were characterized by a
high level of homology of the nucleotide sequence of
the viral genome, which is 94-98% compared to oth-
er strains of the Siberian genotype and about 85-86%
compared to other TBEV genotypes (Table 3). The lev-
els of homology of the amino acid sequence of the viral
polyprotein are about 98—-99 and 94-95%, respectively.
Tomsk 2-2023 isolate differs by a lower level of homol-
ogy from the other three sequenced Tomsk isolates.

In phylogenetic analysis, the detected genetic
variants are clustered with subclade V of the Siberi-
an TBEV genotype [18]. The detected TBEV isolates
have a high level of homology and cluster together with
TBEV variants circulating in the southern regions of
Siberia, including the regions adjacent to Lake Bai-
kal (Fig. 2). At the same time, isolate Tomsk 2-2023
forms a separate phylogenetic branch, which may be
promising for separation into a separate subclade with-
in the Siberian TBEV genotype. Phylogenetic analysis
shows that all genomic sequences of the Tomsk 2023
isolates are original and differ from the Kolarovo-2008
and Tomsk-PT122 isolates circulating in Tomsk in

Table 3. Degree of similarity (%) of nucleotide (nuc.) and amino acid sequences of polyprotein (aa.) of identified TBEV

variants compared to reference TBEV strains

Tomsk 1-2023 Tomsk 2-2023 Tomsk 3-2023 Tomsk 4-2023
Reference strains (PP942931) (PP942932) (PP942933) (PP942934)
nuc. aa. nuc. aa. nuc. aa. nuc. aa.
Siberian TBEV genotype
Lesopark 11 (KJ701416) 98.14 99.45 96.62 98.99 98.20 99.23 98.27 99.39
Zausaev (AF527415) 98.31 99.42 96.50 99.08 98.06 99.39 98.09 99.48
Kolarovo-2008 (FJ968751) 93.98 96.47 94.06 96.47 94.02 96.47 94.22 96.57
Tomsk-PT122 (KM019545) 94.16 98.31 94 .47 98.28 94.24 98.28 94.42 98.41
Vasilchenko (AF069066) 94.23 98.31 94.55 98.25 94.38 98.28 94.58 98.44
Far Eastern TBEV genotype
Sofjin-HO (AB062064) 85.66 95.34 85.52 95.37 85.64 95.40 85.51 95.43
205 (DQ989336) 85.48 95.22 85.51 95.31 85.52 95.28 85.52 95.31
Western TBEV genotype
Hypr (U39292) 85.24 94.88 85.16 94.94 85.34 94.91 85.21 94.79
Neudoerfl (U27495) 85.21 94.39 85.15 94.39 85.26 94.42 85.14 94.33
Baikal TBEV genotype
886-84 (EF469662) 84.97 95.65 84.92 95.71 84.97 95.61 85.11 95.77
178-79 (EF469661) 85.80 95.92 85.80 96.01 85.86 95.89 85.88 96.04
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Fig. 2. Phylogenetic tree based on the whole-genome nucleotide sequences of TBEV.
TBEV sequences from this study are shown in bold. Presentation format: GenBank deposit number, isolate name.

20062008, which belong to subclade IV of the Siberi-
an TBEV genotype.

B. burgdorferi s.l. DNA was detected in 29 ticks of
the Ixodes genus, corresponding to an infection rate of
8.5% (95% CI 5.9-11.9; Table 2). Genotyping by nucle-
otide sequence of the P83/100 gene fragment showed
that the species diversity of Borrelia was represented
mainly by B. garinii with 65.5% of cases, B. afzelii was
found in 24.1% of cases, and B. bavariensis in 10.4%
of cases. The results of phylogenetic analysis of these 3
Borrelia species are presented in Fig. 3. All sequenced
variants of B. burgdorferi s.l. on the phylogenetic tree
formed compact monophyletic groups within their spe-

cies, which clustered with previously isolated isolates
in northern Eurasia.

B. miyamotoi DNA was also detected in 7 ticks of
the Ixodes genus on the basis of nucleotide sequence
analysis of a fragment of the glycerophosphodiester
phosphodiesterase (glpQ) gene fragment, which corre-
sponds to an infection rate of 2.1% (95% CI 1.0-4.2;
Table 2). No DNA of the B. burgdorferi s.l. and B. mi-
yamotoi complex was detected in ixodid ticks of the
Dermacentor genus.

Phylogenetic analysis for the detected B. miyamo-
toi isolates showed that all of them have a high level
of homology with the variants found earlier in Tomsk,
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Fig. 3. Phylogenetic tree based on the P83/700 gene fragment (325 bp) of the identified B. burgdorferi s.I. complex isolates.

Novosibirsk Regions, Khabarovsk and Krasnoyarsk
Territories, and together with them are clustered within
the Asian subtype of B. miyamotoi (Fig. 4).

A. phagocytophilum DNA was detected in 4
L persulcatus ticks and 1 I paviovskyi tick (Table 2).
The nucleotide sequence of the major surface protein
2 (msp2) gene fragment was determined for the detect-
ed A. phagocytophilum isolates, and the results of their
phylogenetic analysis are presented in Fig. 5. All se-
quenced A. phagocytophilum isolates form a monophy-
letic group within their species with isolates previously
found in Poland, Kaliningrad and North America.

The rickettsiae genetic material was most fre-
quently detected by PCR (Table 2). Thus, R. tarasevi-
chiae DNA was detected in 48 (14.1%) out of 341 ticks
of the Ixodes genus, R. raoultii DNA —in 94 (48.7%)
individuals out of 193 ticks of the Dermacentor genus,
in 5 ticks of the Ixodes genus — 1.5%. B. canis DNA
was detected in 1 D. reticulatus tick by a fragment of
the 18S rRNA gene (0.5% of cases), its phylogenetic
tree is presented in Fig. 6. No genetic material of Kem-
erovo virus was detected in the examined ticks.

In certain cases, several tick-borne pathogens
were detected in one tick. Thus, DNA of two tick-borne
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Fig. 4. Phylogenetic tree based on the glpQ gene fragment (433 bp) of the identified B. miyamotoi isolates.

Fig. 5. Phylogenetic tree based on the msp2 gene fragment (340 bp) of the identified A. phagocytophilum isolates.
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Fig. 6. Phylogenetic tree based on the 18S ribosomal RNA gene fragment (394 bp) of the identified B. canis isolate.

pathogens was detected in 8 (2.3%) ticks of the Ixodes
genus. Genetic material of B. garinii and R. tarasev-
ichiae was detected in 5 ticks, B. garinii and B. miy-
amotoi — in 2 ticks, B. garinii and A. phagocytophi-
lum — in 1. Moreover, DNA of 3 tick-borne pathogens
(B. garinii, R. tarasevichiae and A. phagocytophilum)
was detected in 1 tick of the Ixodes genus at once.

Discussion

The 1. paviovskyi and D. reticulatus species were
dominant among the studied ixodid ticks (79.9%),
which is recently characteristic of Tomsk and Novo-
sibirsk and their suburbs [6—8]. Thus, the increase in
the abundance of D. reticulatus more than 200 times in
urban biotopes of Tomsk was first recorded in the fall
of 2015. When determining the species composition of
ticks attacking humans in Novosibirsk and its suburbs,
it was also recorded that /. paviovskyi and D. reticula-
tus ticks account for 84.8% among ticks removed from
patients seeking medical care for tick bites in 2018. The
dominance of 1. paviovskyi and D. reticulatus ticks in
2023 in the biotopes of Tomsk and its suburbs indicates
the stable nature of this phenomenon and the actual dis-
placement of the taiga tick from the biotopes of these
metropolitan areas in the south of Western Siberia.
At the same time, an independent study in 2019 of a
natural biotope on the Tom River upstream of Tomsk
(approximately 125 km) revealed a practically com-
plete dominance of the taiga tick, whose representation
amounted to 95.72% in collections from vegetation,
while the shares of the . paviovskyi tick and its hybrids

amounted to only 1.75 and 2.53%, respectively, with a
comparable sample size [19]. Such a dramatic differ-
ence in the species composition of ticks in urban and
natural biotopes in the basin of one river in the south
of Western Siberia suggests that anthropogenic impact
significantly changes the breeding conditions of ticks
and the spectrum of associated tick-borne infections in
places of compact human habitation.

As a result of the studies, genetic material of 9
species of tick-borne pathogens of viral, bacterial and
protozoic nature was detected in ixodid ticks of three
species. TBEV was detected in 4 ticks (taiga ticks), and
all detected TBEV isolates were attributed to the Siberi-
an genotype. It is known that in northern Eurasia TBEV
is mainly represented by three main genotypes — Far
Eastern, Siberian and European, the first of which most
often causes severe clinical forms of TBEYV, and the
second one is more often found in Western Siberia [5].
The isolates of the Siberian TBEV genotype that we
have detected can be attributed to subclade V, for which
the Zausaev strain is considered to be the prototype vi-
rus. Initially, the Zausaev strain was isolated in Mos-
cow from the brain of a deceased patient with a chronic
form of tick-borne encephalitis (within 2 years), who
was presumably infected in the Tomsk region and be-
came ill 10 years after a tick bite in 1973. [20].

However, in Tomsk and its suburbs, circulation
of TBEV variants of the Siberian subtype in 2006—
2008, belonging to subclade IV, strains Kolarovo-2008
(FJ968751) and Tomsk-PT122 (KM019545), as well as
variants of the Far Eastern genotype, was previously de-
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tected [7, 9, 21]. Phylogenetic analysis of full-genome
sequences showed that isolates of TBEV 2023 are new
to Tomsk, with the unusual isolate Tomsk 2023-2 form-
ing a separate phylogenetic branch that may be prom-
ising for isolation into a separate subclade within the
Siberian TBEV genotype. We failed to detect the genet-
ic material of the Kemerovo virus in the studied ticks,
although there are reports of its detection in Western
Siberia and Kazakhstan [12].

Infection of ticks of the Ixodes genus with B. burg-
dorferi s.l. amounted to 8.5%, which is below the av-
erage values of recent years [1, 2, 6, 22, 23]. B. garinii
was detected most frequently (65.5% of cases), B. af-
zelii (24.1%) and B. bavariensis (10.4%) were detected
less frequently. The population of borreliae pathogens
of ITB is heterogeneous, counting more than 20 spe-
cies of borreliae, and the species diversity of borreliae
is significantly influenced by the diversity of reservoir
hosts, which ensure circulation and persistence of ITB
pathogens. B. afzelii and B. bavariensis are common-
ly associated with small rodents and B. garinii with
birds [23]. It is likely that the dominance of B. garinii
can be attributed to the fact that birds may be an im-
portant feeder of ixodid ticks in urban areas [1, 8, 13,
24]. B. burgdorferi s.I. DNA in the ixodid ticks of the
Dermacentor genus was unable to be detected, but the
possibility of the presence of borrelia in D. reticulatus
ticks is confirmed by a number of publications [23,
24]. Phylogenetic analysis of sequenced borrelia DNA
fragments showed that borrelia isolates formed com-
pact monophyletic groups within their species. More-
over, B. garinii isolates were grouped into 3 different
phylogenetic branches. At the same time, one of these
groups, including 9 isolates, was not associated with
isolates previously found in Tomsk. Probably, we can
speak about the appearance of new genetic variants of
B. garinii in urban biotopes of Tomsk. This assumption
applies equally to B. afzelii and B. bavariensis isolates,
which also form new phylogenetic groups.

B. miyamotoi DNA was detected in 2.1% of the
examined ticks of the Ixodes genus. This species of Bor-
relia belongs to the causative agents of tick-borne re-
lapsing fevers, which are widespread in various regions
of the world, including Russia [25-28]. This species of
borrelia is associated with erythematous forms of ITB,
while the pathogen is capable of causing severe forms
of disease, including meningoencephalitis, in immuno-
compromised people, and mixt-infections with other
tick-borne pathogens. Infection of ixodid ticks with
B. miyamotoi is usually much lower than with Borrel-
ia of other species and ranges from 0.3—16% [27, 28].
In 2023, we were unable to detect B. miyamotoi DNA
in ixodid ticks of the Dermacentor genus, although
in 2021 in the Tomsk region it was detected in 2% of
D. reticulatus ticks [3]. Phylogenetic analysis of 7 B.
miyamotoi isolates based on the glpQ gene fragment
showed that all of them form a rather compact gene-
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tic group within the Asian subtype and cluster together
with the previously detected variants in the Tomsk, No-
vosibirsk Regions, Khabarovsk and Krasnoyarsk Krai.

The highest infection rate of the studied ticks was
found for rickettsiae (48.7% for R. raoultii and 14.1%
for R. tarasevichiae), with R. tarasevichiae occurring
only in ticks of the Ixodes genus and R. raoultii in ticks
of the Dermacentor genus. These rickettsiae are capable
of causing tick-borne rickettsioses in humans, and their
circulation has been established in different regions of
the Russian Federation, mainly in Siberia and Kazakh-
stan [29, 30]. In the Tomsk region, only single cases of
rickettsiosis are registered annually [2, 4]. R. raoultii
is known to occur in many European countries, in dif-
ferent regions of Russia, such as Novosibirsk, Omsk,
Irkutsk, in the Republics of Altai and Buryatia, in Pri-
morsky and Khabarovsk Krai and is usually associated
with ticks of the Dermacentor genus [6, 7, 10, 30]. It is
currently accepted that R. raoultii is capable of caus-
ing the development of TIBOLA syndrome (tick-borne
lymphadenopathy), which is characterized by a primary
affect in the form of erythema developing at the site of
tick sucking and painful regional lymph nodes [31, 32].
Detection of genetic material of R. raoultii in meadow
ticks, for which an explosive increase in numbers (more
than 200 times) in urban biotopes has been registered, re-
quires special attention to the diagnosis of TIBOLA syn-
drome in patients in the Tomsk region. R. tarasevichiae
is characterized by infection of ticks of the Ixodes genus
(more often I persulcatus, less often I. paviovskyi). This
species of rickettsiae is widespread in the Asian part of
Russia, and cases of human infection with R. tarasevi-
chiae were recorded in the Novosibirsk region [6].

Genetic markers of A. phagocytophilum were de-
tected in 1.5% of ticks of the Ixodes genus and were not
found in ticks of the Dermacentor genus, although ear-
lier the genetic material of A. phagocytophilum was de-
tected in ticks of D. reticulatus in the territory of Tomsk
[7]. All sequenced isolates of 4. phagocytophilum form
a monophyletic group within their species with iso-
lates previously detected in Poland, Kaliningrad, and
North America, which, in all probability, demonstrates
the conservatism of the msp2 gene used for genotyp-
ing. Babesia infections of ixodid ticks were also previ-
ously registered in the Tomsk region [2]. As a result of
this study, we managed to detect Babesia canis in only
1 tick of the Dermacentor genus.

Mixed infections associated with various tick-
borne infections are quite common and can affect the
course and clinical manifestations of diseases [33]. We
detected different combinations of tick-borne patho-
gens in ixodid ticks, with B. garinii occurring in all cas-
es of mixed infection.

Comparing the infection rates of different tick
species, a significantly higher infection rate of Borrelia
was found (OR = 3.1; 95% CI 1.43-6.72; F = 0.004;
¥’ = 8.9), rickettsiae (OR = 18.81; 95% CI 7.25-48.82;
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F = 0.000; y> = 60.17) and anaplasmas (OR = 8.75;
95% CI 0.97-79.2; F = 0.038; > = 5.35) of L persul-
catus ticks compared to I. paviovskyi. A wider range
of pathogens (TBEV, B. burgdorferi s.l, B. miyamotoi,
R. tarasevichiae and A. phagocytophilum) was record-
ed in 1. paviovskyi ticks which were dominant in urban
biotopes. Ticks of the Dermacentor genus were predom-
inantly infected with R. raoultii, and the other tick-borne
pathogens were found in them much less frequently.

The obtained data confirm the necessity of moni-
toring the circulation in natural and anthropourgical fo-
ci of tick-borne infections in Tomsk and Tomsk region
along with TBEV and pathogens of other tick-borne
infections: B. miyamotoi, Rickettsia spp., A. phagocy-
tophilum, Babesia spp. It is necessary to further im-
prove methods of diagnostics and prevention of these
infections, including identification of possible human
cases and mixtinfection. It is important to emphasize
that currently 3 species of ticks (. persulcatus, I. pav-
lovskyi, D. reticulatus), infected with at least 9 species
of tick-borne pathogens, dominate in urban biotopes
and take part in the formation of urban foci of tick-
borne infections in the park zone of Tomsk.

Conclusion

In the territory of Tomsk and its suburbs, /. paviov-
skyi and D. reticulatus predominate among ixodid ticks

collected from vegetation. As a result of PCR analysis,
9 species of tick-borne pathogens of viral, bacterial and
protozoan nature were detected in the ixodid ticks of
3 species, which apparently take part in the formation
of urban foci of tick-borne infections. Higher levels of
infection with borrelia, rickettsiae and anaplasma were
found in 1. persulcatus ticks compared to 1. paviovskyi.
A wider range of pathogens (TBEV, B. burgdorferi s.1.,
B. miyamotoi, R. tarasevichiae and A. phagocytophi-
lum) was recorded in . paviovskyi and I. persulcatus
ticks than in D. reticulatus ticks (TBEV, R. raoultii and
Babesia canis).

Infection of taiga ticks with TBEV amounted to
1.3%. Infection of ticks of the Ixodes genus amount-
ed to the following: B. burgdorferi s.l. — 8.5%,
B. miyamotoi — 2.1%, A. phagocytophilum — 1.5%,
R. tarasevichiae — 14.1%. Furthermore, the rate of oc-
currence of R. raoultii in D. reticulatus ticks amounted
to 48.7%, and Babesia canis DNA was detected in a
single sample. Genotyping of tick-borne pathogens was
carried out on the basis of sequencing of isolated gene
fragments of TBEV, B. burgdorferi s.l., B. miyamotoi,
A. phagocytophilum and Babesia canis. All detected
TBEYV isolates were assigned to the Siberian genotype,
subclade V, by analyzing the full-length nucleotide se-
quence of the genome. The sequences were deposited
in GenBank.
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Abstract

Introduction. Modern medicine is faced with the resistance of Candida spp. to antimycotics, due to changes
in the expression and structure of the ERG11 gene, the molecular target of triazoles. These mechanisms often
operate simultaneously, but the interaction between them remains poorly understood.

The aim of this study is to investigate the interaction between ERG 77 gene overexpression and mutation in the
development of triazole resistance in C. albicans.

Materials and methods. Eleven C. albicans strains from the G.N. Gabrichevsky Moscow Research Institute of
Epidemiology culture collection were analyzed. Each strain was characterized by its ERG771 gene expression
level, the presence of ERG11 mutations, and its susceptibility to the triazoles posaconazole, voriconazole,
itraconazole and fluconazole.

Results. The C. albicans strains (n — number of tested strains) were categorized into four groups: Group 1 (n = 2,
ERG11 overexpression only), Group 2 (n = 3, ERG11 mutations only), Group 3 (n = 4, both ERG 11 overexpression
and mutation)and Group 4 (n =2, neither ERG 11 overexpression nor mutation). The minimum inhibitory concentration
(MIC) of Triazoles in Group 1 was 15.76-fold higher than in Group 2, 4.97-fold higher than in Group 3, and 2.51-fold
lower than in Group 4 (p < 0.05 for all comparisons). The MIC of triazoles in Group 2 was 3.17-fold lower than in
Group 3 and 40.00-fold lower than in Group 4 (p < 0.001). The MIC of triazoles in Group 3 was 12.5-fold lower than
in Group 4 (p < 0.001). Population-level variation in triazoles MIC was more strongly influenced by the isolated effect
of ERG11 mutations (45.94%) than by the isolated effect of ERG 11 overexpression (5.27-fold less).

Conclusion. Triazole resistance in C. albicans is influenced by the combined actions of ERG 11 overexpression
and mutation. ERG 11 overexpression appears to contribute more to the absolute level of resistance, while ERG11
mutations have a greater impact on the diversity of resistance levels within the C. albicans population.

Keywords: Candida albicans, antimycotics, resistance, ERG11 gene, overexpression, mutations
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CouyeTtaHHOe AeNcTBUe rMnepaKcnpeccuv n mytauum reHa ERG11
npu ¢opmupoBaHum pesncreHtHoctn Candida albicans
K TPMa30/10BbIM NPOTUBOrpNOGKOBbIM Npenapatam

HecBmxckuii K0.B."?*, ApaHacbeB C.C.2%, 3Bepes B.B.', Boponaes A.[l.2, ApaHacbeB M.C.',
Boponaesa E.A., BypaHoBa E.B.", CmupHoBa JI1.M.", AHucosa C.A.", Yp6aH t0.H.2

MepBblt MOCKOBCKIMIN FOCYAAPCTBEHHDBIN MEAVULNHCKII YHUBepcuTeT nMmeHn .M. CeyeHoBa

(CeueHoBckmin YHuBepcutet), MockBa, Poccns;

2MOCKOBCKMIA Hay4YHO-UCCef0BaTENbCKUN MHCTUTYT SNUAEMMNONOTA N MUKPOo6Uuonorum umenu ILH. labpuuesckoro,
Mocksa, Poccusa

AHHOMauyusi

BBepeHue. CoBpeMeHHasi MeguuuHa CTanknuBaeTcsl C pe3ncTeHTHOCTbio Candida spp. K aHTUMUKOTMKaM, 0byc-
NOBEHHON U3MEHEHMEM 3KCrpeccum 1 CTpykTypbl reHa ERG11 — MONeKynspHOW MULLIEHU Tpuasonos. OTU
MEXaHU3Mbl YacTo AENCTBYIOT OQHOBPEMEHHO, OIHAKO B3aMMOAENCTBUE MEXAY HMMU OCTaETCA HEAOCTAaTOYHO
N3YYEHHbIM.

Llenb paboTbl — u3yyeHue ponu runepakcnpeccun reHa ERG11 u ero mytaumin B popmMmnpoBaHMmn pe3amcTeHTHO-
ctn rpubos C. albicans k Tpnasonam.

Martepuanbl 1 meToabl. ViccnegoBaHue BbiNonHeHo Ha 11 wtammax rpubos C. albicans 13 konnekuuu
MHWUUSM mm. I H. Mabpuyesckoro. Ltammbl Gbinv oxapakTepunsoBaHbl N0 YPOBHIO 3kcnpeccun reHa ERG11 n
HanMuuMIo B HEM MyTaUuiA, a Takke YyBCTBUTENbHOCTU K TpMasonam: No3akoHas3orny, BOPUKOHa30Iy, UTPakoHa30-
ny v dnykoHasony.

Pe3ynskraTthl. Ltammel C. albicans nogpasgenunu Ha 4 rpynnbl: 1-s rpynna — TONbKO C NOBbILLEHHOW 3KCnpec-
cuel reHa ERG11; 2-a — TONbKO C MyTauusiMu B @aHHOM reHe; 3-9 — OfHOBPEMEHHO 0ba BMaa reHeTU4ecKmnx
N3MeHeHUN; 4-9 — 6e3 faHHbIX FTEHETUYECKMX U3MEHEHUIN. YCTAHOBIEHO, YTO MUHMManbHasi NO4ABNSOLLAS KOH-
ueHTpauus (MIK) Tpnasonos B 1-1i rpynne 6bina B 15,76 pa3a Bbilwe, 4em Bo 2-1, B 4,97 pasa Bbille, YeM B 3-I,
n B 2,51 pasa Huxe, Yyem B 4-i (Be3ae p < 0,05). Bo 2-11 rpynne MIMK Tprasonos 6bina B 3,17 pasa Hmke, Yem
B 3-1, n B 40 pa3 Huxe (p < 0,001), yem B 4-in. MINK Tprasonos B 3-1 rpynne no cpaBHEHWIO C 4- rpynnon 6eina
B 12,5 pasa Huxe (p < 0,001). MonynsiuMoHHoe BapbupoBaHue MIK Tprazonos B 6onbLUel CTENEHW 3aBUCUT OT
N30NMPOBaAHHOTO AENCTBUA MyTaumn reHa ERG 11 (45,94%), uto B 5,27 pa3a npeBocxoauT adpdeKT n3onnpoBaH-
HOW MMNepakcnpeccum rexHa.

3akntouyeHue. YctonumsocTb C. albicans k Tpnasonam obecnevmBaeTcs KoonepaTuBHbIM AENCTBUEM TMNEPIKC-
npeccuun u myTauun reHa ERG11: HanbonbLuyto pe3ncTeHTHOCTb 06ecneynBaeT rmnepakcnpeccus, NonynsAUMoH-
Hoe pa3Hoobpasne — myTauumm.

KnroueBble cnoBa: Candida albicans, aHmumukomuku, pe3ucmeHmHocmsb, 2eH ERG11, eunepakcripeccusi, My-
mauyuu

McecmoyHuk ¢puHaHcupoeaHusi. ABTOpbLI 3asBMSAOT 06 OTCYTCTBMMN BHELLUHEro (hHAHCUPOBAHUS NPU NPOBEAEHUN UC-
crepoBaHus.

KoHgbniukm uHmepecoe. ABTOPbI AeKNapupyoT OTCYTCTBUE SIBHBLIX U NOTEHLMANbHBLIX KOH(PIUKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6rvKkaumen HacTosILLEeN cTaTbu.
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1 MyTaumii reHa ERG11 npu chopmypoBaHumn peancteHTHocTu Candida albicans k Tpua3onoBbIM NpOTUBOrpUOKOBLIM
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Introduction

Microbial resistance to chemotherapeutic drugs is
a longstanding challenge in modern medicine. While
numerous mechanisms of antibiotic resistance are
well-characterized, including those genetically encoded
that increase antibiotic target production or alter target
structure, the interplay of these mechanisms remains
poorly understood [1-3]. These resistance mechanisms
can operate independently or concurrently within a mi-
crobial cell, and the consequences of their combined
effects require further investigation.

We investigated this issue using Candida species
as a model, given their well-documented resistance
to antimicrobial drugs. One resistance mechanism in-
volves increased expression of genes encoding drug
targets, notably ERGII, which encodes lanosterol
140-demethylase. This enzyme is crucial for ergosterol
biosynthesis, a key component of the fungal cell wall.
ERGI1I overexpression leads to increased ergosterol
production, rendering Candida species insensitive to
therapeutic azole concentrations [4].

However, recent studies have identified non-syn-
onymous ERGII mutations that modulate its effects,
impacting Candida's triazole susceptibility both pos-
itively and negatively [5—9]. Our data [10] show that
certain FRG /] mutations mitigated the effects of over-
expression, reducing the Minimal Inhibitory Concen-
tration (MIC) of triazole drugs in mutant Candida al-
bicans strains by up to 100-fold. Complete reversal of
resistance, however, was not observed. It is important
to note that ERGI1] overexpression and mutations ap-
pear to manifest relatively independently across differ-
ent Candida spp. [5, 7-9, 11-15].

Both ERGI1I overexpression and mutation clear-
ly contribute to the population-level diversity in azole
sensitivity observed in Candida species. However, the
precise nature and outcome of the interaction between
these mechanisms remain unclear. Investigating this in-
teraction is crucial for understanding the survival strat-
egies employed by Candida spp. under conditions of
widespread drug exposure and may reveal promising
avenues for combating the growing problem of antimi-
crobial resistance.

Therefore, the aim of this study was to investigate
the interaction between ERG 11 overexpression and mu-
tation in the development of triazole resistance in C.
albicans.

Materials and methods

The study was conducted on 11 C. albicans strains
from the collection of the G.N. Gabrichevsky Moscow
Research Institute of Epidemiology and Microbiology
(Rospotrebnadzor), which were initially resistant to the
effects of fluconazole and voriconazole.

Strain identification was performed using biochem-
ical assays and real-time multiplex polymerase chain re-
action (qPCR), along with ERG11 expression level anal-

ysis and mutation screening. A detailed description of the
methodology is provided in another study [10].

According to the available characterization,
7 of the studied strains were carriers of 5 variants
of non-synonymous mutations in the ERGII gene
(E266D, G464S, 1471L, D116E, and V4881), while 6
strains showed ERG 11 overexpression.

Based on these genetic characteristics, C. al-
bicans strains were divided into 4 groups: Group 1
(n=2)—strainswithonly ERG 1 overexpression; Group2
(n = 3) — strains with only £ERG 1] mutations; Group 3
(n = 4) — strains with simultaneous expression of both
types of genetic alterations; Group 4 (n = 2) — strains
without either of the genetic alterations.

The sensitivity of the studied C. albicans strains
to four representatives of triazole antifungals (posacon-
azole, voriconazole, itraconazole, fluconazole) was in-
vestigated in accordance with the recommendations of
the Interregional Association for Clinical Microbiology
and Antimicrobial Chemotherapy (IACMAC) for de-
termining the sensitivity of microorganisms to antimi-
crobial agents, based on CLSI M44 and M60 standards
for fungi and the standards and criteria of the Europe-
an Committee on Antimicrobial Susceptibility Testing
(EUCAST) for microdilution methods and bacterial
cultures'.

The minimum inhibitory concentrations (MIC,
mg/mL) were determined by the serial microdilution
method using the Sensititre YeastOne plates (Trek di-
agnostic system). For this, the inoculum was prepared
similarly to the disk diffusion method, after which it
was introduced into a modified RPMI-1640 medium
and distributed into 96-well plates for serial micro-
dilutions with previously added triazole antifungals
[11]. The results were recorded visually, comparing the
growth in the well with the positive control well ac-
cording to EUCAST criteria [12].

To ensure the comparability of the research re-
sults, the data for individual C. albicans strains for each
triazole antifungal were weighted by the average MIC
value for the given drug. Subsequently, the obtained
relative values were analyzed.

Statistical analyses were conducted using Micro-
soft Excel, SciPy and Matplotlib. The significance of
the differences was assessed using the Mann—Whitney
U-test. The contribution of factors to the population
variability of the trait was assessed using single-factor
and two-factor ANOVA. The critical error level for test-
ing statistical hypotheses was set at p < 0.05.

Results

The MIC of'triazole antifungals with various genet-
ic modifications in C. albicans is presented in Table 1.

! TACMAC Recommendations "Determination of the sensitivity
of microorganisms to antimicrobial drugs (2021)». URL: https://
www.antibiotic.ru/minzdrav/category/clinical-recommendations
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Table 1. MIC of triazole antifungals in various genetic modifications in the ERG11 gene of C. albicans (X £ m)

Strain group n Posaconazole Voriconazole Itraconazole Fluconazole
1 2 1.361 + 1.351 1.184 £ 1.045 1.363 £ 1.353 1.579 £ 1.483
2 3 0.008 + 0.002 0.139 + 0.000 0.008 + 0.002 0.191 £ 0.000
3 4 0.028 + 0.019 0.383 +0.244 0.026 + 0.020 0.669 + 0.317
4 2 4.068 + 1.357 3.343+1.115 4.075 + 1.359 2.296 £ 0.765

Statistical analysis revealed no significant differences
between the individual drugs for each variant of genet-
ic alterations, indicating a uniform directional effect
across all triazoles. Due to this fact, the results of the
MIC study were pooled into a single group of triazoles.
The defining characteristics of each group are presented
in Table 2.

Comparative analysis of the obtained results
showed that the MIC of triazoles in Group 1 was 15.76
times higher (p < 0.05) than in Group 2, 4.97 times
higher (p < 0.05) than in Group 3, and 2.51 times low-
er (p < 0.05) than in Group 4. In Group 2, the MIC of
triazoles was 3.17 times lower than in Group 3, and 40
times lower (p < 0.001) than in Group 4. The MIC of
triazoles in Group 3 was 12.5 times lower (p < 0.001)
compared to Group 4.

The assessment of the impact of various genet-
ic alterations on the degree of variation in the MIC
of triazoles in the studied C. albicans population was
conducted using analysis of variance (ANOVA). The

32.74

8.71

12.59

45.94

u Only overexpression of the ERG11 gene

Overexpression and mutations of the ERG 117 gene together
E Only mutations of the ERG11 gene

O Random factors

Two-factor model of the influence of genetic alterations
in the ERG11 gene on the variation of triazole MIC
in the C. albicans population, %.

Table 2. MIC of triazole antifungals in the studied groups

Strain group n X+m Me [Q,;; Q]
1 1.371+£0.501 1.184[0.010; 2.470]
2 12 0.087 £0.024 0.075[0.007; 0.139]
3 16 0.276 £0.113  0.112[0.006; 0.152]
4 8 3.445+0.522 2.889[1.879; 3.759]

single-factor model showed that the combined effect
of ERGII overexpression and mutation amounts to
58.58% (p < 0.001) of the total variance.

A two-factor ANOVA was performed to quantify
the relative impact of these genetic alterations (Figure).
The isolated effect of FRG /1 mutations accounted for
almost half (45.94%) of the genetic variance, which is
more than 5.27 times greater than the contribution of
the isolated effect of ERGI1I overexpression and 3.65
times greater than the combined effect of mutations and
overexpression. Taken together, the combined effect
of all genetic alterations accounts for 67.26%, which
is consistent with the findings of the single-factor
ANOVA model.

Discussion

This study confirms that both ERGII overex-
pression and ERGII mutations contribute to triazole
resistance in C. albicans strains initially resistant to flu-
conazole and voriconazole. It is further demonstrated
that these genetic mechanisms can act independently or
synergistically in conferring resistance. While ERG/1
overexpression generally exerts a more pronounced ef-
fect than ERG1I mutations alone, as confirmed in se-
veral previous studies [4-9, 16, 17], their interaction is
complex.

Although an additive effect of ERGII overex-
pression and mutations might be anticipated, our data
reveal that certain mutations can attenuate the impact
of ERGI1I overexpression. This resulted in a notice-
able reduction in the overall effect of ERG1I overex-
pression in our C. albicans strain collection. However,
it is not recommended to generalize this observation
to all instances of genetically mediated resistance in
C. albicans; rather, this finding is interpreted as a po-
tential characteristic specific to the strains included in
this study.

The observation of high triazole resistance in
C. albicans strains lacking ERG1] alterations suggests
that other resistance mechanisms are also operative. For
example, overexpression of efflux pump genes, such as
CDRI1, CDR2 and MDRI, has been reported [4, 5], al-
though their relative contributions to resistance remain
to be fully quantified.

The analysis of variance accounted for the con-
tribution of both ERGI1I overexpression and mutation
to the population-level variation in triazole susceptibil-
ity among C. albicans strains. While both mechanisms
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contribute, the results indicate that ERGI/ mutations
play a dominant role in shaping this phenotypic diver-
sity.

Evaluating the biological and medical significance
of the overexpression and mutations of the ERG 1] gene
in C. albicans strains, it was observed that ERG1] over-
expression and the associated lanosterol-14a-demethy-
lase hyperproduction serve as a far more effective de-
fense mechanism against the harmful effects of triazole
antifungals than the synthesis of genetically modified
enzyme variants. However, non-synonymous point
mutations in ERG1] clearly contribute to the increased
biological diversity of this yeast-like fungus, without
necessarily causing a dramatic, short-term increase in
its clinical threat. Therefore, from a practical perspec-
tive, identifying ERG 1] overexpression may be a more
appropriate initial strategy for predicting the immediate
risk of triazole resistance in C. albicans isolates.

Conclusion

1. Triazole resistance in C. albicans strains arises
from the combined effects of ERGII overexpression
and mutation.

2. ERG11 overexpression has a significantly great-
er impact on resistance levels than its non-synonymous
mutations.

3. Mutations within the ERG1I gene are a more
significant driver of population-level triazole resistance
diversity in C. albicans than ERG11 overexpression.

4. It is recommended to test strains for ERGII
overexpression to predict the emergence of triazole re-
sistance in C. albicans.
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Abstract

Background. Dengue is a rapidly spreading mosquito-borne disease, posing significant global health challenges,
particularly in endemic regions. Recent years have witnessed an increase in the frequency and intensity of
dengue outbreaks, necessitating robust forecasting models for early intervention.

This systematic review aims to synthesize recent literature on dengue forecasting models, evaluate their
predictive performance, and identify the most effective approaches.

Materials and methods. A comprehensive search in Scopus, PubMed, ScienceDirect, and Springer databases
was conducted following PRISMA guidelines. Studies were selected based on strict inclusion and exclusion
criteria, and the quality of the research was evaluated using TRIPOD criteria. Out of 1,366 identified studies, 13
met the eligibility criteria. Data were extracted and analyzed to assess the accuracy and validity of the forecasting
models employed.

Results. The findings indicate that machine learning-based models, particularly random forest, outperform
conventional statistical models such as ARIMA and Poisson regression. Additionally, climate data — especially
temperature and rainfall play a critical role in forecasting dengue incidence.

Conclusion. The present study corroborates the superior efficacy of machine learning-based forecasting models,
particularly random forest, in forecasting dengue cases compared to conventional statistical methods. This finding
provides a foundation for the development of an enhanced early warning system to address future outbreaks of
dengue.
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AHHOMauusi

BBeaeHue. Jlnxopaaka aeHre — ObICTPO pacnpocTpaHsiolleecs 3abonesaHue, NnepeHOCUMOE KoMapaMu, npea-
CTaBnsAeT cepbEesHyto Npobrnemy anst rmobanbHOro 30paBooOXpaHeHns, 0COBEHHO B SHAEMUYHbIX permoHax. Ya-
CTOTa U MHTEHCMBHOCTb BCMbILLIEK NMMXOPaAK/ OeHre YBENNUYMBAKOTCS, YTO TpebyeT co3aaHmsa HagéxHblX moaenen
NPOrHO3MpPOBaHWSA ANsi PaHHEro BMeLLaTenbCTea.

Lenb cuctematnyeckoro o63opa — 0006LLMTE AaHHbIE NUTEPATYPbl O MOAENAX MPOrHO3UPOBAHUS NUXOPALKN
O€EHre, OLEeHNTb NX MPOrHOCTUYECKYH0 3PEKTUBHOCTL U BbISBUTL Hanbonee adpdekTnBHbIE NOAXOAbI.
Martepuanbi 1 MeToabl. BcectopoHHUii nouck B 6a3ax gaHHbix Scopus, PubMed, ScienceDirect n Springer npo-
BEeLEH B COOTBETCTBMM C pekomeHaaumsammn PRISMA. UccnenoBaHus otbupany Ha OCHOBE CTPOrnMX KpuTepues
BKIMOYEHUS N UCKIMIOYEHMS!, @ Ka4eCTBO MCCregoBaHUi oueHnBanu ¢ nomolubio kputepues TRIPOD. M3 1366
BbISIBNIEHHBIX MCCreaoBaHuin 13 cOOTBETCTBOBANM KpUTEpUsIM oT6opa. [laHHble Obinv npoaHanuManpoBaHbl Ans
OLEHKM TOYHOCTM M 0OOCHOBAHHOCTM UCMONb30BaHHbLIX MOAENEN NPOrHO3MPOBaHUS.

Pe3ynkTraTbl. Pe3ynsrarhbl NokasbiBatoT, YTO MOAENN HA OCHOBE MALUUMHHOIO 0By4eHNs1, B YaCTHOCTU «CIydalrHbIn
nec», NPeBOCXOAAT TPaAULMOHHbIE cTaTUCTUYeckne mogenu, Takme kak ARIMA n perpeccus lNyaccoHa. Kpome
TOro, KnMMaTu4eckne gaHHble, 0COBEHHO TemnepaTtypa 1 KONMYeCcTBO 0CaAKOB, UrPatoT BaXKHYIO POSlb B NMPOrHO-
31MpoBaHNM 3ab60NeBaeMoCTy NMXOPaaKoN AEHre.

3akntouyeHue. HacTosilee uccnenosaHne noaTeepxaaeT 6onee BbICOKYH 3(EKTUBHOCTbL MOAENEN MPOrHo-
3MPOBAHNSI HA OCHOBE MALLMHHOIO OOYyYeHMWs, B YACTHOCTU «CRy4YaWHbIA fiec», B NPOrHO3NPOBaHMU CIyyYaeB
3aboneBaHNsi NMXOPaAKON AeHre NO CPaBHEHUIO C TPAOULMOHHBIMW CTAaTUCTUYECKMMU MeTogamMu. STOT BbIBOS
3aKnagbiBaeT OCHOBY Ansi pa3paboTku yCOBEPLLUEHCTBOBAHHOW CUCTEMbI pPaHHEro onoBelleHust ans 6opbobl
¢ OyayLimMmMu BCMbILLKaMK NIMXOPaAKK OEHre.

KnroueBble cnoBa: deHae, Moderib poecHOo3uUpoeaHus, MawuHHoe o6yquue, memod Cﬂy'-laLjHOZO Jieca, cucme-

Ma paHHeeco orioeeweHus

UcmoyHuk ¢puHaHcuposaHusi. ITO nccnegosaHve 6bino NpodmHaHcMpoBaHo MuHucTepcTBoM obpasoBaHust Hgo-
He3uu (BPI) [202414100900]. duHaHcupytoLwmne opraHnsaumm He NpuHUManu yvactust B paspaboTtke gusaiiHa nccne-
[oBaHus, cbope AaHHbIX, X aHanvae, MHTepnpeTaLmm Unn HarmcaHuM 3Ton CTaTby.

KOHd)ﬂUKm uHmepecos. ABTOPbI AEKNapupyrT OTCYTCTBME ABHbIX N NOTEHUWaNbHbIX KOHMIMKTOB UHTEPECOoB, CBS-

3aHHbIX C Nybnukaumnen HacTosILLEen cTaTbi.

Ana yumupoeaHus: Sutriyawan A., Rahardjo M., Martini M., Sutiningsih D., Rattanapan C., Kassim N.F.A. Mogenu
rno6anbHOro NPOrHO3MpPOBaHUS BCMbILLEK AEHre B 3HAEMUYHbIX PEFMOHaX: cucTteMatuydeckuin 063op. XKypHan Mukpo-
buonoeauu, anudemuonoauu u ummyHobuonoauu. 2025;102(3):331-342.

DOI: https://doi.org/10.36233/0372-9311-694
EDN: https://www.elibrary.ru/RDIEND

Introduction

Dengue is one of the fastest spreading mosqui-
to-borne disease, especially in tropical and subtropi-
cal regions, caused by various types of dengue virus-
es [1, 2]. The World Health Organization has reported
an 8-fold increase in global dengue incidence between
2000 and 2019. In 2023, over 5 million cases were
documented across 80 countries, with at least 23 na-
tions experiencing dengue outbreaks. That number has
more than doubled in 2024, with more than 10.6 mil-
lion cases reported in North and South America alone.
However, the actual number of cases is likely signifi-
cantly higher, emphasizing the urgent need for effective
public health interventions to mitigate this escalating
crisis [3]. Although most infections are harmless, den-
gue shock syndrome and dengue are severe forms of
infection that can lead to death [4, 5]. In the absence
of a specific drug or vaccine for this virus, case fatality
rates can reach 20% if diagnosis is not prompt [6], par-
ticularly in resource-constrained areas. When outbreaks
occur on a large scale, the sheer number of severe den-
gue cases can overwhelm the health system and impede
the delivery of optimal care. Dengue also poses a huge
social and economic burden to many tropical countries
where the disease is endemic [7]. Precise prediction of

outbreak size and trends in disease incidence early can
limit further spread [8], and help better plan health re-
source allocation to meet needs during an outbreak.
The two principal vectors are Aedes aegypti and
A. albopictus, which are capable of transmitting den-
gue. The transmission of dengue is influenced by a
number of factors, including environmental and cli-
mate change, urbanization, globalization, vector activi-
ty, and behavioral change [9]. The interaction between
humans, climate, and mosquitoes gives rise to a complex
system that exerts a profound influence on dengue trans-
mission patterns, which in turn affects the likelihood of
outbreaks [10]. This relationship has been researched for
decades through the development of forecasting models
in different parts of the world. These models vary widely,
both in terms of purpose [11, 12], and setting [13—15].
While many of these models demonstrate excellence
in various tasks, to create efficient prediction models,
a systematic, adaptive and generalizable framework is
needed, capable of identifying weather- and popula-
tion-related patterns of vulnerability across geographic
regions. The scientific community has not yet reached
agreement on which models provide the best predic-
tions. There are many research reports on prediction
tools for dengue outbreaks [16—19]. However, research

© Sutriyawan A., Rahardjo M., Martini M., Sutiningsih D., Rattanapan C., Kassim N.F.A., 2025
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that provides a comprehensive summary of the perfor-
mance and predictive ability of these tools remains limi-
ted. Previous studies have underscored the value of in-
tegrating diverse epidemiological tools, including map-
ping and mathematical models, to develop an effective
early warning system [20]. However, this study did not
prioritize the identification of significant predictors in
the development of an early warning system for dengue.
Other studies that emphasize early warning systems and
incorporate numerous case forecasting models have been
conducted, but this study solely examines the case expe-
rience of the various models utilized [21].

Various forecasting models have been developed
over the years, integrating epidemiological, environ-
mental, and climatic variables. While some models rely
on traditional statistical methods such as Autoregres-
sive Integrated Moving Average (ARIMA) and Poisson
regression [14, 22-24]. Emerging research highlights
the superior accuracy of machine learning models, par-
ticularly random forest and Long Short Term Memory
(LSTM) [25, 26]. However, there is still no consensus on
the most effective forecasting approach. To address this
research gap, several recent studies have explored no-
vel methodologies in dengue forecasting. Recent stud-
ies indicate that integrating deep learning techniques,
such as LSTM and transformer models, significantly
improves prediction accuracy compared to convention-
al statistical models [27]. Furthermore, recent findings
suggest that incorporating real-time meteorological
and mobility data improves forecasting precision [28].
These updated approaches not only improve prediction
accuracy but also enhance model adaptability across
different geographical regions. Despite these advance-
ments, inconsistencies in data quality, limited external
validation, and computational constraints continue to
pose challenges in real-world applications. This review
focuses on determining which model exhibits the high-
est accuracy and examining its internal and external va-
lidity. Its objective is to synthesize recent literature on
dengue case forecasting, discuss related evidence, and
evaluate different models' forecasting performance to
identify the most effective one.

Materials and methods

This review used the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
approach, which includes methods for determining re-
sources, eligibility, inclusion and exclusion criteria, and
the process of systematic review, extraction, and anal-
ysis of data from the available literature [7]. PRISMA
2020 replaces the previous edition published in 2009,
introducing new reporting guidelines that include more
comprehensive study identification, selection, scoring,
and synthesis methods [29]. This guide enables the
search for terms relevant to the review and provides ad-
vice on aspects that need to be addressed in the review
report for publication purposes [21].

Research Question Formulation

Research questions were developed using PICo,
auseful tool to help frame relevant research questions for
systematic reviews. The PICo concept incorporates three
important elements (population or problem, importance,
and context) [30]. Based on PICo, the three main com-
ponents in this review are dengue (Problem), case fore-
cast model (Importance), and case prediction (Context).
These concepts guided the formulation of the research
question: “What is the evidence of the dengue case fore-
cast model and its performance in predicting cases?”

Systematic Searching Strategies

Systematic searching strategies include identifica-
tion, screening, and eligibility process.

Identification

In the identification stage, synonyms and varia-
tions were used to enrich the keywords, then applied in
the search process, search strings were created and gen-
erated by using Boolean operators and keyword search,
as illustrated in Table 1. A systematic literature search
was conducted against four major databases: Scopus,
PubMed, ScienceDirect, and Springer, and identified
a total of 1366 relevant records. 16 duplicate records
were found and removed, leaving 1,350 records for ti-
tle screening. All potential records were then exported
from the databases and organized into Excel sheets for
title and abstract screening.

Screening

Two authors were responsible for the screening of
titles and abstracts, which was conducted in accordance
with the review questions that had been developed and
the specific inclusion and exclusion criteria that had
been established. Inclusion criteria were primary re-
search in peer-reviewed journals and English-language
articles. We excluded systematic review articles, books,
conference proceedings, and non-peer-reviewed arti-
cles, such as editorials, commentaries, opinion pieces,
or short reports. The screening process resulted in the
elimination of 1,120 articles that were deemed irrel-
evant to the review. The remaining 230 articles were
then read in full, including the abstracr reading, and as-
sessed for eligibility.

Eligibility

A total of 64 full-text articles were retrieved for
eligibility. Two authors independently reviewed all
full-text articles for eligibility. All studies found to be
unrelated to the interest and outcome of interest were
excluded. The reasons for article exclusion were notat-
ed. There were 51 articles excluded due to:

1) studies that did not focus on predicting the
number of future cases (n = 14);

2) studies that used or evaluated prediction or
forecasting models, including machine learning meth-
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Databases

Keywords used

CCCCeeCeeeedengue fevery OR (dengue incidence)) OR (dengue outbreaks)) OR (dengue epidemic))
AND (forecasting models)) OR (predictive models)) OR (prediction models)) OR (epidemic forecasting))

Pubmed

OR (outbreak prediction)) AND (machine learning)) OR (statistical models)) OR (ARIMA)) OR (regression models))
OR (random forest)) OR (neural networks)) OR (support vector machines)) AND (environmental factors))

OR (climate variables)) OR (temperature)) OR (rainfall)) OR (humidity)) OR (climate data)) OR (weather patterns))
AND (endemic regions)) AND (tropical areas)

TITLE-ABS-KEY ("dengue fever" OR "dengue incidence" OR "dengue outbreak*" OR "dengue epidemic*") AND
("forecast* model*" OR "predict* model*" OR "prediction model*" OR "epidemic forecast*" OR "outbreak prediction")

Scopus

AND ("machine learning" OR "statistical model*" OR "ARIMA" OR "regression model*" OR "random forest"
OR "neural network™" OR "support vector machine*") AND ("environment* factor*" OR "climate variable*"

OR "temperature" OR "rainfall" OR "humidity" OR "climate data" OR "weather pattern*") AND ("endemic region*"
OR "tropical area™" OR "high-risk area*" OR "disease-endemic region*")

Search 1: ("dengue fever" OR "dengue incidence") AND ("forecasting models" OR "prediction models")
Search 2: ("dengue fever" OR "dengue incidence") AND ("prediction models" OR "outbreak prediction")

ScienceDirect

AND ("machine learning" OR "statistical models")

Search 3: ("dengue fever" OR "dengue outbreaks") AND ("predictive models" OR "forecasting models")
AND ("environmental factors" OR "temperature" OR "rainfall")

("dengue fever" OR "dengue incidence" OR "dengue outbreaks") AND ("forecasting models" OR "predictive models")

Springer

AND ("machine learning" OR "statistical models" OR "ARIMA") AND ("environmental factors" OR "climate"

OR "rainfall") AND ("endemic regions" OR "tropical areas")

ods (random forests, LSTM) or statistical models (such
as ARIMA, Seasonal Autoregressive Integrated Mov-
ing Average (SARIMA), regression) (n = 19);

3) articles that did not involve key climate vari-
ables in the forecasting (n = 11);

4) studies conducted in non-endemic or low prev-
alence dengue areas (n = 7).

The remaining 13 eligible articles were continued
for the quality assessment process.

Quality Assessment

The quality of the study was assessed using the
quality assessment criteria described in TRIPOD
(Transparent Reporting of multivariable prediction
models for Individual Prognosis or Diagnosis) [31].
The TRIPOD statement is a checklist of 22 items,
which are considered essential for the proper reporting
of research that develops or validates multivariable pre-
diction models [32]. The TRIPOD guidelines explicit-
ly cover the development and validation of prediction
models for diagnosis and prognosis across all medical
domains and predictor types. Two authors conducted
the quality assessment independently. Scores for report
levels were obtained by awarding one point for each
reported item relevant to the study. The total score was
converted to a percentage based on the maximum pos-
sible score. Ultimately, 17 articles (with a percentage
score > 70%) were included in the review [21]. Table 2
presents the scores and percentages of each quality as-
sessment adapted from the TRIPOD checklist.

Data Extraction and Synthesis

The author extracted the data independently using
a standardized data extraction form and organized it
in a Microsoft Excel worksheet. The information col-
lected included: author (year), country, study design,

candidate predictors, research, data frequency, model
techniques used, model performance, outcome, model
accuracy, evaluation. The PRISMA flowchart is shown
in Figure 1.

Results

Study characteristics

A total of 13 studies met the eligibility criteria
and were included in this systematic review. Of these
13 studies, 4 (31%) were conducted in the Americas,
4 (31%) in East Asia, 4 (31%) in Southeast Asia, and
1 (7%) in South Asia. Brazil was the country with the
highest number of eligible studies (n = 4) [25, 26, 33,
34], followed by China (n = 2) [27, 35], Taiwan (n = 2)
[36, 37], Vietnam (n = 2) [28, 38]. Other studies were
conducted in Malaysia [39], Sri Lanka [40], and the
Philippines [41]. Five (42%) studies were published
between 2015 and 2020, 9 studies between 20182022,
and 7 (58%) studies were published between 2021—
2024. Most studies (46%) used weekly time units, there
were 23% studies using monthly data units, and the rest
using annual and yearly. More than half (n = 7; 54%)
of the studies used machine learning model techniques
[25-28, 33, 36, 39], and the remaining (n = 5; 46%)
studies used statistical model techniques [34, 35, 37,
38, 40, 41]. The characteristics of the included studies
are summarized in Fig. 2. Details of the characteristics
within each study are presented in Table 3.

Approach and Accuracy of Forecasting Model
for dengue cases

Various modeling approaches, such as machine
learning and statistical methods for dengue case expe-
rience have been used in all included studies. Out of
13 studies, 6 (26,1%) used random forest approach
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Table 2. Quality appraisal score of eligible articles adapted from TRIPOD checklist [32, 42]

Source
Daftar periksa ltem
5] | 126] | 127) | 28] | 133) | 1341 | 381 | 6] | 37 | 138 | 3oy | 4oy | pan)
Title and abstract
Title 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Abstract 2 1 1 1 1 1 1 1 1 1 1 1 1 1
Introduction
Background and objectives 3a 1 1 1 1 1 1 1 1 1 1 1 1 1
3b 1 1 1 1 1 1 1 1 1 1 1 1 1
Methods
Source of data 4a 1 1 1 1 1 1 1 1 1 1 1 1 1
4b 1 0 0 0 1 0 0 1 0 0 0 0 0
Participants S5a 1 1 1 1 1 1 1 1 1 1 1 1 1
5b 1 1 1 1 1 1 1 1 1 1 1 1 1
Outcome 6a 1 1 1 1 1 1 1 1 1 1 1 1 1
Predictors 7a 1 1 1 1 1 1 1 1 1 1 1 1 1
Sample size 8 1 0 0 0 1 0 0 1 0 0 0 0 0
Missing data 9 1 0 0 0 0 0 0 0 0 0 0 0 0
Statistical analysis methods 10a 1 1 1 1 1 1 1 1 1 1 1 1 1
10b 1 1 1 1 1 1 1 1 1 1 1 1 1
10d 1 1 1 1 1 1 1 1 1 1 1 1 1
Results
Participants 13a 1 0 0 0 1 0 0 0 0 0 0 0 0
13b 1 1 1 1 1 1 1 1 1 1 1 1 1
Model development 14a 1 1 1 1 1 1 1 1 1 1 1 1 1
14b 1 0 0 0 0 0 0 1 0 0 0 0 0
Model specification 15a 1 1 0 0 1 1 1 1 1 0 1 1 1
15b 1 1 1 1 1 1 1 1 1 1 1 1 1
Model performance 16 1 1 1 1 1 1 1 1 1 1 1 1 1
Discussion
Limitations 18 1 1 1 1 1 1 1 1 1 1 1 1 1
Interpretation 19b 1 1 1 1 1 1 1 1 1 1 1 1 1
Implications 20 1 1 1 1 1 1 1 1 1 1 1 1 1
Other information
Supplementary information 21 1 0 0 0 0 0 0 1 0 0
Funding 22 1 0 1 1 1 0 1 1 0 1
Final score 27 20 20 20 24 20 21 25 20 20 20 20 20
Percentage 100 741 741 741 889 741 778 926 741 741 741 741 741

[25-27, 33, 36, 39], 5 (21,7%) used LSTM approach
[26, 28, 34, 38, 41], 3 (13%) used ARIMA [34, 40, 41],
2 others used Least Absolute Shrinkage and Selection
Operator (LASSO), Gradient Boosting, XGBoost pois-
son regression, SARIMA. In terms of perfomance, all
studies use different methods, including Root Mean
Squared Error (RMSE), R-Squared (R?), Pearson Cor-
relation, Mean Absolute Percentage Error (MAPE),
RMSE, Mean Absolute Error (MAE), Area Under
the Curve (AUC), Mean Squared Error (MSE), Mean

Squared Logarithmic Error (MSLE), Akaike Informa-
tion Criterion (AIC). The type of model used can be
seen in Fig. 3.

Of'the 13 articles included, there are 3 best forecast-
ing methods with the highest model accuracy, namely
random forest, LSTM, and LASSO. 6 articles using the
random forest method, showed an average model accu-
racy of 89% [25-27, 33, 36, 39], from 5 articles using
the LSTM method, there are 3 articles that show model
accuracy, and the average obtained is 89% [26, 28, 38],
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Fig. 1. Systematic review flow.

while the other 2 articles do not mention the percentage
of model accuracy [34, 41]. Of the 2 articles that used
the LASSO method, the average model accuracy was
65% [26, 33]. The accuracy of the forecasting models
can be seen in Fig. 4. In general, all of the case experi-
ence models included in the study showed fairly good
forecasting ability. Overall, climate indicators were the
most frequently used in showing the best performance.
However, there are studies that used a combination of
climate and epidemiological indicators, which showed
that previous dengue cases significantly influenced cur-
rent dengue cases [39].

Random forest model accuracy

The Figure 5 illustrates the accuracy of various
random forest models applied in dengue forecasting
studies. The dataset includes models developed by six
original research, with accuracy values ranging from
83% to 92%. The average model accuracy is recorded at
89%. The results highlight the superior predictive per-
formance of random forest models in dengue incidence
forecasting, reinforcing their potential for integration
into early warning systems for outbreak management.

Discussion

This systematic review aims to summarize and
discuss the evidence of various dengue case forecast-
ing methods, model performance, and their ability to
explain dengue incidence. This review shows that den-
gue prediction studies have become a topic of research
interest, especially in Asia, where 69% of these includ-
ed studies were conducted in Asia. This trend is due to
the fact that the Asian region represents about 70% of
the dengue burden globally [43]. Climate data, partic-
ularly temperature, rainfall and humidity are important
predictors of dengue incidence, but they are often not
available in time for health providers working on den-
gue early warning systems. Several studies have found
that countries with better meteorological records pro-
vide higher performance metrics [25, 34, 35]. There-
fore, integration with local meteorological departments
on real-time meteorological data will improve access
to meteorological information and benefit end users in
early outbreak detection.

In general, climatic variables show an important
role in the prediction of dengue cases. Climate vari-
ables such as mean temperature [25, 27, 28, 38, 39],
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Fig. 2. Study characteristics.

minimum temperature [27, 35-37], maximum tempera-  gue incidence prediction models. Temperature showed
ture [27, 37, 38], rainfall [27, 28, 36, 37, 39], humidity  the best predictive capacity of the meteorological vari-
[25, 33, 39, 40], relative humidity [25, 28, 33], wind  ables studied in this review. In Vietnam, temperature
speed [25, 28, 33], evaporation and sunshine [28] are  was a significant predictor in the best dengue forecast-
important input paramaters in the development of den-  ing model, where the AUC and sensitivity were 87.42%
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Fig. 3. Type of model technique used.



JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(3)

338

DOI: https://doi.org/10.36233/0372-9311-694

ORIGINAL RESEARCHES

Aluo . . syeaiqino 3AdVINS ¢ ‘ . . aouaploul ysed juswdojanag
puse %58 YNNIV PLGAH onbusq  ‘ayN ‘Fswy  VLSTWAS NNV MYNN VISV APROM  giop iewi ‘souspiour enbusg  jepopy pughy SO (7]
. . 12310}
fuo %L ag) (Bumieul) v8ie 0 eousploUl 3dviN (1e0nSEIS) VINIMY POUIPOI Apoop  evep souspiour enbusp eouoist  ( SSAPUY  gyue ug [ot]
lewsju|  “(uoneplien) (%9'v¥) ¥S5'L 3dYIN  “5npuaq seuss awi|
%G8 ¥8 = (dn wono
m%wmwwnww._o“ _Mu_;o‘_ﬁhw__w._ (dn woypog) Bunsesalo |eoiydiesalH
%L9°58 = (UORUIGUIOD [BWHAO)  p0s0y Buyesoai04 oLoIBNY (Aupuny ‘onjesoduoy
o AT  Dweano'  aam (Qyoeisemaisgovssspeony MRSM  (olohiou seoime  soe RN 00
%0198 = NNV %726 = WAS  Onoued (NNV) SHOMON [BINON [I0LY ‘sesea paypiou) [eolbojolapids]
(10108 1B 1M (NAS) auiyoe|y Jojoep Hoddng
%G6 = 15910 WOPUEY 188104 Wopuey
(%82°G6) Sve'CT
Ao = co_wmm‘_momm |elwoulg aAnebaN SjUNod Y Uoisselbsy __\.N__.ﬂ.c%._:_m_ enjebeN so|qeleA payiys-awi} Apnig
jeusa| (%¥€'02) 95+°0€ = W1ST eseaanbusp .o o 1S00GOX Aptoam ‘(uoneydidaid “Anpiuny jeuoneniesqo  WEUWIRIA [8€]
(%001) 601" L Z = 1s00gDX Aeam YYNINYS ‘ainjesadway) sajqelie sjew!| ‘
(%€€°€8) 829'5Z = XVININVS
Aluo LL'Z = 18s Bujuiesy oy IS aouapIloul |lejules aAe|INWND Apnis
Jeusaju| 1LZ'Z = 18s uonepljeA 1oy IS anbuaq 3sw uoissaibay uossiod Aueax wnwixel ‘@injeladwa) WNWIUI  [BUOlBAISSGO uemier [2€]
G06.°0 = DNV :uoissaibay onsifoT
Aluo 62£6°0 = DNV :1s00g99X aouapIoul Y (uoissalbay onsibo ‘1soogox Areg Bjep I0J08A Apnis ueme log]
|eusaju| %¥6°'68 = Aoeinooy 188} anbuaq ‘}sa104 wopuey) Bujuiea auiyoep d OV ‘se|gelenA [eoibojoloa)e|y |euoneAlasqo :
Jit 6 ) B! B
‘/¥56°0 = DNV :1sdi04 wopuey
uoneydioaud
_m\_.m_h%c_ (%86) 86°0 = 2 wwmmﬂﬂme Y| uo|ssaibal uoss|od salas awl| Alyyuopy OAll_|INWNOOY .QEm._mamcE mm”wM\Am_Mccm_h eulyp [gel
wnuwiuly ‘sesed psuodw| ; ;
pauopuaw jou Aoeinooe [apojy
Ajuo (syyuow ¢ uep ‘syjuow 9 sosen n (j]apow |INu ‘4T “IN13 “YV.LINN s10}08) Apnis
[euBI| ‘syjuow z) onbusg  SIPUL ‘IdYN 'SLPNAS ‘WILS 'S1vE 'SIvEL  AWUON b6 qeruowuonnus ‘opewyy  SOHSTBWLL lize.g el
Suozloy awl snoueA ul sjgpow aAlle|9Y ‘AdVIN ‘S13 ‘VINIYY) S|epow [ednsiels ’ ’ ’ ' [ea160j003
1s8q 8y} 81e S1vdl pue VINIYY
olje[alo) . ubisep
Auo %06 0} dn aouaploul u . Jayjeap\ ‘ejep yoleass
leuseu| %06-%02 = OSSVT enBueq o T voissaibay 0SS Isaiod wopuRY  AMRIM 56000 epep jeaibojoepids ooy g [eel
4 4 4
9 ajel Ajeinooy aouapIoul . (sinoy auiysuns
Auo 7001 8jel IviN (Jowuoysuet] ‘NNO ‘ ‘ ‘
S6°L :IVIN Jana} enbBuap S . Aleg ‘uonelodens ‘Aypiwny ‘uopeydioaid [euoleAISSqO  WEBUBIA [gz]
[eusaju| 09') ‘IS Bupseosioy ~ PUBISNY  LIV-ALST INLS7) BuluiesT sulyoe ‘aumesedwe)) E1ep slewi|y
|eulajxa . Jajep) ‘snoinsadw) ‘xew |
. aouaploul aulyoel J0jos Hoddng ‘auiyoepy . A ’ - sisAleuy
pue (%16) 160 = 0NV ony . Aleg  ‘pueidoid ‘HY ‘'daO ‘uesw| ‘odid BUIYD [22]
leusI| ° anbuaq Bunsoog jusipels) ‘}sa104 wopuey ‘dog 18104 ‘Uil ‘Sosed payodu| |lesodws)oieds
(%29) €€'0 = I1SIN
(%09) ¥'0 = SN = 0SSV
euIo)xe 2 : 80uapIo ; ]
e (%28) €1°0 = I1SIN (%€8) wxmmw%_ J1SW ‘ISW (OSSY1 158104 KoM sjoem} ‘sejqelien Apmis 1zeig lo2]
jeusa| /10 = 3SIN = 1S8104 wopuey Bunsessio wopuey ‘N.LST) BuluiesT suiyoep ajewl|o ‘saseo anbusp |esloIsIH aAljesedwo) :
(%001) 100 = IS :
(%96) ¥0°0 = IS = LS
paads puim uelpaw ‘Aypiwuiny
. 6 (sysal04 Eo_mwo._mow_ . d
_mﬁwmxm_ %) 88 =611 :IVIN hw:w%wm%v tOpUEy yum 10}05/\ Lioddns ‘uosidaoied Alyyuop o\,_wwmm_mmﬁw%:%%WMH%DMW@HE Apmis lizeig [gzl
[eusa| %S ¥8 = 9'Gl :ISINY AUuon SJ0l8 Www>>o._v _ Jafenp ‘Bunsoog jusipeis m>_.~m_m‘_ ‘aimesadwa) WL |leuoneAlasqoO :
JVIN ‘IS s)sa104 wopuey) Buiules sulyoep ‘ainjesadwa) WnWiXew ‘esurey
-mx_w_w,m Aoeinooy |apojN awooIno woJMWMW‘t od pasn sanbiuyos) |apopy MMM_ sJoyoipald ajepipuen ubiseg Apnig | Anuno) | @24nog

Apn}s yoes jo sBuipuly Ulew pue opsLs}oLRIeYD 10} S|iejop aul °¢ alqel



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOT M. 2025; 102(3) 339

DOI: https://doi.org/10.36233/0372-9311-694

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Poisson regression 49
SARIMA | 0
ARIMA 65
XGBoost 50
LSTM 89
LASSO 65

Random Forest 89

0 20 40 60 80 100

Fig. 4. Average model accuracy.

and 96.88%, respectively [28]. In Ba Ria Vung Tau
Province, Vietnam reported temperature and humidity
as reliable variables in predicting dengue cases, where
the AUC and sensitivity were 90.00% and 85.00%, re-
spectively [38]. Meanwhile, Taiwan showed that tem-
perature and rainfall are important factors in predicting
dengue cases, where the AUC and sensitivity are 88%
and 80% respectively [37].

In general, the dengue case prediction models in-
cluded in the studies demonstrated a relatively high lev-
el of predictive ability. However, the predictive accura-
cy of these models varies considerably depending on
the specific model employed and the quality of the data
used. The most commonly utilized statistical modeling
techniques in dengue research are ARIMA, Generali-
zed Additive Models (GAM), Negative Binomial Re-
gression, and Poisson Regression. ARIMA and GAM
are established models for examining the relationship
between environmental factors and disease outcomes,
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92

92 A

90
90 -

88
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86 -

84 -

82 A

80 A

as well as for conducting time series prediction anal-
ysis [44, 45]. According to recent literature, time se-
ries techniques are particularly considered effective in
predicting the highly auto-correlated nature of dengue
infections [46]. In recent years, data-driven techniques
based on machine learning algorithms such as Random
Forest, Decision Tree, Support Vector Machine (SVM),
and Naive Bayes have shown promising results in pre-
dictive analysis for classification problems [47].

More than half of the included studies rely on ma-
chine learning methods, particularly supervised learning
models, to assess conventional and novel data streams.
Supervised learning models are defined by the use of
labeled data sets to train algorithms to accurately clas-
sify data or predict outcomes [21]. The advantages of
machine learning techniques that demonstrate lower er-
ror rates in comparison to conventional statistical-based
models in predicting dengue cases are manifold. In the
era of big data, this technique can utilize the availability
of data and, in addition to being non-parametric, it can
also provide leeway in terms of strict assumptions [7].
Random forest, neural network, gradient boosting, and
support vector algorithms are part of important machine
learning algorithms, which have made significant con-
tributions to several areas of public health, especially in
forecasting infectious diseases such as COVID-19 [48],
malaria [49], and have similar uses for making dengue
outbreak predictions [7].

In some of the studies included in this literature,
we assume that the machine learning method using ran-
dom forest is the best method at the moment. Findings
in Brazil state that the accuracy of this model in recog-
nizing dengue cases is more than 90% [33]. Likewise,
findings in Malaysia state that the accuracy of this mo-
del reaches 95% [39]. Similar findings in another study
in Singapore, which stated that the potential of random
forest and its strong predictive ability in clustering the

91

90

89

83

78
[33] [34] [25]

[27] [26] [36]

Average Model
Accuracy

Fig. 5. Random forest model accuracy.
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spatial risk of dengue transmission in Singapore. The
dengue risk map generated using random forest has
high accuracy and is a good tool to guide vector control
operations, allowing targeted preventive measures be-
fore and during dengue outbreaks [50].

All studies employed internal validation to assess
the accuracy of their findings. The utility of a forecast-
ing model is contingent upon the certainty of its accu-
racy, or the extent to which it can predict real-world
outcomes [51]. It is notable that the majority of pub-
lished models have not undergone or been subjected to
real-world validation. It is reasonable to conclude that
models are unlikely to perform as well in real-world
samples as they do in derived samples. This discrep-
ancy, or validity shrinkage, is often significant. Con-
sequently, it would be beneficial for future models to
include mechanisms for estimating and reporting po-
tential validity shrinkage, as well as predictive validity,
in real-world data [52, 53]. External validation, on the
other hand, was only used in a few studies that included
[25-27]. This is despite the fact that external validation
is considered very important for model development
and is a key indicator of model performance by high-
lighting its applicability to participants, centers, regions
or environments [54], It is imperative that external va-
lidation be employed during the process of model rede-
velopment. This entails making adjustments, updates,
or recalibrations to the original model based on vali-
dation data, with the objective of enhancing its perfor-
mance [55].

It should be noted that this systematic review is
not without limitations. Firstly, the majority of the in-
cluded studies originate from Asia, which encompasses
a multitude of non-English speaking countries. Conse-
quently, this review may have overlooked a substantial
corpus of related literature published in other languag-
es. Secondly, the inclusion criteria stipulated the neces-
sity for studies to be derived from primary research in
peer-reviewed journals. Consequently, preprints and
grey literature, such as conference abstracts, committee
and government reports, were excluded. It is therefore
possible that some studies may have been omitted from
our review.

Conclusion

The forecasting of dengue cases is a valuable re-
source for policymakers engaged in the formulation
of strategies for the prevention of dengue outbreaks,
particularly in regions where the disearse is endemic.
The results of this systematic review indicate that the
machine learning method utilizing the random forest al-
gorithm is more effective than others method, particu-
larly in comparison to statistical methods. Furthermore,
this systematic review presents evidence of predictors
in dengue case experience that focuses on incorporat-
ing climatic factors to create an early warning system,
which can be utilized as a reference for preventing den-

ORIGINAL RESEARCHES

gue transmission. The findings from this review have
the potential to form the basis for more effective mo-
delling practices in the future. These findings will con-
tribute to the development of robust modelling across
differenctt settings and populations and have significant
implications for planning and decision-making process-
es for early dengue intervention and prevention.
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Whole-genome sequencing of two clinical strains of Mycobacterium
tuberculosis with phenotypic susceptibility to rifampicin
but predicted resistance by Xpert MTB/RIF
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Abstract

Introduction. More than 40% of Mycobacterium tuberculosis strains are resistant to rifampicin (RIF) and
isoniazid, the first-line drugs. The tuberculosis pathogen becomes resistant to RIF mainly due to mutations in the
rpoB gene. The aim of the study was to search for the most probable compensatory mutations in the rpoA, rpoB
and rpoC genes encoding a-, 3- and B'-subunits of M. tuberculosis RNA polymerase.

Materials and methods. A cross-sectional analysis of phenotypic and genetic resistance to RIF among 2298 clinical
strains of M. tuberculosis revealed 8 cases in which resistance as determined by the Xpert Ultra MTB/RIF test was
not confirmed bacteriologically. In all cases, these were chronic multidrug-resistant or extensively drug-resistant
M. tuberculosis patients in whom RIF was discontinued due to the detection of resistance to this drug in the isolated
strains. Two strains were obtained for genotype testing, Sanger sequencing and whole-genome sequencing.
Results. Repeat Xpert Ultra MTB/RIF test, Sanger sequencing and whole genome sequencing revealed the
presence of a single S450L mutation in the rpoB gene with phenotypic sensitivity in both strains. Phylogenetic
analysis revealed that both genomes belonged to the Beijing BO/W148 genotype. The strains were characterized
by a higher growth rate than the other isolates. Two potential compensatory mutations V483G and H748P in the
groC gene were identified in the absence of other significant changes in the rpoA and rpoB genes.

Conclusion. It is suggested that the phenomenon of discrepancy between results of bacteriological and molecu-
lar genetic tests is associated with the acquisition of compensatory mutations in the groC gene during RIF treat-
ment of Beijing BO/W148 strains, and the identified mutations affect the conformation of the B'-subunit, restoring
the transcription efficiency of affected by the major S450L mutation.

Keywords: Mycobacterium tuberculosis, Beijing BO/W148, rpoA, rpoB, rpoC, compensatory fitness mutations
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NonHoreHOMHOe ceKBeHNpPOBaHMeE ABYX KNINHNYECKNX
wrammoB Mycobacterium tuberculosis ¢ peHoTNNUecKon
YyBCTBUTENbHOCTbIO K pudaMnunumnHy npn NporHosnpyemon
Xpert MTB/RIF yctonunsoctn

OrapkoB 0.b.”, CuHbkoB B.B.", KyxTuHa T.A.2, XKpaHoBa C.H.", Kongpatos W.I".

"HayuHbli1 LeHTp Npobnem 300pOBbs CEMbY 1 penpoayKuumm Yenoseka, pkyTck, Poccus;
2/pkyTcKana obnacTHas KnvHuyeckas TybepkynésHaa 6onbHuLa, MpkyTck, Poccus

AHHOMauus

BeepeHue. bonee 40% wrammoB Mycobacterium tuberculosis yctonumssl k pudamnuumny (RIF) n nsoHuasm-
Ay — npenapaTtam nepsoro psiga. BosbyamTens Ty6epkynésa npuobpetaeT ycronumsocTtb Kk RIF rmaBHbIM o6pa-
30M 3a CYET MyTauui B reHe rpoB.

Llenb uccnenoBaHnst — nouck Hambonee BEPOATHbIX KOMMEHCATOPHbIX MyTauuii B reHax rpoA, rpoB un rpoC,
Koaupyowmx a-, B- n B'-cybvegnHuubl PHK-nonvmepasbl M. tuberculosis.

MaTtepuanbl u meToAbl. [TepekpECTHbIN aHann3 PeHOTUNNYECKON 1N reHeTu4ecKkon yctonumnsoctu K RIF cpeau
2298 knuHuyeckmnx wtammoB M. tuberculosis BbisiBUN 8 cny4aes, Korga yCTOMYMBOCTb, OnpeaenéHHas TecTom
Xpert Ultra MTB/RIF, He noaTBepxaanacb 6aktepuonornyeckum metogom. Bo Bcex cnyyvasix a1o 6binn XpoHu-
yeckue 6onbHble Ty6EpKyné3oM ¢ MHOXECTBEHHOW WMKW LUMPOKOW NeKapCTBEHHOW YCTONYMBOCTBIO, Y KOTOPbIX
Obin oTMeHEH RIF no npuymHe obHapyXeHWst YCTOMYMBOCTM K 3TOMY npenapary Yy BblAeNeHHoro wramma. ans
UCCrneaoBaHWNst reHoTUNa, CeKBeHUpoBaHUst No CaHrepy U NOMHOrEHOMHOIO CEKBEHMPOBAHUSA OblnNn MOMyYeHbI
2 wramma.

Pe3ynkraThl. [oBTopHbIN TecT Xpert Ultra MTB/RIF, cekBeHnpoBaHue no CaHrepy v NofHOreHOMHOe CeKBEeHU-
poBaHWe BbISBUIN Hannune eanHCTBEHHoW MyTauun S450L B reHe rpoB npu Hanumummn GeHOTUNNYECKON YyB-
CTBUTENBHOCTM Y 060uX LITaMMOB. [Npu nnoreHeTU4YECKOM aHanm3e BbIICHEHO, YTO 06a reHoma npuHaanexa-
nu k reHotuny Beijing BO/W148. LUtammbl otnuyanuck 6onee BbICOKON CKOPOCTbIO POCTa, YeM Apyrue U3onsithbl.
BbisiBNeHbl ABe NoTeHUmManbHble KoMneHcaTtopHble MyTaunn V483G n H748P B reHe rpoC npu oTCyTCTBUM ApY-
rMX 3Ha4YMMbIX U3MEHEHUWI B reHax rpoA v rpoB.

3akntoueHue. BbickasaHo npeanonoxeHue, YTo heHOMEH pacxXoXaeHusi 6aKkTepnonormMYecknx U Monekynsip-
HO-reHeTUYeCcKUX pe3ynbLTaToB CBsA3aH C NpnobpeTeHnem B npouecce neveHuns RIF wrammamu Beijing BO/W148
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Introduction

Multidrug-resistant (MDR) tuberculosis develops
in patients treated with rifampicin (RIF) and isoniazid,
the most effective anti-tuberculosis drugs, also called
first-line drugs. Globally, more than 40% of Mycobac-
terium tuberculosis (MBT) strains become MDR or at
least RIF resistant'. RIF binds close to the active site in
the B subunit (rpoB gene) of the bacterial RNA poly-
merase enzyme [1] in the RIF resistance determining
region (RRDR). The binding of RIF to RRDR ster-
ically impedes the elongation of newly synthesized
RNA, which ultimately blocks protein synthesis by
the microbial cell. MBT has no known mechanism of
horizontal gene transfer; RIF resistance mainly arises
from chromosomal mutations within the RRDR [2].
The impact of RIF resistance is significant and is often
reflected in MBT in terms of a reduced growth rate and
the decreased competitiveness of RIF-resistant mutants
compared to ancestral susceptible forms [3]. However,
it has been observed that MBT forms with low adapt-
ability can partially or completely restore phenotypic
properties over time, in particular, increase growth rate
due to the appearance of so-called compensatory muta-
tions [4]. The identification of compensatory mutations
is very difficult and depends on the methodology used.

Molecular epidemiologic studies of Beijing
B0/W148 genomes belonging to the L2 genetic lineage
[5, 6] indicate that more than 95% of clinical strains of
this genotype contain mutations in RRDR and is one
of the key factors in the epidemic spread of primary
drug-resistant tuberculosis with RIF in Russia [6, 7].
Almost 90% of these strains carry the most common
amino acid substitution S450L (nucleotide substitution
C—Tin 761155 position of the genome) [6], and it was
noted that the genetic cost of this substitution in the
RRDR of the ¥poB gene for mutants is the lowest [2].

The aim of the study: to search for the most prob-
able compensatory mutations in 7poA, rpoB and rpoC
genes encoding a-, B- and B’-subunits of RNA poly-
merase of MBT, causing the phenomenon of phenotyp-
ic sensitivity to RIF.

Materials and methods

A retrospective cross-analysis of Xpert Ultra
MTB/RIF and phenotypic bacteriological results for
2022 obtained in the laboratory department of the
Irkutsk Regional Tuberculosis Hospital was performed.
The study was conducted with the informed consent of
the patients. The research protocol was approved by the
Ethics Committee of the Scientific Centre for Family
Health and Human Reproduction Problems (protocol
No. 2, February 18, 2020).

! WHO. Global tuberculosis report 2024. Geneva: World
Health Organization; 2024. URL: https://www.who.int/teams/
global-tuberculosis-programme/tb-reports/global-tuberculosis-
report-2024

2298 samples were examined, of which 529 were
sensitive to RIF, while 363 were resistant; sensitivity to
RIF using Xpert Ultra MTB/RIF was not determined
in 90 samples. The main reason for the lack of positive
PCR results is the low concentration of the target sub-
stance when Xpert Ultra MTB/RIF was performed. In 8
cases, resistance determined by Xpert Ultra test in spu-
tum was not confirmed by bacteriologic methods. All
cases were chronic MDR or extensively drug-resistant
TB patients who had been discontinued from RIF due
to the presence or acquisition of resistance to the drug
in a previously isolated strain.

Two strains were obtained for repeat Xpert Ultra
MTB/RIF, genotype testing, Sanger sequencing, and
whole genome sequencing (WGS) (Table 1). DNA iso-
lation, library preparation, WGS and bioinformatics,
phylogenetic and statistical analyses were performed as
described previously [6]. Primary nucleotide sequences
were deposited in the NCBI bioproject PRINA1215569.
Resistance to anti-tuberculosis drugs was determined
on a BD Bactec bacteriological analyzer (Becton Dick-
inson) and on Lowenstein—Jensen medium according
to the Order of the Ministry of Health of Russia from
21.03.2003 No. 109 (ed. 05.06.2017). Genetic heterore-
sistance in individual genome positions was determined
by the number of alternative short reads during WGS as
described previously [8].

Amino acid substitution probability in detect-
ed mutations was investigated using two approaches:
PAM matrices (Point Accepted Mutation matrices) —
PAM30 and PAM250 [9] and SIFT (Sorting Intolerant
From Tolerant) algorithm for predicting amino acid
substitutions affecting protein function [10].

Results

Repeated Xpert Ultra MTB/RIF test, Sanger se-
quencing and WGS revealed the presence of a single
S450L mutation in the rpoB gene with phenotypic sen-
sitivity in both strains. Phylogenetic analysis revealed
that both genomes belonged to the Beijing BO/W148
genotype. The strains were characterized by a high-
er growth rate than the other isolates. After elucida-
tion of the genotypic affiliation of the studied strains
to the Beijing BO/W148 genotype, 513 complete B0/
W148 genomes from the Short Read Archive (NCBI)
online service published between 1995 and 2020 for
strains from Northern Eurasia were used as reference
genomes.

A total of 34 missense mutations in the rpoB
gene were detected for this genome set [11]. Level 1
missense mutations were in 9 variants; level 2 — in
2; and level 3 — in 20 (Table 2). Furthermore, 3 mu-
tations were found in the 7poB gene that were absent
in the WHO catalog description: £82G, 190M, R219G.
45 missense mutations were detected in the 7poC gene,
all of them belonged to mutations of level 2 significance
(Table 1). Only 5 missense mutations were detected in
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Table 1. Characterization of M. tuberculosis isolates

No. Patient record group | HIV | Drug resistance Genotype

Irk1 Ineffective course of tuberculosis treatment + To isoniazid, RIF*, capreomycin, pyrazinamide, Beijing BO/W148
prothianamide, bedaquiline, linezolid

Irk2 Tuberculosis relapse _ To isoniazid, RIF*, ethambutol, capreomycin, Beijing BO/W148

pyrazinamide, levofloxacin, bedaquiline, linezolid

Note. *Based on the Xpert Ultra MTB/RIF results, but not the microbiological test.

Table 2. Presence of mutations of the 1%, 2" and 3 levels of significance [11]

Gene Mutajuor.ls. of level 1 Mutations of level 2 significance Mutation of level 3 significance
significance
P45S; G79S; V3051; G376V;
L430P; Q432P; D435V; T400A; P454S; 1491M; V496A;
rpoB D435Y; H445D; H445L; T427A; S431R L554P; Y564H; S672Y; L731P;
S450L; L452P; H723D V800A; R827C; R827L; H835P;
G836S; K891E; Q980K; R1008C
E187G; G311R; G332S; G433C; P434A; P434L; K445R; L449R;
F452C; V483G; D485N; E488Q; 1491V; 1491T; L507V; L516P;
rpoC None V517L; G519S; A521D; Q523E; H525N; L527V; L558L; Y586H; None
Q693H; N698H; N698S; N698K; E702K; D735N; D735E; D747A;
H748P; E757A; R770H; T812I; S838C; D943N,; D943G; M983I;
P1040S; P1040R; 11046M; V1147A; K1152N
rpoA None G31C; R153R; T187P; V183A; R182Q None

the rpoA gene, also belonging to mutations of the 2™
level of significance (Table 1).

The following combinations of mutations were
detected in the 2 strains studied: in the Irkl strain,
rpoB — S450L; rpoC — H748P; in the Irk2 strain,
rpoB — S450L; rpoC — V483G. Interestingly, a simi-
lar case of drug sensitivity in the presence of a combi-
nation of rpoB — S§450L; rpoC — V483G mutations
was described in 2024 in the strain of Euro-American
lineage (4.2.2.2.2.1) [12]. However, the authors sug-
gested that the result obtained was a laboratory error
due to the use of inflated concentrations of RIF during
testing. The H748P mutation in the rpoC gene is not
considered compensatory in the final version of the ar-
ticle, although it was described as such in the original
manuscript by the same authors® [12].

The Irk1 and Irk2 genomes tested occupy the high-
est positions in terms of heteroresistance values (214
and 212) at position 761155 (rpoB nucleotide substi-
tution — S450L; Figure). The highest heteroresistance
(235), expressed as the presence of alternative short
reads at WGS at the position under study, was observed
in only one genome from Yakutia isolated in 2013. We
investigated the probability of occurrence of detected
amino acid substitutions in the 7poC gene using two ap-
proaches: PAM (Point Accepted Mutation) matrices —
PAM30 and PAM250 [9] and the SIFT (Sorting Into-
lerant From Tolerant) algorithm [10]. To predict amino
acid substitutions affecting protein function, PAM ma-
trices were used to estimate the probability of amino

2 URL: https://www.biorxiv.org/content/10.1101/2022.02.22.4815
65vl.full.pdf

acid substitutions during evolution [9]. The SIFT algo-
rithm was used to determine whether amino acid sub-
stitutions affect protein function using evolutionary in-
formation and homologous sequence alignments [10].

A SIFT value of 0.00 was obtained for V483G
(IRK2) indicating low tolerance, which may indicate a
significant effect of this substitution on the function of
the B'-subunit of RNA polymerase. However, the mo-
derate values of PAM10 (0) and PAM250 (-1) suggest
that this mutation does not lead to a complete loss of
function and may stabilize the RNA polymerase com-
plex, compensating for the destabilization caused by
S450L. In turn, the H748P (IRK1) mutation with SIFT
0.05 and PAM250 (-3) shows moderate tolerance, indi-
cating a slightly negative effect on the protein. It can be
hypothesized that the above mutations affect the con-
formation of the B'-subunit, restoring the transcription
efficiency caused by the major S450L mutation, where
V483G may play a more pronounced compensatory
role.

Discussion

The phenomenon of the emerging sensitivity in
strains has been observed earlier in two international
projects [8] when the minimum inhibitory concentration
of MBT strains from the same patient was determined
sequentially. It has been repeatedly observed (data not
published) that withdrawal of certain anti-tuberculosis
drugs, including RIF, leads to a decrease in the mini-
mum inhibitory concentration down to the values of
the borderline sensitivity defined by the manufacturer
of the Sensititre MYCOTB kits (TREK Diagnostics).
The main hypothesis that could explain this phenome-
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Heteroresistance assessment of a sample of 515 genomes at position 761155 (rpoB nucleotide substitution — S450L).

non was the assumption that antibiotic-sensitive clones
begin to multiply more actively in the pathogen pop-
ulation after anti-tuberculosis drug withdrawal from
the persister pool [8]. The Beijing BO/W148 genotype
carries resistance to RIF in more than 95% of cases up-
on primary infection, i.e. it has already acquired all the
compensatory mutations necessary for survival outside
the organism in the process of evolution. The key ques-
tion of the study is what fitness mutations lead to the
emergence of the sensitivity phenomenon in the pres-

ence of the major rpoB mutation — S450L. The detect-
ed missense mutations V483G and H748P in the groC
gene in the absence of other significant changes in the
rpoA and rpoB genes may indicate that the withdrawal
of certain anti-tuberculosis drugs may lead to the emer-
gence of compensatory fitness mutations, manifested as
sensitivity to anti-tuberculosis drugs in the presence of
the major substitution, identified in PCR test. It can also
be assumed that against the background of high hetero-
geneity on the rpoB gene in the pathogen population,
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the described combination of S450L mutations together
with V483G/H748P undergoes stabilizing selection on-
ly during RIF treatment. The abolition of RIF leads to
a gradual return of the pathogen population to a more
stable model in which clones containing V483G/H748P
and other fitness mutations are eliminated. The source
of this is persisters harboring S§450L but lacking muta-
tions in the rpoC gene.

Conclusion

It can be assumed that the phenomenon of dis-
crepancy between results of bacteriological and mole-
cular genetic tests is associated with the acquisition of
compensatory mutations in the groC gene during RIF
treatment of Beijing B0O/W148 strains. The identified
mutations affect the conformation of the p'-subunit, re-
storing the transcription efficiency caused by the major
S450L mutation. Further studies of the phenomenon of
decreased resistance to anti-tuberculosis drugs in the tu-
berculosis pathogen after its withdrawal are necessary.
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Abstract

Introduction. The rapid evolution of highly pathogenic avian influenza (HPAI) viruses through antigenic drift
and reassortment can lead to enhanced replication efficiency and cross-species transmission to mammals, as
evidenced by recent outbreaks in various animal populations. Identifying mammalian pathogenicity markers in
circulating HPAI viruses is crucial for evaluating their pathogenic potential and ability to cross species barriers.
The aim. This study analyzed genomic sequences of highly pathogenic H5 avian influenza virus (AlV) isolates
collected in the Russian Federation between 2018 and 2022.

Materials and methods. We utilized original complete genome sequencing data alongside with nucleotide
sequences of H5 AlV isolates and strains available in public databases.

Results. Analysis revealed a predominance of viruses with replication complexes adapted to avian cells.
Examination of viral hemagglutinin amino acid sequences showed that most strains maintained receptor-binding
sites of avian origin, with enhanced affinity for SAa-2,3-Gal receptors present in avian epithelial cells. However,
we identified several mammalian virulence factors that have emerged and spread within the avian influenza virus
population, including full-length active PB1-F2 protein, a 5-amino-acid insertion in the NS1 protein, and specific
amino acid substitutions in the M1 protein.

Conclusion. The presence of mammalian pathogenicity factors in the avian influenza virus population may
facilitate successful cross-species transmission through suppression of specific immune responses, followed
by adaptation of viral hemagglutinin to mammalian cell receptors through antigenic drift and natural selection.
The observed elimination of certain adaptive mutations from the avian influenza virus population validates the
effectiveness of stamping-out policies and vaccination restrictions in industrial poultry farming as important
measures to mitigate the zoonotic potential of avian influenza.

Keywords: avian influenza, genetic analysis, amino acid substitutions, adaptive mutations, cross-species
transmission of the virus
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N3yuyeHne naToreHHOro noTeHuymnana u BO3SMOXXHOCTU MeXBUAOBOIo
nepexopa BMpYCOB rpunmna ntuy nogruna H5, BbiABNEHHbIX
Ha Tepputopun Poccun B 2018-2022 ropax

3uHsakos H.I,, pexHeBa A.[1.*, AHapuscoB A.B., OBumHHuKoBa E.B., l'yceBa H.A.,
Ko3nos A.A., HukoHosa 3.b., Kectkos .[., Auapenuyk [.b., Ysana U.A.

MepepanbHbll LEHTP OXpaHbl 3[0POBbA XKUBOTHbIX, Bnagmumunp, Poccua

AHHOMAauusi

BBepeHue. Bbicokasi CKOPOCTb 3BOMNIOLMM BUPYCOB BbicoKonatoreHHoro rpunna ntuy (BMITT), o6ycnoeBneHHas
aHTUreHHbIM apeindom 1 peaccopTaumen, MOXeT NPMBECTU K YCTONYMBOW pennukauum u nepegade Bmpyca mne-
KonutaloLwum, 4To HabnogaeTcs B NOMynsAUMAX XXUBOTHBIX B MOCNEAHNE rodbl. ViccneqoBaHve MapkepoB naTo-
FEHHOCTU ANSA MIEKoNUTaLWmMX Y LMpKynupytowmx supycos BT gaét BO3MOXHOCTb OLEHUTL MX NaTOreHHbIN
noTeHuman u cnocobHOCTb K MEXBMOOBOMY MEPEXOay.

Llenb paboTbl — NpoBeCTN aHanu3 reHoOMHbIX MOCneAoBaTeNbHOCTEN M30NATOB BMpyca rpunna ntud (BIT) noa-
Tmna H5, BbisiBNeHHbIX Ha TeppuTopun Poccumn B 2018-2022 rr.

Martepuansi u MmeToabl. B paboTe ncnonb3oBaHbl pe3ynsratbl COGCTBEHHOTO NONTHOrEHOMHOIO CEKBEHUPOBaHMS
W HYKNeoTuaHble NocrnenoBaTenbHOCTN n3onsaToB v wrammoB BTl nogtuna H5, ony6rnvMkoBaHHbIE B OTKPbITLIX
0asax AaHHbIX.

Pe3ynbraTtbl. YCTaHOBMEHO, YTO NpeobnagarT BMPYChbl C pennmMKaTUBHBIM KOMMIEKCOM, afanTUPOBaHHbLIM K
pPasMHOXEHWIO B KNeTkax NTvy. AHann3 amMUHOKMCIIOTHOW MOCNefoBaTeNlbHOCTU BUPYCHOMO reMarriioTUHMHA
BbISBUI AOMUHMPOBaHME B peLienTop-CBA3bIBaloLWeM canTe 6enka aMMHOKUCNOT, XxapakTepHblx Ansa BTl n obe-
crneymBatoLmMxX NOBbILLEHHOE CPOACTBO K peuentopam SAa-2,3-Gal anutenunanbHbiX KNeTok ntuy,. NokasaHo no-
SIBMEHVEe 1 pacnpocTpaHeHne B nonynauuun BIT] ¢akTopoB BMPYNEHTHOCTU ONA MIIEKOMUTAIOWMX, TakuX Kak
nornHopasMepHbI akTUBHbIN 6enok PB1-F2, pononHutensHasa BctaBka n3 5 ammHokucrnot B 6enke NS1 n amu-
HOKWUCINOTHbIE 3ameHbl B 6enke M1.

3akntouyeHue. Hanvuve B nonynsauun BIT] dhakTopoB naTtoreHHoCTV ANs MAEKONUTaKLWMX MOXET CrnocobCcTBo-
BaTb YCMNEeLHOMY MEXBMAOBOMY Mepexoay Bupyca 3a CHET nodaBreHnst oTaenbHbIX SNEeMEHTOB UMMYHHOW 3a-
LWMTBI C NocneayoLwen agantaumMen BUPYCHOTO remMarrtioTUHMHA K KNETOYHbIM peLentopamM MMeKonuTaoLwmnx
B pe3ynbrare aHTUIreHHOro Apenda ¢ AanbHenwnmM 3akpenieHmem NpuobpeTEHHbIX MyTaLuii eCTECTBEHHBIM OT-
6opom. AnumuHaumsa ns nonynsumu Bl paga agantaumoHHbIX MyTaumii, cnocobCTBYOLLMX padMHoxeHuto BITI
B KMeTkax MreKkonuTatoLwmx, noareepxaaeT aeKTUBHOCTb CTpaTeErMmn CTEMIMUHT ayT 1 3anpeTta Ha BakUMHALMIO
B MPOMBILLIIEHHOM NTULEBOACTBE B Ka4eCcTBe CAepXKMBatoLLero haktopa AN rpunna nTul, Kak 300aHTPOMNOHO3-
Horo 3aboneBaHus.

KnioueBble cnoBa: epunn nmuu, 2eHemu4eckul aHanu3s, aMUuHOKUCITOMHbIe 3aMeHbl, adanmayuoHHbIe Myma-
yuu, mexsudoeol rnepexod supyca

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COBNoAeHne MHCTUTYLMOHANbHBIX U HaLMOHanbHbIX CTaHaap-
TOB MO MCNOMb30BaHNIO NabopaTopHBIX XXMBOTHLIX B cOOTBETCTBUMU ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). lNMpoTokon nccnegosaHnsa ogodbpeH ITudecknum kommtetom degepanbHOro LeHTpa oxpaHbl 340-
pOBbS1 XMBOTHbIX (NpoTokon Ne 17 ot 24.04.2023).

HcmoyHuk gpuHaHcupoeaHusi. PaboTta BbinonHeHa 3a CHET cpeacTs rpaHTa oT MuHucTepcTea 06pa3oBaHust U Hayku
Ne 075-15-2021-1054 ot 29.09.2021.

KoHdbnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHBIX U MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ana yumupoearus: 3uHsiko H.IN, MpexHesa A.[l., AHgpuscos A.B., OsunHHukoBa E.B., lN'ycesa H.A., Kosnos A.A.,
HukoHoBa 3.6., XXectkos N.1., AHgpenyyk [.B., Usana N.A. IaydeHne natoreHHOro noteHuuana nu BO3MOXHOCTU MeX-
BWAOBOrO nepexofa BMPYCOB rpunna ntuy noatuna HS5, BeigBNeHHbIX Ha Tepputopumn Poccum B 2018-2022 rogax.
XKypHan mukpobuonoauu, anudemuonoauu u ummyHobuomnoauu. 2025;102(3):350-361.
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Introduction

Avian Influenza Virus (AlV) is the pathogen of a
dangerous highly contagious disease of domestic and
wild birds, characterized mainly by respiratory and di-
gestive tract damage. In case of infection with highly
pathogenic avian influenza (HPAI) viruses of H5 or H7
subtypes, bird mortality reaches 100%. In 1996, an in-
fluenza virus of the HSN1 A/goose/Guangdong/1/1996
subtype was discovered in China, which was subse-
quently recognized as the founder of the HPAI genet-
ic lineage Gs/Gd/96. Over time, virus isolates of this
genetic lineage became widespread not only in Asian
countries but also worldwide. Thus, from 2005 to 2007,
outbreaks of disease caused by this virus subtype caused
significant damage to the poultry industry in Russia.
Since 2014, the HSNS subtype has been detected in
Russia, whereas the HSNS subtype has been detected
there since 2016 and the HSN6 subtype — since 2018.
In 2018-2019, outbreaks of HPAI (subtypes H5NI,
H5N6 and H5N8) were registered among wild and do-
mestic poultry in Asian and African countries, on the
territory of Russia — in the Central, Southern, Volga and
Far Eastern Federal Districts, including in farm birds at
poultry farms (subtype H5NS8). In 2020, HSN8 subtype
HPAI was spread widely in the countries of Europe and
the Middle East, on the territory of Russia and Kazakh-
stan [1, 2]. Furthermore, in Omsk, Rostov and Astra-
khan regions, HSNS subtype was detected. At the end
of 2020, the HSN8 virus was detected in people who
came into contact with sick poultry at a poultry farm in
the Astrakhan region [3, 4].

In 2021-2022, H5N1 subtype influenza became
widespread, with outbreaks reported in Europe, Asia,
Africa, and North America [4]. Influenza outbreaks
among mammals such as mink, foxes, and fur seals
were of great concern [5-9]. The isolated virus has been
found to have substitutions that indicate adaptation to
reproduction in mammals. At the moment, the H5N1
subtype is represented in the territory of Russia. In Au-
gust 2023, a dead fur seal was found on the territory
of Sakhalin Island', and examination of pathological
material from the animal showed the presence of avian
influenza virus of the HSN1 subtype.

In the spring of 2024, for the first time in the Unit-
ed States, HPAI H5N1 virus was detected in cows on a
dairy farm. Clinical signs included mastitis, lethargy,
decreased feed intake, diarrhea and nasal discharge.
Since then, the virus has been detected on dairy farms in
at least 13 U.S. states, and environmental release of the
virus with milk has also been confirmed. The identified
virus has been assigned to genetic clade 2.3.4.4b and
genotype B3.13, circulating in wild and domestic birds
in North American countries since 2021 [10, 11]. After
a certain amount of time, the HPAI H5N1 virus was

! World Organisation for Animal Health. Event 5191. https://wabhis.
woah.org/#/in-event/5191/dashboard
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detected in sick and dead cats [12] and a human dairy
farm worker. The virus identified in human samples had
an amino acid substitution in the PB2 protein (E627K),
which is associated with viral adaptation to mammali-
an hosts and has previously been found in humans and
other mammals infected with HSN1 and other subtypes
of H5N1 and other subtypes of type A viruses, includ-
ing H7N9 and HIN2 [13]. The transmission of HPAI
from birds to mammals and then proven cross-species
transmission from cows to cats and humans indicates a
significant threat to public health.

The presence in influenza type A virus of a polyba-
sic proteolytic cleavage site of the hemagglutinin pro-
tein provides the possibility of an extensive infectious
process affecting various organs and tissues in differ-
ent animal species. The ability of the virus to replicate
and counteract the host immune response is provided
by other viral proteins. Previously, various groups of
scientists have identified specific amino acid substitu-
tions that enable replication in mammals, counteraction
to the immune response, and a more severe course of
the infectious process [14—54].

The aim of this study was to analyze the genome
of HPAI detected in Russia for the presence of pathoge-
nicity markers potentially contributing to overcoming
the cross-species barrier from birds to mammals and to
assess the pathogenic potential of circulating viruses as
agents of zooanthroponotic disease.

Materials and methods

Biomaterial

In this study, isolates of H5 subtype HPAI isolated
from biomaterial from birds at ARRIAH in 2018
2022 were investigated. Virus-containing allantois
fluid of pathogen-free chicken embryos or, if it was
impossible to isolate viruses on chicken embryos,
pathologic material from birds (cloacal and tracheal
flushes, 10-20% organ suspensions prepared on the
basis of 0.9% solution of NaCl) were used as material.
Authors confirm compliance with institutional and
national standards for the use of laboratory animals
in accordance with «Consensus Author Guidelines for
Animal Use» (IAVES, 23 July, 2010). The research
protocol was approved by the Ethics Committee of the
Federal Centre for Animal Health (protocol No. 17,
April 24, 2023).

RNA isolation

Total RNA was isolated using RIBO-prep reagent
kit for RNA/DNA isolation from clinical material
(Central Research Institute of Epidemiology of
Rospotrebnadzor).

Reverse transcription and polymerase chain reaction

Real-time polymerase chain reaction with reverse
transcription (RT-PCR-RT) were performed in one stage
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using amplification reagents (Syntol) and primers and
probes for amplification of MP and HA gene fragments.

The RT reaction was performed in two steps
(primer annealing and RT itself) using the Maxima
H Minus Reverse Transcriptase reagent kit (includes
RT buffer and Maxima H revertase; Thermo Fisher
Scientific), RiboLock RNase Inhibitor (Thermo Fisher
Scientific), dNTPs solution (Syntol), RNase-free bi-
distilled water, and a solution of direct specific segment-
universal primers for amplification of all segments
of type A HPAI. Classical PCR was performed using
amplification reagents (Syntol) and specific segment-
universal primers for amplification of all segments of
type A HPAIL. PCR products were purified from the
PCR mixture using the Wizard(R) SV Gel and PCR
Clean-Up System kit (Promega).

Sequencing

Whole-genome sequencing was performed using
a MiSeq genetic analyzer (Illumina) according to the
instructions for the instrument. Nextera XT and Nextera
XT Index Kit commercial kits (I1lumina) were used for
library preparation.

Nucleotide sequences

The results of in-house whole genome sequencing
and nucleotide sequences of isolates and strains of H5
subtype HPAI from Russia, published in the GenBank
database of the NCBI electronic resource? and EpiFlu
platform’ (see Appendix on the journal's website https://
microbiol.crie.ru/jour) were used in this study.

The nucleotide and corresponding amino acid
sequences were analyzed using the BioEdit v. 7.0.5.3
program. Sequences were aligned using the ClustalW
multiple alignment program. The phylogenetic
tree was constructed using the NJ algorithm in the
implementation of the MEGA v. 7.06 package.

Results

As a result of studies conducted in 2018-2022 and
covering all federal districts of the Russian Federation,
ARRIAH specialists identified 1,082 samples that
contained genetic material of H5 subtype HPAI
(Table 1).

HS5 subtype HPAI were detected predominantly in
samples from poultry throughout the study period (Table
1). Some viruses (45) were subjected to whole-genome
sequencing to study virus evolution and characterize
their biological properties; the sample was compiled
on the basis of geographical distribution and differenc-
es in virus subtypes by neuraminidase. To expand the
study sample, whole-genome sequences of H5 subtype
HPALI detected in Russia from 2018 to 2022 (134 iso-
lates) available in public databases were retrieved. It is

2 URL: https://www.ncbi.nlm.nih.gov/nucleotide/
3 URL: https://www.gisaid.org/

necessary to emphasize that the use of the terms “pop-
ulation”, “virus circulation” is not correct for the avian
influenza virus, which is capable of spreading over vast
territories during one season of wild bird migration.
In this case, the term “avian influenza virus population”
will be understood as a set of 190 viruses detected in
Russia in 2018-2022, for which whole-genome se-
quences were obtained. The term “HPAI population”
does not imply the presence of foci of persistent illness
and long-term circulation of avian influenza viruses on
the territory of Russia.

Based on the analysis of the predicted amino acid
sequence, the cleavage site of the viral hemagglutinin
of the compared isolates was determined. For all vi-
ruses it had a similar structure containing 6 basic ami-
no acids with a variation at position 342 — RE(K/R)
RRKR. The exception was A/dalmatian pelican/Astra-
khan/417-1/2021 (H5NS) virus, whose cleavage site
contained 7 basic amino acids RKKRRKR. The amino
acid motif G, ,QRG,,, (according to H3 subtype num-
bering) was detected in the receptor-binding part of the
viral protein in all viruses.

H5 subtype HPAI are capable of infecting mam-
mals, including humans, despite the fact that their hem-
agglutinin predominantly interacts with cellular SAa-
2,3-Gal receptors. However, in the case of successful
reproduction of HPAI in mammalian cells, researchers
have identified mutations in other viral genes that are
considered markers of HPAI adaptation for reproduc-
tion in mammals. According to their phenotypic man-
ifestation, the marker substitutions can be divided into
two main groups: mutations associated with increased
activity of the viral polymerase complex in mamma-
lian cell culture (CC), and mutations that enhance the
virulent properties of the virus during experimental in-
fection of laboratory mice and cause changes in me-
tabolism at the organismal level associated with mod-
ification of the immune response in the host organism.
Amino acid substitutions for which a change in the bi-
ological properties of the virus has been experimentally
demonstrated and a link between the mutation and its
phenotypic manifestation was established were includ-
ed in the analysis. Table 2 shows the positions of amino

Table 1. Results of samples testing for the presence of the
H5 subtype HPAI genome in Russia in 2018—-2022

Number of Number of samples containing HPAI/H5
Year samples
analyzed from domestic birds from wild birds
2018 2749 208
2019 5558 2 0
2020 6288 222 27
2021 6418 297 56
2022 6087 250 20
Total 27,100 979 103
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Table 2. Marker amino acid substitutions associated with HPAI adaptation to reproduction in mammalian CC

Amino acid’s position number

Protein and HPAI isolates containing mutations

Phenotypic manifestation of the mutation

622G — all studied viruses

PB1 678S — all studied viruses, except
678N — Alturkey/Rostov-on-Don/332-XX/2021,
678G — A/dabchick/Tyva/767-58/2021

Increased polymerase activity [39]

678N — increased polymerase activity [19]

89V, 309D, 339K, 477G — all studied viruses,
495V/I/A, 676T/I/M/A

292I/T, 588A — all studied viruses, except
292V — H5N8 2018-2020 (except chickens
from Novosibirsk in 2020),

Alchicken/Kostroma/1761-1 (H5N8),
AJchicken/Tomsk/1797-7/20 (H5N8),
A/duck/KChR/1590-14/20 (H5NS8),

Alcrow/Khabarovsk/2712-1/2022 (H5N1),
A/dabchick/Tyva/767-58/2021 (H5),

PB2 588V,
A/common gull/Saratov/1676/2018 (H5N6)

389R, 598T — all studied viruses

482K — all studied viruses, except
482R,
Alchicken/Kostroma/304-XX/2020 (H5N8),

Alchicken/Kostroma/ 1761-1 (H5N8),
Alcrow/Khabarovsk/776-56/22 (H5N1),
A/duck/Magadan/2272-8/2022 (H5N1),

A/goose/Magadan/2272-5/22 (H5N1),
A/poultry/Magadan/1560-1/2022 (H5N1)

Aggregate mutations: 89V, 309D, 339K, 477G, 495V,
676T — increased polymerase activity and replication
in mammalian CC [15]

292V, 588V — increased polymerase activity
and replication in mammalian CC, increased
virulence in mice [40]

389R, 598T — increased polymerase activity and
replication in mammalian CC at low temperatures [41]

482R — increased polymerase activity in mammalian
CC [42]

37A, 100V — all studied viruses, except
37S,
Alturkey/Stavropol/165-5/2022

97T — all studied viruses, except
971,

A/Chicken/Ryazan/1093-1/2022 (H5N1),
A/Poultry/Samara/1659-1/2022 (H5N1),
A/Poultry/Samara/1643-1/2022 (H5N1),
A/Chicken/Kursk/1281-1/2022 (H5N1),
A/Goose/Saratov/1965-1/2022 (H5N1),
A/Goose/Belgorod/1498-1/2022 (H5N1),

A/Duck/lvanovo/1462-3/2022 (H5N1),
A/Duck/Belgorod/1482-10/2022 (H5N1),

A/Chicken/Orel/1484-5/2022 (H5N1),
PA A/Chicken/Kaluga/1424-2/2022 (H5N1),
A/Chicken/Rostov/1724-2/2022 (H5N1)

127V, 44V, 241C, 343A, 5731 — all studied viruses, except:
127A — all H5N8/2018 viruses
343A, 347D — all studied viruses, except:
343T — A/Crow/Khabarovsk/2712-1/2022 (H5N1),
343S — H5N5 and H5N8 viruses, circulating in 2020-2021

142K, 1471, 1711, 182M — all studied viruses;
142R,

Al/common gull/Saratov/1676/2018 (HS5N6),
182L,
Al/waterfowl/Russia/1526-4/2021 (H5N5),
Alshelduck/Kalmykia/1814-1/2021 (H5N5)

224S/A — all studied viruses,
383D — all studied viruses

37A, 100V — increased polymerase activity
and replication in mammalian CC, increased virulence
in mice [18]

971 — increased polymerase activity and replication
in mammalian CC, increased virulence in mice [43]

127A, 441, 241Y, 343T, 573V — increased replication in
mammalian ECs, increased virulence in mice [16]
343S, 347E — increased replication in mammalian CC,
increased virulence in mice [44]

142R, 147V, 171V, 182L — increased polymerase activity
and replication in mammalian CC [45]

224P, 383D — increased polymerase activity and
replication in mammalian CC [17]

41/ — all studied viruses, except:

41V — increased polymerase activity in mammalian CC

NP 41V — A/common teal/Chelyabinsk/1379-1/2021 (H5N1) at low temperature [46]
3P/S, 41K, 74D — all studied viruses, except: 3S, 41K, 74N — enhanced replication in mammalian CC
41R — Alchicken/Tomsk/1797-7/20 (H5N8) and pathogenicity to mice [47]
55E, 66E, 138F — all studied viruses, except:
NS1 66K — viruses H5N8 2020-2021

138L
A/goose/Omsk/3003/2020 (H5N8)
A/goose/Omsk/3008/2020 (H5N8)

55E, 66E, 138F — enhanced replication in mammalian
CC, decreased response to interferon [48]
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acid substitutions of HPAI proteins that promote HPAI
reproduction in mammals.

Analysis of the predicted amino acid sequences of
the polymerase complex proteins revealed single mark-
er substitutions capable of enhancing the work of the
virus replicative complex in mammalian cells, which
were fixed in the avian influenza virus population. For
example, only 1 substitution at position 622G became
fixed in the PB1 protein. Two other mutations (678N
and 705S) had a sporadic distribution.

Mutations 389R and 5987 were fixed in the PB2
protein by natural selection. These mutations among
avian influenza viruses have been recorded previous-
ly, but have now become dominant. The widespread
distribution in 2018-2020 of the 292V mutation and
the appearance of single 482R mutations in the pop-
ulation were noted. Analysis of the set of “adaptation
mutations” 89V, 309D, 339K, 477G, 495V, 6767 in-
dicates the consolidation by natural selection of this
set of amino acid substitutions. Experimental stud-
ies have shown that the set of these substitutions can
compensate for the absence of lysine at position 627
of the PB2 protein for successful replication of HPAI
in mammalian cells [15].

Analysis of the predicted amino acid sequence of
the PA gene showed that the 383D mutation was fixed
in the population. A wide distribution of mutations 374,
611, 63V, 100V, 343S, 383D and single cases of mu-
tations 224P, 343T, 142R were detected. Although the
largest number of “adaptation mutations” was found
in the nucleotide sequences of the P4 gene, this does
not appear to be critical because they are randomly dis-
tributed among the viruses. Furthermore, a number of
studies have shown the necessity of a synergistic effect
for the phenotypic manifestation in mammals of “adap-
tation mutations” in the P4 gene [16-18].

Analysis of marker amino acid substitutions as-
sociated with the virulent properties of HPAI showed
that the 42S mutation in the NS1 protein is fixed in the
HPAI population (Table 3). This substitution is a mark-
er of virulent properties for mice and can counteract
the induction of interferon in the host cell, as well as
prevent activation of the NF-xB pathway during the im-
mune response [19]. In addition, the amino acid substi-
tutions 30D and 2154 in the M1 protein, recognized as
determinants of pathogenicity for mice, were detected
in all isolates [20].

During the study of pathogenicity factors, the NS/
gene encoding the corresponding protein with an addi-
tional 5 amino acid insertions at positions 80—-84 was
found to be fixed in the HPAI population. Experimental
studies have shown that hybrid viruses with this inser-
tion can induce a hyperimmune response in the organ-
ism, which is known as the cytokine storm [21]. The
analysis showed that among influenza viruses, this mu-
tation began to take hold after 2017.

Discussion

As aresult of this study, it has been established that
evolutionary selection has fixed a number of amino acid
substitutions that contribute to the successful reproduc-
tion of HPAI in mammals. At the same time, questions
remain about the mechanism of functioning of the vi-
ral receptor that allows the virus to make cross-species
transmission. According to previous studies, the amino
acid motif G,,,QRG,,, is characteristic of influenza vi-
ruses isolated from birds and has high affinity for SAa-
2,3-Gal group receptors [14, 22]. However, interpreta-
tion of the affinity properties of viral hemagglutinin to
SAa-2,3-Gal group receptors or to SAa-2,6-Gal group
receptors based on the primary amino acid sequence is
difficult. It has been found that changes in the tropic

Table 3. Marker amino acid substitutions associated with increased HPAI virulence

. Amino acid’s position number and HPAI isolates . . . .
Protein containing mutations Phenotypic manifestation of mutations
PB1 105S — A/chicken/Penza/300/2018 Increased virulence in mice [43]
PB1-F2 66N — all studied viruses, except: 66S — virulence and enhanced immune response in mice [34, 54]
66S — HPAI isolates 2019-2022 subtypes H5N5, H5N1
319N — all studied viruses, except: 319K — disruption of intranuclear transport in mammalian cells [23]
319K
A/Crow/Khabarovsk/776-56/22 (H5N1)
NP A/Duck/Magadan/2272-8/2022 (H5N1)
A/Goose/Magadan/2272-5/22 (H5N1)
A/Poultry/Magadan/1560-1/2022 (H5N1)
A/Chicken/Ryazan/1093-1/2022 (H5N1)
M1 30D, 215A — all studied viruses 30D, 215A — increased virulence in mice
43M — all studied viruses Increased virulence in mice [49]
NS1 42S — all studied viruses Increased virulence and decreased antiviral response in mice [50]
92D — all studied viruses, except: 92D — increased virulence in pigs and mice [51]
92E,

A/common gull/Saratov/1676/2018 (HS5N6)
103F/Y, 106M — all studied viruses

103F, 106M — increased virulence in mice [52, 53]
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properties of influenza viruses are possible as a result
of both single mutations and a whole set of mutations
in the amino acid sequence. In our unpublished stud-
ies and literature data comparing the predicted amino
acid sequence of the HA4 gene of viruses isolated from
birds and mammals, no amino acid substitutions were
identified that were unique to AIV or unique to viruses
isolated from mammals. Apparently, the hemagglutinin
of influenza virus of genetic clade 2.3.4.4 as a result of
single mutations is able to change its affinity properties
with respect to sialic acid residues and, while retaining
functionality, can overcome the cross-species barrier by
combining with different types of viral neuraminidase.
A 678N mutation was detected in the PB1 pro-
tein of HPAI isolated in industrial farming in Rostov
region —  A/turkey/Rostov-on-Don/332-XX/2021;
A/dabchick/Tyva/767-58/2021 virus with 678G mu-
tation was detected in the territory of the Republic of
Tyva. According to experimental data, the combination
of amino acids 13P and 678N causes a sharp increase
in the polymerase activity of HPAI during replica-
tion in mammalian cells [19]. In the A/chicken/Pen-
za/300/2018 isolate, a /05S mutation was detected that
increases the manifestation of virulent properties against
mice. To verify the origin of these mutations, phyloge-
netic analysis was performed, which showed that the
A/turkey/Rostov-on-Don/332-08/2021,  A/dabchick/
Tyva/767-58/2021 and A/chicken/Penza/300/2018 vi-
ruses are in groups that include viruses that spread in
Russia between 2018 and 2022 and did not have simi-
lar mutations (Figure). Phylogenetic analysis confirms
that the occurrence of mutations /05S, 678N, 678G in
the PB1 protein among HPAI detected in Russia is the
result of antigenic drift rather than antigenic shifting.
Analysis of the occurrence of substitutions in the
replicative proteins of HPAI (as exemplified by mu-
tations 678N and 105S of the PB1 protein) showed
that the occurrence of single mutations as a result of
antigenic drift is extremely rare, even in conditions
of frequent epizootics. The single and insignificant
spread of mutations in the HPAI population that con-
tribute to the development of the disease in mammals
in case of cross-species transmission demonstrates the
feasibility and effectiveness of the stepping-out strat-
egy in the control of avian influenza as a disease with
zooanthroponotic potential. The use of a stepping-out
strategy, involving the total eradication of all infected
animals, is recommended by the World Organization
for Animal Health for a number of emergent diseases
that have panzootic potential and can persist in wildlife
populations. With proper surveillance of poultry popu-
lations using molecular biology techniques, HPAI can
be detected in a timely manner and eradication of the
outbreak can be carried out without allowing the pos-
sibility of cross-species transmission to mammals. The
effectiveness of the stepping-out strategy is confirmed
by the disappearance from the viral population of such
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mutations as /274 in the PA protein and 292V in the
PB2 protein. These mutations were identified in virus-
es during the 2018 H5N8 subtype VHP epizootic. The
292V mutation in the PB2 protein was registered in iso-
lated cases after 2018, but timely eradication of infect-
ed stock prevented HPAI from entering the mammalian
population. From the HPAI population, these mutations
were eliminated by natural selection because they had
a negative effect on virus reproduction in birds. Appar-
ently, there is a dynamic equilibrium in HPAI popu-
lations, maintained by natural selection, due to which
adaptation mutations to mammals disappear from the
population. This can be seen in the scattering of such
mutations in various genes among HPAI — they occur
in different viruses with different frequencies, but no vi-
ruses have been found that contain in their genome the
full range of adaptation mutations to mammals. In ad-
dition, new substitutions in positions, changes in which
affect replication in mammalian cells, were identified in
the viruses we studied (Table 3).

The effect of new mutations on the replication and
virulence properties of HPAI in mammals has not been
experimentally studied. Despite the lack of experimen-
tal data indicating an increase in virus replication from
new substitutions, this is worrisome because early work
on the evolution of HPAI showed that, after crossing
the species barrier, it undergoes a phase that allows it
to gradually acquire adaptive mutations without losing
adaptation to the old host [23, 24]. Earlier studies on the
transmissibility of HPAI performed by other research-
ers indicate the complex and often complex nature
of changes in the HPAI genome during cross-species
transmission and fixation of the virus in the population
of'a new species [25-28]. Studies carried out at the N.F.
Gamaleya Research Center for Epidemiology and Mi-
crobiology also showed the possibility of adaptation
and acquisition of pathogenic properties for laboratory
mice during 7-10 cycles of experimental infection [29].

In our analysis, in addition to single substitu-
tions, it was noted that viruses capable of translating
the full-length PB1-F2 protein became established in
the post-2020 HPAI population in Russia. Translation
became possible due to the nucleotide mutation 4729C
(numbering from the beginning of the open reading
frame of the PBI gene), which eliminated the stop co-
don. The PB1-F2 gene is located within the reading
frame of the PBI gene and encodes a protein that in-
fluences the severity of the inflammatory process. At
present, there is no unambiguous description of the ef-
fect of this protein on the virulence properties of the
virus. It is reliably known that the phenotypic expres-
sion of the same form of the PBI-F2 gene differs be-
tween birds and mammals. It has already been shown
that expression of PBI-F2 reduces virulence for birds
[30-32]. The results of experimental infection revealed
that while no virulence enhancement was observed in
birds, infection of mice revealed a clear involvement
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of the PB1-F2 protein of the H7N1 virus in the host
inflammatory response, as previously shown for the
HINI and H5N1 subtype HPAI strains [32]. The re-
sults of experimental infection in ferrets when infect-
ed with PB1-F2-expressing HPAI differed from the
course of the infection process when the virus without

H5N2 2017

H5N8 2020

H5N8 2020

H5N8 2020

H5N8 2020

H5N8 2020

H5N8 2021
d

- H5N8 2017-2020

L{H5N8 2017

H5N8 2016

N5N1 2005-2012

H5N1 2021-2022

L A A/chicken/Penza/300/2018 | A/ H5N8 | | PB1 | 2018-06-15 | EPI ISL 320662
Alchicken/Kursk/762/2018 | A/ H5NS | | PB1 | 2018-06-26 | EPI ISL 320682
A/goose/Samara/675/2018 | A/ H5NS | | PB1 | 2018-07-04 | EPI ISL 320684
Alchicken/Orel/533/2018 | A / H5NS | | PB1 | 2018-06-20 | EPI ISL 320664
Alchicken/Samara/446/2018 | A / H5N8 | | PBA1 | 2018-06-22 | EPI ISL 320657

Alchicken/Samara/679/2018 | A / H5NS | | PB1 | 2018-07-04 | EPI ISL 320685

PB1-F2 expression was used. Infection with a virus ex-
pressing PB1-F2 correlated with a significant dysreg-
ulation of leukocyte counts on days 3 and 7 post-in-
fection; PB1-F2 expression was associated with both
lymphopenia and increased neutrophil counts. Lymph-
openia was transient in all ferrets, and leukocyte levels

H5N8 2020, H5SN5 2020-2021

A/chicken/Rostov-on-Don/1321/2017 | A/ H5N8 | | PB1 | 2017-10-18 | EPI ISL 297234
A A/turkey/Rostov-on-Don/332-XX/2021
A A/dabchick/Tyva/767-58/2021 (H5)

Alturkey/Omsk/0003/2020 | A/ H5N8 | | PB1 | 2020-08-13 | EPI ISL 644123

H5N8 2018

'— A/chicken/Rostov-on-Don/1598/2017 | A/ H5N8 | | PB1 | 2017-11-17 | EPI ISL 297235

A/wild duck/Tatarstan/3059/2016 | A/ H5N8 | | PB1 | 2016-10-02 | EPI ISL 247724
Alchicken/Kalmykia/2643/2016 | A/ H5N8 | | PB1 | 2016-11-21 | EPI ISL 247725
A/gadwall/Kurgan/2442/2016 | A/ H5N8 | | PB1 | 2016-08-27 | EPI ISL 256298

L A/mute swan/Kaliningrad/132/2017 | A/ H5N8 | | PB1 | 2017-02-13 | EPI ISL 274858

L Achicken/Astrakhan/3131/2016 | A/ H5N8 | | PB1 | 2016-12-13 | EPI ISL 240110

A/mallard/Chany/260U/2014 | A / H5N3 | | PBA | 2014-09-10 | EPI ISL 240673
4:\/mallard/Chany/126K/2014 | A/H5N3 | | PB1 | 2014-09-11 | EPI ISL 240680
A/duck/Moscow/4182/2010 | A/ H5N3 | | PB1 | 2010-11-01 | EPI ISL 156215
A/Spot-billed Duck/Russia Primorje/226/2019 | A/ H5N3 | | PB1 | 2019-10-20 | EPI ISL 403722
Alwigeon/Sakha/1/2014 | A/ H5NS | | PB1 | 2014-09-25 | EPI ISL 169427
A/gadwall/Altai/1202/2007 | A / HSN2 | | PB1 | 2007-09-01 | EPI ISL 63505
A/garganey/Altai/1213/2007 | A/ H5N2 | | PB1 | 2007-09-01 | EPI ISL 63510

0.02

Phylogenetic tree constructed by the NJ method based on the nucleotide sequences of the PB1 gene fragment
(1-2275 bp ORF) of H5 subtype HPAI.

Triangles indicate HPAI with adaptation mutations.
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returned to baseline on day 19 post-infection [33]. All
viruses with an active form of the PB1-F2 gene have a
66S amino acid mutation. Several studies have shown
that viruses with this mutation caused a more severe
infection process in infected laboratory mice [34]. This
mutation was present in HPAI isolated from minks in
Spain in 2022. [5]. Furthermore, this mutation was one
of those that distinguished the deadly virus A/Brevig
Mission/18, also known as the “Spanish flu” that swept
the world in the early twentieth century [34]. In addi-
tion to the direct effect of PB1-F2 protein on the course
of the infectious process, data have been obtained that
indicate the possibility of a more severe infectious pro-
cess in case of mutual expression of full-length PB1-F2
and PA-X proteins [35]. The analysis showed that all
the HPAI studied in this study are capable of expressing
the full-size PA-X protein.

The variability of the C-terminal sequence of the
NS1 protein is worth special attention. Earlier studies
have shown that single substitutions in the last 4 ami-
no acids affect the possibility of effective cross-species
transmission from pigs to mice, accompanied by the
manifestation of pathogenic properties in relation to the
new host [36]. Thus, HIN1 subtype HPAI that had an
NS1 protein with the last 4 amino acids being PEQK
and RSEV could not infect mice, whereas the same vi-
rus whose NS1 protein ended with the amino acid motif
of GSEI and EPEV successfully induced the infectious
process in mice, reaching a titer of 2300 BOU/g [37].
Among the HPAI detected in Russia during 2018-2022,
the NS1 protein end motif had variations of GSEV, LP-
PK, FPPK, ESEV and ESEI. Such diversity of the NS1
protein end motif may ensure a wide distribution of
HPAI among different bird species [38].

The data obtained by analyzing the presence of
marker substitutions in HGP/HS indicate an active evo-
lutionary process currently taking place in the HPAI
population. The presence of mammalian pathogenicity
factors in the HPAI population may contribute to suc-
cessful cross-species transmission of the virus by sup-
pressing certain elements of immune defense. After the
cross-species transmission, the virus may end up in the
channel of accumulative variability, when in the pro-
cess of natural selection, single mutations that enhance
the phenotypic manifestation or functional properties
of certain proteins and provide competitive advantages
relative to other viruses are consolidated.

This scenario of cross-species transmission em-
phasizes the necessity to use the strategy of stepping-out
and ban on vaccination against HPAI in industrial poul-
try production as a deterrent to HPAI as a zooanthro-
ponotic pathogen. Timely and complete elimination of
infected poultry stock allows avoiding cross-species
transmission of HPAI to mammals via stray dogs, cats
or small rodents. In case of uncontrolled vaccination
against HPAI, there may be a latent circulation of HPAI
among susceptible stock without clinical signs, which
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will result in an increase in genetic diversity of the
HPALI population and active appearance of new muta-
tions, among which may be useful for the virus, con-
tributing to cross-species transmission.

Conclusion

As a result of these studies, it was found that
among the HS5 subtype HPAI detected in Russia in
2018-2022, viruses with an enzyme complex adapted
to replication in avian cells predominated. Adaptation
mutations to replication in mammalian cells are sporad-
ic and chaotically distributed in the virus population.
Viral hemagglutinin has affinity predominantly to avian
cell receptors. The appearance and distribution of viru-
lence factors for mammals in the HPAI population has
been shown. The presence of such factors may contrib-
ute to successful cross-species transmission of the virus
with subsequent adaptation of viral hemagglutinin to
mammalian cell receptors as a result of antigenic drift
and fixation of new mutations in the course of natural
selection.

The results obtained indicate the effectiveness of
the strategy of stepping-out and ban on vaccination
against HPAI in industrial poultry farming as a deter-
rent factor for HPAI as a pathogen of zooanthroponotic
disease. Timely and complete elimination of poultry
stock infected with HPAI, which is capable of produc-
ing pathogenicity factors for mammals in the process
of reproduction and possessing separate adaptive muta-
tions in replicative proteins, allows to avoid or signifi-
cantly reduce the probability of cross-species transmis-
sion of HPAI from birds to mammals via stray animals
or small rodents.
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Improvement of the bacteriological method for isolation
of Listeria monocytogenes

Mikhail V. Khramov, Lyubov V. Domotenko, Olga V. Polosenko™, Irina P. Mitsevich
State Research Center for Applied Microbiology and Biotechnology, Obolensk, Russia

Abstract

Introduction. Currently, listeriosis is regarded as one of the dangerous infections that cannot be prevented by
vaccination and is characterized by the severity of the clinical process and high mortality. Improving laboratory
diagnostic methods especially in listeriosis meningitis to identify the pathogen in the shortest possible time
remains an urgent problem.

The aim of the study was to investigate the behavior of collection and clinical strains of various listeria species
on GBM-agar — a nutrient medium for isolating pathogens of purulent bacterial meningitis — in order to improve
the bacteriological method for isolating and identifying Listeria monocytogenes.

Materials and methods. In the current study, 1125 samples of clinical material and food produces were used.
Of these, 95 were isolated and 5 were reference strains of Listeria spp. The following culture media to isolate
listeria were used: Agar Listeria by Ottaviani and Agosti (ALOA); Listeria enrichment broth (LEB), Listeria isolation
agar (LIA), GBM-agar.

Results. Of the 1125 samples involved the following strains were isolated using LEB, LIA and ALOA media:
L. monocytogenes — 89, L. welshimeri — 2, L. innocua — 3, L. seeligeri — 1. All isolates and reference strains
were subcultured by using conventional selective media (LIA, ALOA) and additionally GBM-agar modified by
adding a selective additive to isolate L. monocytogenes, and yolk emulsion. Colonies grown on the modified GBM-
agar and belonging to the Listeria genus were larger and had distinctive morphological traits making them differ
from colonies obtained by means of conventional listeriosis media. This allowed for the primary differentiation of
L. monocytogenes from non-pathogenic listeria species and some other pathogens of purulent bacterial meningitis.
Conclusion. It is shown that the algorithm of the culture method can use a new nutrient medium (modified GBM
agar) possessing improved growth properties for L. monocytogenes, the introduction of which will serve as an
additional effective means for differentiating listeria during research in sanitary and clinical microbiology.

Keywords: listeria, Listeria monocytogenes, nutrient media, modified GBM-agar, food-borne infection
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YcoBepLieHCTBOBaHME 6aKTepnonorn4yeckoro meroaa
npw BbiaeneHuu Listeria monocytogenes

Xpamos M.B., JomoTteHkKo J1.B., MonoceHko O.B.*, Muuesuu W.M.
focynapCTBEHHbIV HAyUHBIN LLEHTP NPUKNagHoW MUKpobuonorum u uotexHonorum, OboneHck, Poccua

AHHOMayus

BeeaeHue. Jluctepnos pacueHnBaeTcs kak OfHa M3 ONacHbIX BaKLMHOHEYNpaBnsemblX MHEKUMIN, XapakTepu-
3YIOLLAACH TAXECTBIO KIMMHUYECKOTO NpoLecca U BbICOKON NEeTanbHOCTbIO. AKTyarnbHbIM HanpasfieHneM ocTaéT-
CSl COBEpLUEHCTBOBaHME METOAOB NabopaTopHON ANArHOCTMKWM, OCOBEHHO NPV NIMCTEPUO3HOM MEHUHIUTE, AnS
BbIsiBNEHNs Bo3byanTens B oNTUMaribHO CXXaTble CPOKM.

Llenb nccnepoBaHua — u3y4nTb NOBEAEHWE MY3eNHBbIX U KMUHUYECKUX LUTaMMOB PasfivyHbIX BUOOB fUCTe-
puii Ha 'BM-arape — nuTaTenbHOW cpefe Ans BbiAeneHus Bo30dyanTenen rHorHbix 6akTepmnanbHbIX MEHWUHIU-
TOB — [N YCOBEPLUEHCTBOBaHNS BaKkTepMonorniyeckoro MeToaa npuv BblaeneHnn n naeHtudvkaumm Listeria
monocytogenes.

MaTtepuanbl n metoabl. B pabote ncnonb3oBaHbl 1125 06pasLoB KIIMHUYECKOrO Matepumana 1 nNuweBbIX Mpo-
AykToB, 95 BblAeNneHHbIX 1 5 peepeHTHbIX LUTaMMOB Listeria Spp., nMTaTensHble cpeabl Ans BblAENeHUs nucre-
pwia: arap Listeria no OttaBunann un Aroctn (ALOA); nutateneHbin GynboH ANst BbIAENEHUS U KyNbTUBUPOBaHMWS
nuctepun (MBJ1), nuTatenbHbIN arap Ans BolgeneHns nuctepwui (MAJT), TBM-arap.

Pe3ynbratbl. 13 1125 06pasuoB, NocTynMBLUMX Ha nccrnegosaHue, ¢ ucnone3osaHunem MBI, MAJ n ALOA BbI-
JeneHbl Wtammbl: L. monocytogenes — 89, L. welshimeri — 2, L. innocua — 3, L. seeligeri — 1. Bce usonaTtol
M TECT-LITaMMbl CyOKynbTMBMpOBany Ha TpaauumoHHble cenekTuBHble cpedbl (MAJ1, ALOA) n 4ononHUTENBHO
Ha BM-arap, MoaMduUMpOBaHHbIA BHECEHNEM CeNnekTUBHOM AobaBkM Ans BblaeneHus L. monocytogenes m
XenTo4yHon amynbeun. Ha moamdunumposaHHom 'lBM-arape BbipocLuMe KONoHWUU, OTHocswmecs K pogy Listeria,
ObINM KpynHee 1 MMenu oTNNYUTENbHbIE MOPEONOrMYECKNE NPU3HaKM OT KOMIOHUI, MOMYyYEeHHbIX Ha Krnaccuye-
CKMX NINCTEPMO3HBLIX Cpeaax, YTO NO3BONWUMO MPOBECTM NepBUYHYIO aAnddepeHumaumio L. monocytogenes ot
HenaToreHHbIX BUAOB NTMCTEPUIA U ApYrMX BO3OyAUTENen rHovHbIX 6akTepuanbHbIX MEHWHIMTOB.
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KnioueBble cnoBa: nucmepuu, Listeria monocytogenes, numamernbHbie cpedbi, ModuguyuposaHHbili M-
aeap, nuwesasi UHQheKyus

Amuyeckoe ymeepxdeHue. VccreqoBaHne NpoBOAMIIOCH NpU A0GPOBObHOM MHPOPMUPOBAHHOM COrfacum nauu-
€HTOB UK MX 3aKOHHbIX NpeacTaBuTeneit. MNpoTokon nccnenoBaHust ofobpeH ATudeckum kommuTeTom locynapcTBeH-
HOro Hay4HOro LieHTpa NpuknagHon mukpobuonorumn n uotexHonorum (npotokon Ne BM1-2025/3 ot 17.05.2025).

HUcmoyHuk ¢puHaHcupoeaHusi. PaboTa BbiNonHeHa B paMkax oTpacrieBoi nporpammbl PocnotpebHaasopa.
KoHgpbnnukm unmepecoe. ABTOpbI ieKNapupyoT OTCYTCTBUE SIBHLIX W MOTEHUMANbHBLIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C NyGnukaunen HacTosLLEen CTaTbu.

Ans yumupoeaHus: Xpamos M.B., lomoTeHko J1.B., MonoceHko O.B., Muuesny W.I1. YcoBeplieHcTBOBaHMe GakTe-
pvonornyeckoro Metoga npw Belaenenum Listeria monocytogenes. XKypHan mukpobuomnoauu, anudemuonoauu u umMmmy-
Hobuonoeuu. 2025;102(3):362—-369.

DOI: https://doi.org/10.36233/0372-9311-673

EDN: https://www.elibrary.ru/QONYBM

© Xpamos M.B., lomoteHko J1.B., Monocexko O.B., Muuesny W.IM., 2025



364

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(3)

DOI: https://doi.org/10.36233/0372-9311-673

Introduction

Listeriosis is not only a medical and social but
also an economic problem. Despite the fact that in re-
cent years the incidence of listeriosis has been kept at
the level of sporadic cases, listeriosis is considered as
one of the dangerous vaccine-uncontrollable infections,
characterized by the severity of the clinical process and
high mortality (up to 20%) [1, 2].

The incidence of listeriosis is caused by contami-
nation and active multiplication of listeria in foodstuffs,
increased susceptibility to listeria in risk groups against
the background of cellular immunity disorders [1, 3].
In recent years, data have been obtained on the circula-
tion of Listeria in plant, soil, and water substrates, their
high adaptive capabilities in a wide temperature range,
humidity, and pH of the environment. There is data on
the contamination of water sources with the causative
agent of listeriosis near livestock enterprises [4].

In healthy people, infection is usually asymptom-
atic or in the form of gastroenteritis [1, 2, 5]. In the
immunocompromised elderly, pregnant women and
newborns, or in patients receiving immunosuppressive
therapy, listeriosis may manifest as bacteremia or sep-
sis, central nervous system involvement, etc., leading to
serious or potentially fatal illnesses, including sepsis or
meningitis [2, 6, 7-12].

The clinical manifestations of these forms of the
disease, including listeriosis meningitis, are nonspecif-
ic, mainly fever, headache, vomiting, and disorders of
consciousness, which is similar to other types of puru-
lent meningitis [2, 3, 6, 7].

Listeriosis is caused by gram-positive, faculta-
tively anaerobic, enteroinvasive bacteria of the genus
Listeria. The main causative agent of the disease in hu-
mans is L. monocytogenes, which is capable of causing
listeriosis in animals [19]. The main causative agent of
listeriosis in animals is L. ivanovii, which in rare cases
can lead to the disease in humans [20]. There are iso-
lated cases of listeriosis caused by L. innocua and L.
seeligeri [21, 22].

In the laboratory diagnosis of listeriosis and san-
itary-bacteriologic investigations, the leading role is
played by the bacteriologic method using nutrient me-
dia [13].

The isolation of Listeria from non-sterile clinical
material and foodstuffs is only possible using selective
nutrient media or enrichment procedures. Listeria en-
richment broth (LEB), Fraser broth, UVM broth are
used; as selective differential diagnostic media, Liste-
ria isolation agar (LIA), Listeria agar by Ottaviani and
Agosti (ALOA), Brilliance Listeria agar, Oxford agar,
PALCAM agar, etc. are used as selective enrichment
media.

Among the various media, LIA and PALCAM
agar media do not provide species differentiation of
Listeria. On such media, the isolation of Listeria is
based on their ability to hydrolyze esculin to form escu-
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lentine, which in the presence of iron ions forms a black
complex; as aresult, Listeria of all species form grayish
colonies with a black zone around them.

Chromogenic media (ALOA and Brilliance Liste-
ria agar) with special selective and chromogenic addi-
tives allow to isolate Listeria of different species in the
form of blue-green colonies and differentiate L. mono-
cytogenes and certain strains of L. ivanovii from other
Listeria species by formation of a characteristic halo
around the colonies due to the ability to produce phos-
pholipase C.

The selectivity of the media with respect to asso-
ciated microflora is ensured by the inclusion of lithium
chloride, acriflavine, cycloheximide, nalidixinic acid,
polymyxin and other antibiotics [14].

For the isolation of Listeria from normally sterile
biological substrates (blood, cerebrospinal fluid, etc.),
which is typical in the bacteriological study of men-
ingitis, blood and chocolate agar can be used, as well
as GBM-agar, a nutrient medium for the isolation and
cultivation of agents of purulent bacterial meningitis
without selective additives [15]. Listeria on these me-
dia grows as round convex translucent non-pigmented
colonies with a smooth surface after 2448 h of culti-
vation.

The rich GBM-agar base containing casein hy-
drolysate, peptone, yeast extract, growth stimulator of
hemophilic microorganisms, and glucose is able to sup-
port the growth of Listeria of various species.

Since the main purpose of GBM-agar is related to
the cultivation and isolation of the three main patho-
gens of bacterial meningitis: Haemophilus influenzae
type B, Streptococcus pneumoniae, Neisseria meningit-
idis, it contains selective additives only for them. Selec-
tive additives for Listeria have a different composition
of antibiotics and contain the dye acriflavine, which has
antiseptic properties and can give L. monocytogenes
colonies a green color.

Preliminary studies of clinical material from men-
ingitis patients have shown that the use of GBM-agar
with a selective additive for Listeria allows isolation of
the listeriosis pathogen in a shorter time than conven-
tional listeria media.

To introduce the nutrient medium into the scheme
of laboratory diagnostics of listeriosis, studies using a
wide range of strains belonging to L. monocytogenes
and other Listeria species are necessary.

The aim of the study is to investigate the behav-
ior of reference and clinical strains of different Listeria
species on GBM agar to improve the bacteriological
method for the isolation and identification of L. mono-
cytogenes in clinical and sanitary microbiology.

Materials and methods
The following materials were used: clinical mate-
rial (CSF, sectional material, blood, cerebrospinal fluid,
cervical canal secretion) and food raw materials and
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food products received by the testing laboratory cen-
ter of the State Research Center for Applied Microbio-
logy and Biotechnology (SRC AMB) (a total of 1125
samples); reference strains of microorganisms obtained
from the State Collection of Pathogenic Microorga-
nisms and Cell Cultures “SCPM-Obolensk™: L. mono-
cytogenes 766, L. monocytogenes NCTC11994, L. iva-
novii ATCC19119, L. innocua NCTC 11288, L. seeli-
geri ATCC 35967, Escherichia coli ATCC 25922,
Proteus vulgaris HX 19 222, Staphylococcus aureus
Wood-46, S. pneumoniae ATCC 6305, N. meningiti-
dis ATCC 13102, H. influenzae ATCC 49247. Sample
preparation and research were carried out using algo-
rithms and methods recommended by SanPiN 3.3686-
21", MG 4.2.1122-02%, GOST 32031-2022°. The study
was conducted with the informed consent of the patients
or their legal representatives.The research protocol was
approved by the Ethics Committee of the SRC AMB
(protocol No. BIT-2025/3, May 17, 2025).

Nutrient media produced by SRC AMB were used
for Listeria accumulation: nutrient broth for cultiva-
tion and isolation of Listeria with selective additive
(LEB medium) FSR 2010/09161; as differential-diag-
nostic — nutrient agar for cultivation and isolation of
Listeria with selective additive (ALOA medium, SRC
AMB, RU No. FSR 2010/09162); Listeria Ottaviani
Agosti HiCynth Agar (ALOA, HiMedia, RU No. FSZ
2009/03705) with Enrichment Supplement (FD214),
Selective Supplement (FD 212A); nutrient medium
for isolation of purulent bacterial meningitis pathogens
(GBM-agar, State Research Center AMB, RU No. RZN
2016/4872) with selective additive (polymyxin B sul-
fate — 0.01 g/L; nalidixic acid — 0.025 g/L; acrifla-
vine — 0.01 g/L) (hereinafter — modified GBM-agar).

To determine lecithinase activity we used nutri-
ent medium for quantitative determination of microbial
contamination (medium No. 1 GRM, SRC AMB, RU
No. FSR 2011/11415) and modified GBM-agar with ex
tempore addition of 5% yolk emulsion, and the same
media with the addition of activated carbon at a con-
centration of 0.5%.

Identification of isolates was performed on a
MALDI Biotyper automatic system (Bruker Daltonik).

Results

The studies were conducted in 2 stages. The first
stage was devoted to the isolation of listeriosis patho-
gen from clinical material, food raw materials and food
products. The samples prepared for the study were seed-

' SanPiN 3.3686-21 Sanitary and epidemiologic requirements for
the prevention of infectious diseases” (enacted on 01.09.2021).

2 MG 4.2.1122-02 Organization of control and methods of
detection of Listeria monocytogenes bacteria in food products:
methodological guidelines. Moscow; 2002.

3 GOST 32031-2022 Food products. Methods of detection of
bacteria Listeria monocytogenes and other Listeria species
(Listeria spp.).

ed on enrichment medium — LEB. After 24 and 48 h
of incubation at 37 = 1°C from LEB medium, culture
fluid was seeded on special nutrient media for the iso-
lation of Listeria (LIA, ALOA). After incubation, char-
acteristic colonies, presumably belonging to Listeria,
were selected and subcultured on GRM medium No. 1
for further identification using a MALDI Biotyper auto-
matic system. During the study, 89 isolates of L. mono-
cytogenes, 2 isolates of L. welshimeri, 3 isolates of
L. innocua, and 1 isolate of L. seeligeri were obtained.

At the second stage, we studied the behavior of all
isolates, including those from meningitis patients, and
test strains of Listeria on GBM agar in comparison with
their behavior on classical nutrient media (LIA, ALOA)
under conditions of equivocation.

On LIA medium, isolated cultures and reference
strains of L. monocytogenes formed small, grayish
colonies up to 1.0 mm in diameter after 24 h; on the 2™
day their size increased to 1.2—1.4 mm. On ALOA me-
dium, L. monocytogenes grew as blue-green colonies
surrounded by an opaque halo 0.6-0.8 mm in diameter
on the 1% day of incubation and up to 2.0 mm in dia-
meter on the 2™ day. On modified GBM-agar already
after 18 h of L. monocytogenes incubation, the diameter
of colonies reached 1.5-2.5 mm (Fig. 1). The colonies
acquired a greenish color, in contrast to the colonies ob-
tained on the classical LIA medium.

The growth of other Listeria species on GBM agar
differed from that of L. monocytogenes. When studying
their growth character, museum test strains: L. ivanovii
ATCCI19119, L. innocua NCTC 11288, L. seeligeri
ATCC 35967 and isolated cultures of Listeria species:
L. welshimeri, L. innocua, L. seeligeri were sown on
modified GBM-agar and comparison media LIA and
ALOA. After 18-24 h of incubation on the modified
GBM-agar, the growth of these Listeria species was
detected in the form of smooth milk-colored colonies
with a diameter of 1.6-2.0 mm, in contrast to LIA and
ALOA media, on which the growth of small colonies
with a diameter of 0.3—0.8 mm was observed.

When seeding from a mixture of reference strain
L. monocytogenes 766 and L. innocua NCTC 11288 on
modified GBM agar and subsequent incubation at 37 £
1°C for 18 h, the medium was found to have differenti-
ated properties: the growth of reference strain L. mono-
cytogenes 766 was observed as greenish colored colo-
nies with a diameter of 1.8-2.2 mm; L. innocua NCTC
11288 — as milky colored colonies with a diameter of
1.5-1.8 mm (Fig. 2).

Furthermore, the addition of yolk emulsion to the
modified GBM-agar medium provided a clear differen-
tiation of the reference strain L. ivanovii ATCC19119,
which has lecithinase activity, from the reference strain
L. innocua NCTC 11288, which does not have lecithi-
nase (Fig. 3).

Studies of clinical material, food raw materials
and food products for the presence of Listeria include
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Fig. 1. Growth of isolated L. monocytogenes cultures on LIA
(a), ALOA (b) and modified GBM agar (c).

a stage to determine the lecithinase activity, the pres-
ence of which is an indicator of pathogenicity, to con-
firm the affiliation of isolated bacteria to the species
L. monocytogenes. The originality of the bacteriolog-
ical method is based on the comparison of lecithinase
activity of the culture in the presence or absence of acti-
vated carbon. In this study, an attempt was made to de-
termine the lecithinase activity of Listeria in accordance
with the method regulated by the regulatory documents
MG 4.2.1122-02 and GOST 32031-2022 using modi-
fied GBM-agar with the addition of yolk emulsion with
and without activated carbon. The isolated cultures of
L. monocytogenes and reference strains L. monocyto-
genes 766 and L. ivanovii ATCC19119 were seeded on
medium from dilutions 10°°. Seeds were incubated at
37 + 1°C for 24 h and viewed under transmitted light.
The traditionally used for this purpose medium No. 1
GRM medium was used as a control medium of com-
parison.

On medium No. 1 GRM with the addition of yolk
emulsion in the presence of charcoal after 24 h, a dense
zone of turbidity around the colonies of isolated strains
of L. monocytogenes, reference strain L. monocytogenes
766 and L. ivanovii ATCC19119 with a width of more
than 2.0 mm, characteristic of the lecithinase activity of
cultures, was observed. On the same medium without
activated charcoal, no zones of opacity were observed
around L. monocytogenes colonies, in contrast to L. iva-
novii ATCC19119 colonies.

On modified GBM-agar with yolk emulsion
without charcoal, a clearly distinguishable lecithinase
activity was also observed only around L. ivanovii
ATCC19119 colonies (Fig. 4).

Addition of activated carbon to the modified
GBM-agar in the same concentrations resulted in more
intense blackening of the medium, which did not allow
us to consider and correctly interpret the results of leci-
thinase activity detection.

When determining the selective properties of
modified GBM-agar, growth suppression of reference

L. monocytogenes
766 —

L. innocua NCTC
11288 —

Fig. 2. Growth of a mixture of reference strains of L. mono-
cytogenes 766 and L. innocua NCTC 11288 on modified
GBM agar.

L. innocua NCTC
11288 —

L. ivanovii
— ATCC19119

Fig. 3. Growth of a mixture of reference strains of L. ivanovii
ATCC19119 and L. innocua NCTC 11288 on modified GBM
agar with yolk emulsion addition.

Fig. 4. Growth of reference strain L. ivanovii ATCC19119
on modified GBM-agar medium with yolk emulsion addition.
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strains of E. coli ATCC 25922, P. vulgaris HX 19 222,
S. aureus Wood-46, S. pneumoniae ATCC 6305, N.
meningitidis ATCC 13102, H. influenzae ATCC 49247
from dilutions 10~ was detected.

Discussion

Meningitis caused by L. monocytogenes is a se-
rious and life-threatening disease. In recent years,
L. monocytogenes is the third most common cause of
bacterial meningitis in the elderly, after S. pneumoniae
and N. meningitidis, because of a decrease in the in-
cidence of meningitis caused by H. influenzae type B
due to vaccination [18]. The disease is more common
in elderly people, clinical manifestations in this type of
meningitis are not specific, so for the correct diagnosis
it is important to take into account the results of bacte-
riological examination aimed at isolation and identifi-
cation of the pathogen.

The GBM-agar nutrient medium designed for iso-
lation of the main pathogens of purulent bacterial men-
ingitis has proven itself in the study of clinical material
for the presence of S. pneumoniae, N. meningitidis, and
H. influenzae type B [15]. Therefore, it was of interest
to study the possibility of using this nutrient medium
for the isolation of Listeria, but using a special selec-
tive additive for Listeria. The antibiotics polymyxin B,
nalidixic acid, ceftazidime, and acriflavine included in
the medium inhibit the growth of the main pathogens
of GBM, as well as a number of other microorganisms
(e.g., E. coli, P. vulgaris, S. aureus). The medium with
the selective additive is called modified GBM agar.

In our study, we examined the behavior of differ-
ent Listeria species on modified GBM agar: 89 isolates
of L. monocytogenes, 2 isolates of L. welshimeri, 3 iso-
lates of L. innocua, 1 isolate of L. seeligeri, and 5 ref-
erence strains of Listeria spp. On modified GBM-agar,
L. monocytogenes colonies acquired a greenish color
and after 18 h of incubation significantly exceeded the
colonies on the classical LIA medium and even ALOA.
At the same time, non-pathogenic Listeria formed small
colonies of milky/cream color. This ability of modified
GBM-agar will accelerate the isolation and differenti-
ation of the main listeriosis pathogen — L. monocyto-
genes — from other Listeria species by morphological
features of colonies (color and size).

Addition of yolk emulsion to modified GBM-agar
provided clear differentiation of the test strain L. iva-
novii ATCC19119, possessing lecithinase activity, from
the reference strain L. innocua NCTC 11288, lacking
lecithinase. However, the addition of activated char-
coal, which activates the manifestation of lecithinase
activity in L. monocytogenes on GRM medium No. 1,
no zones of turbidity around L. monocytogenes colo-
nies were observed. Perhaps, this situation is explained
by more intensive blackening of GBM-agar, which is
already colored dark brown due to the growth stimulant
of hemophilic microorganisms included in its composi-

tion. And on such a dark nutrient medium it is difficult
to consider and correctly interpret the results of lecithi-
nase activity detection.

L.S. Tartakovsky and coauthors noted that identifi-
cation of L. monocytogenes by lecithinase activity de-
tection is often difficult due to morphological and bio-
chemical features of the listeriosis pathogen [13]. In the
studies of domestic and foreign authors it is mentioned
that when cultured on nutrient media containing yolk
emulsion, the lecithinase activity of Listeria is detected
extremely weakly or is not observed at all. The addi-
tion of activated carbon can result in the sorption of the
product secreted by Listeria that inhibits the production
of lecithinase enzyme [13, 16, 17].

Conclusion

The possibility of using a new nutrient medium
(modified GBM agar) with improved growth properties
against L. monocytogenes in the algorithm of the cul-
ture method is shown. Its implementation will serve as
an additional effective means for differentiating Listeria
during research in sanitary and clinical microbiology.
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Abstract

The aim of this review is to characterize the possibilities of using organoid (3D-cell) cultures to assess the ability
of viruses for cross-species transmission.

Sources from Web of Science, PubMed, Scopus, Elsevier, Google Scholar, and eLIBRARY.RU databases as of
February 2025 were used.

In addition to classical methods of epidemiologic diagnostics and surveillance of viral infections, molecular genetic
technologies (polymerase chain reaction and sequencing) are widely used in the epidemiologic surveillance
system. As the best world experience shows, the use of organoid (3D-cell) cultures is promising in addressing
these issues. This review analyzes data on the use of organoid (3D-cell) cultures of human and animal origin to
study immunopathogenesis, as well as to assess the ability of a number of viruses (SARS-CoV-2, influenza, Zika,
measles, etc.) for cross-species transmission, which determines their pandemic potential
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AHHOMauus
Llenb o63opa — oxapakTepu3oBaTb BO3MOXHOCTU MPUMEHEHUSA OpraHoMaHbIX (3D-KNeTouvHbIX) KynbTyp Ans
OLIEHKM CMOCOBHOCTM BUPYCOB K MEXBMAOBLIM Nepexoaam.
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Mcnonb3oBaHbl ucTouHMkM n3 6a3 gaHHbix Web of Science, PubMed, Scopus, Elsevier, Google Scholar
n eLIBRARY.RU no coctosiHuntio Ha cheBpanb 2025 T.

B pabote cucteMbl 3anMaemMmonornyeckoro Hagsopa, MOMUMO KIacCUYECKMX METOAOB 3NMAEMUONOrMYeckomn
OVMarHoCTUKN U HaA30pa 3a BMPYCHBIMU UHAEKLMSIMU, LUIMPOKO NMPUMEHSIIOTCSI MONEKYNAPHO-reHETUYeCcKkne Tex-
Homornu (nonumepasHas LenHasi peakums U cekBeHupoBaHue). Kak nokasbiBaeT nepefoBOl MUPOBOW ONMbIT,
B peLleHun 3TUX BONPOCOB MEPCMNEKTUBHBIM ABMAETCSH UCMONb30BaHNe opraHonaHbIX (3D-KNeToYHbIX) KynbTyp.
B HacToswem 0630pe npoaHann3mMpoBaHbl AaHHbIE N0 NPUMEHEHNIO OpraHoMAHbIX (3D-KNEeTOYHbIX) KynbTyp Ye-
FIOBEYECKOrO U XMBOTHOMO MPOUCXOXAEHUSI ANS U3YyYeHUss MMMYyHONaToreHesa, a Takke OLEHKM CnocobHoCTU
psaa BupycoB (SARS-CoV-2, rpunna, 3uka, kopu 1 Ap.) K MEXBMAOBBLIM nepexodam, YTo obycroBnMBaeT MX
naHAeMWYECKMIn NoTeHumann.

KnroueBble cnoBa: 0630p, opeaHoudHble (3D-KrnemoyHbie) Kyrbmypbl, 8UPYChI, Mexaudosbie nepexodsbl, 3ru-

demuorioeusi

HNcmoyHuk puHaHcupoeaHusi. ABTOpPbI 3asBNSAOT 06 OTCYTCTBMM BHELUHEro (PUHAHCMPOBAHUS NpW NPOBEAEHUU
nccneposaHus. Pabota BeinonHeHa B pamkax [ocyaapcteeHHoro 3agaHus HUM snuaemuonorum n myukpobuonorum
um. I.I. Comosa PocnoTtpebHaasopa Ne 141-00089-21-00 Ha 2021-2025 rr.

Komjmu:(m UHmMepecos. ABTOpr AEKNapupyrT OTCYTCTBME ABHbLIX U NOTEeHUMalnbHbIX KOHCbJ'II/IKTOB WHTEepecoB, CBA-

3aHHbIX C NyGnuKaumen HacTosILEN cTaTby.

Ana yumupoeaHus: Kysneuosa T.A., MankvHa W.B., KpbpkaHosckui C.I1., LWenkaHos M.KO. OpraHHble (3D-knetou-
Hble) KynbTypbl B CUCTEME 3NWMAEMMONOrMYeckoro Haasopa 3a BUPYCHbIMW UHpeKunsamu. XKypHan Mukpobuosoauu,
anudemuonoauu u ummyHobuomnoauu. 2025;102(3):370-380.
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EDN: https://www.elibrary.ru/SMVGQJ

Introduction

In order to successfully carry out the tasks that
ensure sanitary and epidemiological well-being of the
population, the activities of the Russian network of
specialized institutions in the field of epidemiological
surveillance must be improved upon, which involves a
system of comprehensive surveillance of the epidemic
process of a particular disease in dynamics in a certain
territory in order to improve the effectiveness of pre-
ventive and anti-epidemic measures [1].

The COVID-19 pandemic, etiologically associ-
ated with SARS-CoV-2 (severe acute respiratory syn-
drome coronavirus type 2) (Nidovirales: Coronaviri-
dae, Betacoronavirus, Sarbecovirus subgenus), on the
one hand, demonstrated the predictive capabilities of
epidemiologic methods (local specialists had warned
about the pandemic potential of coronaviruses sever-
al years before the pandemic [2-4]), and on the other
hand, contributed to the formation of new approaches,
the main one being genomic epidemiologic surveillance
[5]. Genomic epidemiologic surveillance is currently
one of the main elements of the large federal project
“Sanitary Shield — Safety for Health (Prevention, De-
tection, Response)”, which Rospotrebnadzor is imple-
menting in the territory of the Russian Federation [6].
This project includes the construction of a network of
diagnostic PCR laboratories and Sequencing Centers
equipped with modern highly efficient NGS sequencers
[5, 7]. The obtained data are aggregated by the Russian
genetic data platform VGARus [5]. However, along
with molecular genetic methods of research, classical
methods of epidemiologic surveillance in the field of
virology, in particular cell culture approaches, also con-

© KysHeuosa T.A., lNankuHa U.B., Kpepkanosckui C.T1., LLenkaHos M.1O., 2025

tinue to be actively developed [8, 9]. At the same time,
3D-cell cultures have been utilized in response to cur-
rent necessities and opportunities.

The ability of viruses for cross-species transmis-
sion is responsible for the pandemic potential of viruses
[10-12]. Most pandemics are associated with viruses,
which may include unidentified and potentially danger-
ous viruses capable of rapid evolution and transmission
from one host organism to another. The emergence of
new potentially dangerous viruses may be caused by
climate change and the melting of polar glaciers, urban-
ization and wildlife trade. Due to the possibility of new
epidemic outbreaks of viral diseases caused by new or
mutating viruses that pose significant threats to public
health, it is necessary to plan adequate preventive and
anti-epidemic measures. These include the develop-
ment of new experimental models for studying viruses.
Predicting the ability of viruses for cross-species trans-
mission also requires new experimental models.

The aim of this review is to characterize the cur-
rent possibilities of using organoid (3D-cell) cultures
to assess the ability of viruses for cross-species trans-
mission.

The analysis included scientific literature present-
ed in the main databases (Web of Science, PubMed,
Scopus, Elsevier, Google Scholar and eLIBRARY.RU)
as of February 2025.

Application of organoid (3D-cell) cultures
in virology
The method of organoid (3D-cell) cultures has
found wide application in virology for culturing and
studying the reproduction of human and animal virus-
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es, studying the mechanisms of immunopathogenesis,
developing and testing antiviral drugs and vaccines
[13—15]. A relatively new aspect of the use of organ
cultures is the solution of several issues related to
epidemiologic surveillance and monitoring for viral
infections. In particular, organoid (3D-cell) cultures
are used to assess the ability of viruses for cross-spe-
cies transmission, which accounts for their pandemic
potential.

Organoids and their variant, spheroids, are related
to 3D-cell cultures. There is no single definition of or-
ganoids, but their integral characteristics are multicel-
lularity, ability to self-organize and perform any phys-
iological functions of an organ. Spheroids are 3D-cell
cultures that form sphere-like formations during proli-
feration, which allows cells to grow and differentiate in
several directions.

Organoids are obtained from pluripotent stem
cells, including induced pluripotent stem cells and em-
bryonic stem cells, as well as from differentiated cells
or tumor tissue cells [16=18]. Protocols for obtaining
organoids according to the method are divided into two
large groups:

* various modifications of Lancaster's (2014)
method [19], differing in terms of cultivation
time and the use of differentiation inducers
followed by aging in microtubes or plates [20];

* use of bioreactors or mini-bioreactors [21].

One of the approaches to creating 3D-cell models
is a cell line grown on a three-dimensional gel frame-
work, as well as a spheroid culture or an organotypic
(organ) culture obtained directly by fragmenting an
organ and its subsequent cultivation [18]. 3D-cell cul-
tures occupy a more advantageous position compared
to 2D-cell cultures and in vivo models, as they allow
to reproduce the structure of real organs, control sig-
naling pathways and edit cell genomes in an environ-
ment resembling an organism, but are deprived of a
number of disadvantages of living systems. The dif-
ferent cell morphology in 2D-cell culture from native
cells negatively affects cellular processes including
proliferation, differentiation, apoptosis, gene expres-
sion. Furthermore, these cultures are tumorigenic, ge-
netically unstable, and do not reproduce the complex
intercellular interactions required to model viral infec-
tions [8, 9, 22].

The advantage of 3D-cell systems, and organoids
in particular, over cell lines is the reproducibility of cell
layers and tissue structure present in organs. Organoids
can be cultured for longer periods, frozen and used to
study physiological phenomena more realistically than
is possible with cell lines. Although organoid cultures
are expensive and difficult to replicate the scale of mas-
sive cell line culture systems, technologies to construct
them are rapidly advancing [13-15, 23].

The structure of organoids enhances viral tropism
to tissues and increases the likelihood of viral infection

ORIGINAL RESEARCHES

[14, 23]. Human organoids have become an important
tool in the field of viral infections research, and have
played a major role in their modeling and investigation
of the molecular mechanisms underlying their patho-
genesis. Only organoid systems allow us to study the
actual virus-host interaction, pathogenesis of infection,
treatment and prevention issues. Organoids also repre-
sent an indispensable model for cross-species testing of
new viruses [14, 23, 24], as discussed below. However,
in terms of virology, the use of organoids in Russia is
still in its early stages.

As noted by several authors, there is an urgent ne-
cessity to use more advanced biological systems for the
study of viral infections, including the assessment of
the cross-species potential of anthropozoonotic viruses
[12,25].

Application of human organoid cultures to study the
ability of viruses to overcome the cross-species barrier

Virus-host interactions are the main driving force
behind virus evolution. The ecology of a virus can only
be understood through the ecology of its actual and po-
tential hosts [26]. Natural focal pathogens of infectious
diseases are co-evolved with natural biocenoses and
can circulate without human involvement [27]. If a per-
son finds himself in the territory of a natural focus, they
may become an accidental host of the pathogen, and in
some cases an anthroponotic chain of its transmission
may be formed [28].

A key element of the ecological plasticity of natu-
ral focal viruses is their ability to overcome cross-spe-
cies barriers. This ability is most pronounced in arbovi-
ruses, which are transmitted to vertebrates by arthropod
vectors [26, 28]. The ecological group of arboviruses
includes, in particular, Zika virus (Amarillovirales:
Flaviviridae, Flavivirus), which causes sporadic mor-
bidity in Africa and Asia, and in 2015 entered South
America [29]. Brain organoids have been used to study
the immunopathogenesis of Zika fever and routes of
transmission of this virus, as it is associated with an
increased risk of neurological complications in adults
and children, and also causes brain malformations in
fetuses of infected pregnant women [30]. Organoid cul-
tures are actively used to study infection pathways and
mechanisms of cross-species transmission for other ar-
boviruses: Chikungunya (Martellivirales: Togaviridae,
Alphavirus), Japanese encephalitis (Amarillovirales:
Flaviviridae, Flavivirus), Powassan (Amarillovirales:
Flaviviridae, Flavivirus); Dengue (Amarillovirales:
Flaviviridae, Flavivirus) [14, 31].

An example of the use of organoids as a suitable
model for cross-species virological studies is the dis-
covery and characterization of CD46 cellular receptors
for measles virus (Mononegavirales: Paramyxoviridae,
Morbillivirus). Using a model of human respiratory
system organoids, it was found that vaccine and labora-
tory adapted strains of this virus use CD46 (an adhesion
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molecule expressed by human nuclear cells that acts as
a costimulatory factor for T-lymphocytes) as a receptor,
whereas vaccine and clinical wild-type strains are inca-
pable of using CD46 [32]. Then, another receptor for
adhesion of wild-type measles virus strains, nectin-4
(nectin-4) or PVRL4 (poliovirus receptor-related 4), in-
tensively expressed on the basolateral side of epithelial
cells, was identified [33]. This discovery led to a new
paradigm on how measles virus enters the respiratory
tract and leaves the host, with implications for the de-
velopment of preventive measures.

As for contact-transmitted viruses, the threshold
for entry into the human population is lower for great
ape viruses (Primates: Hominidae). Human immunode-
ficiency virus types 1 and 2 once evolved from monkey
immunodeficiency virus (Ortervirales: Retroviridae,
Lentivirus) [28], and the tissue tropism of these virus-
es is being actively studied on organoid cultures [34].
Monkeypox virus (Chitovirales: Poxviridae, Orthopox-
virus), which is of great concern to epidemiologists, is
capable of easy transmission from primates to humans
and causing epidemic outbreaks [28]. Y. Watanabe et
al. (2023) used models of colon organoids and human
keratinocytes derived from pluripotent cells to study
the replication dynamics of this virus in the respective
tissues; it was shown that the virus accumulated most
intensively in keratinocytes, whose dysfunction was
associated with significant mitochondrial damage [35].
The more unique the primary host of the virus is (not
only genetically but also physiologically), the more dif-
ficult it is for the virus to overcome the cross-species
barrier. Especially interesting in this respect are bats
(Chiroptera), whose physiology and parasite (includ-
ing virome) are very specific [36]. Bats are considered
a natural reservoir for a variety of viruses, including
SARS-CoV-2, Ebola virus and possibly others. In most
cases, bat-borne viruses require an intermediate host
for effective entry into the human population. The most
famous exception to this rule is the rabies-causing ly-
ssaviruses (Mononegavirales: Rhabdoviridae, Lyssavi-
rus), which easily overcome cross-species barriers due
to the versatility of the nicotinic acetylcholine receptor
of nerve endings used for entry of these viruses into
the target cell [28]. For this reason, organoids of the
nervous system are convenient and widely used 3D-cell
models to study infection pathways and mechanisms of
lyssavirus cross-species transmissions [37]. For Ebo-
laviruses (Mononegavirales: Filoviridae, Ebolavirus)
and Marburgviruses (Mononegavirales: Filoviridae,
Marburgvirus) associated with hemorrhagic fevers,
primates act as facultative (in some cases, direct trans-
mission of the pathogen to humans from mammals is
also possible) intermediate hosts, which have long been
considered a natural reservoir of filoviruses [38]. In this
case, organoids of blood vessels were effective in es-
tablishing the specific features of the pathogenesis of
infection [39].

For SARS-CoV!, which caused a major epidem-
ic in China in 2002-2003 [3], the intermediate host
was Himalayan civets (Paguma larvata) [40]; for
MERS-CoV (Middle East respiratory syndrome coro-
navirus), which caused a series of epidemic outbreaks
in the Arabian Peninsula and many imported cases
worldwide [3], the intermediate host was one-humped
dromedary camels (Camelus dromedarius) [40];
for pandemic SARS-CoV-2, pangolins (Pholidota),
which are widely found in Southeast Asian markets
because their derivatives are used in Oriental medi-
cine and their meat is considered a delicacy [40, 41].
The significant epidemic potential of bat-borne coro-
naviruses [40] necessitates the development of organ-
oid models to study the cross-species transmission of
these viruses.

Given that influenza, Ebola, Zika and pandemic
coronavirus (SARS-CoV-2) viruses have demonstrated
significant public health threats, organoid cultures have
found applications in better understanding the mecha-
nisms of pathogenesis and routes of infection in these
infections.

In parallel with the widespread implementation
of genomic surveillance, the COVID-19 pandemic
has stimulated the implementation of 3D-cell models
to study the pathogen of this disease, in particular, or-
ganoid cultures of human lungs, bronchi and tonsils,
liver and intestines, kidneys and blood vessels [42].
COVID-19 has been shown to be a vascular disease
and cause direct damage to the endothelium [43]. The
neuroinvasive potential of SARS-CoV-2 has been in-
vestigated on brain organoids [44]. The use of human
intestinal enteroids in which sustained replication of
SARS-CoV-2 was maintained, along with the detection
of viral RNA in fecal samples and the development of
gastrointestinal symptoms in some COVID-19 patients,
confirmed that the gastrointestinal tract may serve as
one of the routes of SARS-CoV-2 transmission in ad-
dition to airborne transmission [45]. The use of an or-
ganoid model of the human upper respiratory tract and
lungs to culture SARS-CoV-2 has shown that this rel-
evant and reliable model for coronavirus research has
additional value for testing other respiratory viruses,
studying immunopathogenesis, and developing thera-
peutic and preventive measures [42].

One of the most studied examples of a virus over-
coming cross-species barriers is the influenza A virus
(Articulavirales: Orthomyxoviridae, Alphainfluenzavi-
rus), whose natural reservoir is birds of the aquatic-eco-
logical complex, primarily geese (Anseriformes) and
plovers (Charadriiformes) [26-28]. All variants of this
virus circulating among mammals, including epidem-
ic [46] and pandemic [47] variants, have precursors in
wild bird populations.

' Due to the emergence of SARS-CoV-2, it is now acceptable to
refer to SARS-CoV as SARS-CoV-1
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Brain organoids have been used to study the path-
ways of infection during infection caused by influenza
A virus subtypes HIN1, H3N2, H7N1, and H5N1 [14,
48]. Organoids of the human respiratory tract with cili-
ated epithelium have also been used to study the multi-
plication ability of influenza viruses and other respira-
tory infections [48, 49]. For example, bronchial organ-
oids have been used to culture influenza viruses of types
A (Alphainfluenzavirus), B (Betainfluenzavirus), and C
(Gammainfluenzavirus) [50]; lung organoids have been
used to culture parainfluenza viruses (Mononegavi-
rales: Paramyxoviridae) of types 1, 3 (Respirovirus),
2, 4 (Rubulavirus) [48]. Human respiratory tract or-
ganoids containing the main types of epithelial cells
of the respiratory tract have shown different degrees of
infectivity of human and avian strains in influenza A
modeling. This relates to virus multiplication, tropism
to tissues and cytokine production on these strains [51].

Using organoid models of the respiratory tract,
the receptor-binding site of hemagglutinin of strains
adapted to birds was studied. It was found that this site
has a high affinity for a2'-3'-sialosides, while epidemic
strains have affinity for 02'-6'-sialosides; pigs (Suidae)
contain cells with both of these types of sialosides, so
natural adaptation of avian variants of the virus to hu-
man receptor specificity may occur in their organism
[26, 28, 52]. The situation is complicated by the fact
that the cells of the columnar epithelium in the up-
per parts of the human respiratory tract carry mainly
a2'-6'-sialosides on their surface, and in the lower parts,
they carry 02'-3'-sialosides. Therefore, during infection
of each individual human organism, a gradual positive
selection of viral variants with a2'-3'-specificity of the
hemagglutinin receptor-binding site is possible as the
infection passes from the upper respiratory tract to the
bronchioles, which contributes to the development of
severe (up to lethal) primary viral pneumonias [53]. In
this regard, the development of organoid (3D-cell mod-
els) to study the drift of receptor specificity of influenza
A virus depending on the conditions of its interaction
with cells is important not only in the context of virus
adaptation to the human body and to study the issues
of overcoming the cross-species barrier by viruses, but
also to predict the clinical consequences of the devel-
opment of infection.

Animal organoid cultures in the study of viruses
overcoming the cross-species barrier

According to various estimates, of the 1,500
known infectious diseases in the world, 60% are of an-
imal origin, with about 75% of new infectious diseases
being zoonotic in nature, and 25% of zoonoses occur-
ring in domestic animals. Viruses are etiologic agents
of zoonoses in about 30% of cases. Zoonotic viral in-
fections in animals are direct evidence of the ability of
viruses to overcome cross-species barriers and infect
humans [41, 54, 55].

ORIGINAL RESEARCHES

The use of animal organoids for modeling zoonotic
infections opens prospects for the study of host-patho-
gen interactions in zoonotic viral infections [41, 56,
57]. In this aspect, in addition to molecular genetic
methods, cross-species organoid cultures based on hu-
man and animal cells are of considerable interest for
scientifically justified prediction of the emergence of
new viral variants dangerous for humans with epidemic
potential [58]. According to several researchers, the use
of such organoids helps to provide a biosystem to con-
firm the zoonotic potential of newly emerging viruses,
to effectively study the infection cycle of these viruses
in different species of domestic and wild animals and
the ability of viruses to cross-species transitions, in-
cluding adaptation to the human body. Furthermore, the
use of cross-species organoids allows the cultivation of
new viruses that cannot be grown in cell lines [57, 58].

Y. Sang et al. analyzed the status and potential of
cross-species organoid cultures and noted the necessity
for their development to study cross-species suscepti-
bility and investigate newly emerging zoonotic viruses
in both domestic and wild animals. The authors also
noted the necessity to adapt the technology of human
organoid production for the development of animal or-
ganoids, and in the 1st place, based on respiratory or-
gans [58].

Despite intensive research due to the spread of
the COVID-19 pathogen and other zoonotic respiratory
viruses, there have been no reports of animal respira-
tory or pulmonary organoids until this year, since the
respiratory tract is one of the main routes for viral in-
fection. It was not until 2025 that the development of
lung organoids from bats of the Rousettus leschenaultia
species was reported. These organoids successfully
mimic the structure and morphology of the pulmonary
epithelium and express human-like coronavirus entry
receptors — ACE2 receptors (angiotensin-converting
enzyme 2) and TMPRSS2 (transmembrane protease
serine group 2). This model is very much in demand
and represents a great opportunity to study infections
originating from bats [59].

According to several researchers, integrating
organoid cultures into epidemiological forecasting
contributes to addressing questions regarding virus
cross-species transmission, especially after substantial
optimization of human organoid systems [24, 60, 61].
As an example of an optimized system, D. Holthaus et
al. imply a harmonized cross-species organoid culture
system for animal infectious disease modeling [62]. To
this end, intestinal organoids derived from stem cells of
four species (human, mouse, pig and chicken), which
are important hosts of Apicomplexa toxoplasma and
other protozoa as agents of zoonotic infections, were
developed using the Transwell platform [62]. In this as-
pect, the study devoted to the cross-species analysis of
the transcriptome of cells of the ileum epithelium of the
mouse, bat, pig, macaque and human is also of interest,
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providing information on the cellular composition of
these organs and their functional purpose in 4 mamma-
lian and human species. The results also showed that
bats and humans have similar gene expression patterns,
which is important for studying drug metabolism. In all
likelihood, these data are also important for the design
of cross-species organoids [63].

The lack of animal models is due to individual an-
imal diversity and other problems (especially in cap-
turing and surveying wildlife). In this aspect, organoid
systems represent an excellent substitute for studying
cross-species and species-specific infectivity of viruses.
The maintenance and differentiation of organoids from
different domestic and wild animal species requires
species-specific optimization of culturing conditions.
For example, the generation of mouse intestinal organ-
oids requires conditioned media containing appropri-
ate stem cell growth and differentiation factors, which
do not yet exist for most animal species [64—66]. The
problem of the difficulty of experimentally confirming
susceptibility to coronavirus in most animal species, es-
pecially wild animals, has been highlighted by other re-
searchers. They also believe that substantial optimiza-
tion of human organoids will help in solving the issues
of epidemiological prediction [24, 44, 60].

After obtaining a certain organoid culture of ani-
mals, it is necessary to characterize it authentically, e.g.
for cell heterogeneity and lineage differentiation (gene
expression), etc., in order to achieve this. Various cell
markers are required for this purpose. Such markers ex-
ist for humans and mice, but are very limited in most
animal species [61, 67].

Despite this, research related to animal organoids
has intensified in the last 10 years [59, 66, 68—70].

Animal farms where several different animal spe-
cies are kept, especially when wild animals may be in
the environment, are a possible site for the emergence
of new virus strains and their transmission to humans.
Farm animal organoids play an important role in the
study of zoonotic and reproductive diseases, not only
for the improvement of agricultural production but al-
so for public health. Intestinal organoids derived from
crypts or pluripotent stem cells can serve as models for
investigating the mechanisms of intercellular or patho-
gen-host interactions in zoonotic infections of the gas-
trointestinal tract, in which animals can serve as asymp-
tomatic carriers of the disease [69, 70].

Intestinal organoids of the main species of farm
animals: domestic pig (Sus scrofa) [71, 72], cattle (Bos
taurus) [68, 73], sheep (Ovis aries) [74] and other ani-
mals have been used for successful modeling of various
viral infections in animals and studying pathogen-host
interaction in the intestine.

Organoids of the large and small intestine of mar-
mosets (model nonhuman primates susceptible to gas-
trointestinal diseases) capable of passivation and long-
term cultivation were obtained [75].

Organoid models reproducing various organs of
domestic carnivores: cats (Felis catus) [76, 77], dogs
(Canis lupus) [76-78] have also been obtained, since
it cannot be excluded that domestic animals can be in-
termediate hosts in the transmission of viral infections
[28, 68]. Various animal species, including domestic
animals (cats, dogs, hamsters) and wild animals (lions,
tigers), have been found to be infected with SARS-CoV-2
[79-81]. A large number of works are devoted to the use
of animal organoids to study the pathogenesis of corona-
virus infection. For example, infection of enteroids ob-
tained from different segments of pig intestines with two
types of coronavirus (Porcine epidemic diarrhea virus
and Transmissible gastroenteritis suum virus) revealed
the tropism of coronavirus to certain cells [71, 72]. In-
testinal organoids (enteroids) of Chinese horseshoe bat
(Rhinolophus sinicus) that reproduce intestinal epitheli-
um and are susceptible to SARS-CoV-2 infection were
obtained, in contrast to unsuccessful attempts using cell
cultures [45]. Based on the results of in silico model-
ing of the molecular structure of the ACE2 receptor, the
Malayan pangolin (Manis javanica) was the main can-
didate for the role of an intermediate host [82]. As not-
ed above, organoids of bat lungs whose cells expressed
ACE2 and TMPRSS2 entry receptors for coronavirus
have been registered [59].

Although most studies with farm animal organoids
are aimed at modeling infections, most authors agree
that this cell technology holds great promise for appli-
cations in veterinary medicine, agriculture, biomedical
sciences, and for assessing and predicting the ability of
viruses to overcome the cross-species barrier.

Conclusion

In the practice of epidemiological surveillance of
viral infections, in addition to modern molecular genet-
ic technologies (PCR and sequencing), which are the
main tools of epidemiological studies, the use of organ-
oid (3D-cell) cultures is very relevant and promising.

The review analyzes numerous examples of the
use of organoid (3D-cell) cultures of human and animal
origin in modeling and studying the pathogenesis of
infections caused by influenza, Zika, measles and oth-
er viruses. Special attention is given to the analysis of
studies using such cultures in deciphering the pandemic
of a new coronavirus infection, which made it possi-
ble to reveal the source and causes of its rapid spread
around the world. The development of cross-species or-
ganoid cultures based on human and animal cells (wild
and domestic) is of considerable interest in the study
of the ability of viruses to overcome the cross-spe-
cies barrier and adapt to the human body. Such infor-
mation is necessary to build strategies to prevent and
control cross-species transmission and to develop sci-
ence-based interventions to prevent outbreaks. Despite
intensive research, there are a number of limitations and
challenges to cross-species organoid cultures. These in-
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clude several design features, issues of increasing their
reproducibility, species-specific optimization and stan-
dardization of culturing protocols. The question of the
possibility to construct organoids by fusion of human
and animal cells remains open.

Thus, organoid (3D-cell cultures) of human and
animal origin represent an effective model for studying
the pathogenesis of viral infections, virus-host inter-
actions, and for solving issues related to cross-species

ORIGINAL RESEARCHES

transmission of viruses, hence, for realizing the goals
and objectives of epidemiological surveillance of viral
infections.

Being widely implemented in virology and micro-
biology laboratories, these models will contribute to the
development of science-based prediction of pathogen
introduction from wild and farm animals into the hu-
man population, preventive measures, effective chemo-
prevention and treatment strategies for patients.
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IOBUJIEN

K 60-netunio akagemunka PAH Bacnnusa leHHagbeBnya AKMMKNHa

3 mroa1s1 2025 roga ormeuaer 60-n1eTue Bacuiamii
I'enHagbeBUY AKUMKHUH, JOKTOP MEIUIMHCKUX HA-
YK, npogeccop, akanemMuk Poccuiickoil akageMum
HayK, qupeKTop LleHTpaibHOTr0 HAYYHO-MCCIeI0BA-
TeJbCKOr0 MHCTUTYTA nuaemMuoioruu Pocnorped-
HaA30pa.

Bbonee 30 ner cBoeit xxu3uu Bacunuii ['enHaane-
BHY TOCBSITHII TTPOOJIEMaM SIUAEMHUOJIOTHH B OpTaHu-
3aIHY ATMHIEMUOJIOTHYECKOTO HaI30pa 3a MH(EKIHNOH-
HbIMH 0OJIE3HSIMU, B TOM YHCIIE HA OCHOBE MOJIEKYIISIP-
HO-TCHETUYECKUX METOJ0B U MU(POBBIX TEXHOJIOTHH,
npoQUIaKTHKH WH(QEKIMA, CBA3aHHBIX C OKa3aHH-
€M MEIUITMHCKOW TOMOIINH, WMMYHOIPO(MUIAKTHKH,
YCTOMYHNBOCTH MHUKPOOPTAHU3MOB K ITPOTHBOMHKPOO-
HBIM TIperaparaM. 3a rofbl HaydHOW M HayYHO-Opra-
HU3AMOHHOU AesrenpbHOCTH B.I. AKUMKHH co3mait
Hay4YHYIO 3MHIEMHUOJIOTMUECKYIO KOy U BHEC HEOolle-
HHUMBIM BKJIAJl B Pa3BUTHUE OTECUECTBEHHOW 3MUAEMHUO-
JIOTUYECKOM HAYKU.

Bacwinii I'enHanbeBuyY AKMMKUH OKOHYIMII TOM-
ckuit MenuiuHCKU nHCTUTYT (1988) n BoernHo-Menn-
IMHCKYHO akanemuto (1994). B 2007-2010 rr. 3anuman
noct [ MaBHOTO TOCYNapCTBEHHOTO CAHUTAPHOIO Bpavya
MunuctepctBa o6oponbsl Poccuiickoit Deneparyn.
3a roapl cy)O0bl UM OBUTH pa3pabOTaHbl U BHEIPEHBI
B TIPaKTUKy JHesTeabHoCTH Boopyxennerx Cuin PO
Hay4YHble TPUHIUIBI 3alIUTHl BOCHHOCIYXKAIIMX U
MHUPHOTO HAaCEJEHH OT COBPEMEHHBIX SITUAEMHOIIOTH-
YecKHuX yrpos. B pesynbrare npoBenEHHBIX KOHIIETITY-
aNBbHBIX peOpM U CAHUTAPHO-IMUIACMHOJIIOTUICCKUX
MEpONPUATAA B apMUU JOCTHUTHYTO CYIIECTBEHHOE
CHIKCHHE YPOBHS 3a00JI€BAEMOCTH BOCHHO CITY KaIITHX
BHPYCHBIM T€TIaTUTOM A, OPIOIIHBIM TH(HOM, TPUTITIOM,
BHEOOJIHHIUYHBIMU THEBMOHUSIMH U BETPSIHON OCIIOM.

Hayunas nestensHocTh akamemuka B.I. Axumku-
Ha OXBAaTBIBACT LIMPOKUM KPYT 3a1a4 COBPEMEHHOHN Me-
TUITIHBI U 3[[paBooXpaHeHus. VM HaydHO 000CHOBAHEI,
pa3paboTaHbl U BHEAPEHBI B MPAKTHUKY SITHICMHAOIOTH-
YecKH Oe30IacHasi CicTeMa 00paIeHus ¢ MeIUIHCKH-
MU oTxonamu B Poccum, coBpeMeHHBbIE METOIBI ¥ UHHO-
BaI[MOHHBIC OTCUCCTBEHHBIC TEXHOJIOTUH OYHCTKH U JI€3-
MHQEKIMA BO3yXa B MEUIIMHCKUX OpraHu3arusx. Ha
OCHOBaHUH (DYHIAMEHTAJIbHBIX HAYYHBIX UCCIICIOBAHHIA
B.I. AKMMKUHBIM pa3paboTaHO COBPEMEHHOE HAydHOE
HampaBlieHHe KOMIUIEKCHOTO WCIIONB30BaHUs Oakre-
puocaro ans JedeHUs ¥ NPOPHUIAKTUKNA UHQEKIHIA,
CBSI3aHHBIX C OKAa3aHMEM MEOUIIMHCKOM ITOMOIIM, ITI0-
3BOJISIFOIIEE B KOPOTKUE CPOKH JIOKATM30BATh M JIMKBU-
JUPOBATh JUTUTEIFHO CYIICCTBYIOIINE ITHICMHYCCKIC
odard. M3ydeHa UMMYHOJIOTHIECKAs W DIHIEMHUOJIOTH-

geckas 3 PeKTHBHOCTE BaKIIMHAIMH IPOTHB renaruta B
MEIUIIMHCKOTO TIePCOHala W OTHAENBHBIX KaTeropuit
MAIMEHTOB ¢ TPUMEHEHHEM OTeUeCTBEHHBIX BaKIIHH.

B 2018 r. Bacunuit [ennanbeBud AKUMKUH MIPU-
HAJ PyKOBOACTBO LleHTpanbHBIM HAy4YHO-HCCIIEI0BA-
TeTLCKUM HMHCTUTYTOM 3rmmjaeMuonorun Pocmorpe6-
HaJ30pa, W CETOTHS €T0 MM HEepa3phIBHO CBA3AHO C
HOBeHIel uctopueil nHCTUTYTA. 3a 310 Bpemss ®bYH
HHUW OSmupemuonornn PocmorpeOHam3opa cran
KpyIHEHIINM  pPa3BUBAIOIIUMCS  HAyYHO-IIPOU3BOI-
CTBEHHBIM KOMILJIEKCOM, PEIIAIOIINM 33]]a4 B 00JIACTH
SMUAEMHUOIOTUIECKOTO HAA30pa, JUATHOCTUKH, TIPO-
(OUIAKTHKHA W JICICHUS ITHPOKOTO CIIEKTpa MHGEKITH-
OHHOH M HeWMH(EKIIMOHHON MATOJIOTUH YenoBeka. bia-
rofiapsi Opranusaropckoil gestensnoctu B.I. AkuMku-
Ha OblT BBeAEH B dKCIUTyarauuio HayuyHblil neHTp mo
npo¢unakruke u 60psde co CITNdom; ®EYH IIHUN
Omupemuonorun PocrorpeOHam30pa cTan IEBIATHIM B
MHpE MEeXAyHapomHeIM pedepeHc-nieaTpoM [Ipomo-
BOJIbCTBEHHOW U CENbCKOXO35UCTBEHHON OpraHu3alnuu
Opranuzamun O6penuHEHHBIX Hanumit mo ycToiumnBo-
CTH K MPOTUBOMHUKPOOHKIM IIperaparam.

B 2020 r, B mepuox Hauajna MaHIEMUU HOBOU
KOPOHABUPYCHON WH(MEKIMU, 0] PYKOBOJICTBOM
B.I. AkuMKHHA B KOPOTKHE CPOKH OBLTH OpraHHU30Ba-
Hbl aeiictBus corpyanukoB ®bYH ITHUU Snunemuo-
norun PocriorpeOHaa30pa 10 CO3AaHUI0, PETUCTPAITUT
¥ MaCCOBOMY MPOMBIIUIEHHOMY BBIITYCKY YHUKAJIbHBIX
TecT-cucTeM (HaOOpOB pEareHTOB) Ui JUArHOCTH-
ku COVID-19. Bbpino BBITIOIHEHO 8 pacHopsKeHH
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[IpasurennctBa Poccuiickoit deneparyu mo obecnede-
HUIO OT€UECTBEHHBIMU TECT-CUCTEMaMU MEIULUHCKUX
yupexaenuit Poccun u 40 ctpan. I[IpoBeneHo pexopa-
HO€ KOJIMYECTBO HccieoBaHui (6omee 5 MTH) METOIOM
TIIP-nuarHocTuku HaceneHus . MockBbl 1 MOCKOB-
cKoli o0yacTH, BBITIOJTHEHO Ooilee 1 MIIH ceposormde-
CKHX TE€CTOB Ha HaJM4YHe aHTUTEJ IPOTHUB HOBOI KOPO-
HABUPYCHOW MH(EKINH Y HACEIICHHUS, TPOBEICHO CEKBe-
Huposanue 6onee 300 Tric. mTammMoB SARS-CoV-2.

ITon pyxoBoactBoM B.I. AkuMMKuHa pa3BépHyTa
OecriperieieHTHAs AESITEIBHOCTh 1O CO3JAHHIO Oa3bl
JTAHHBIX TEHOMOB BO30yauTeNed HMHQPEKIIMOHHBIX 00-
nesnelt (Poccwiickas tmardopma arperanuyd TreéHOMOB
BO30yauTeNel nHpekroHHbIX Oonesneli — VGARus),
BKIItOUaroIed Ha ceromHs Oonee 400 Thic. 0Opa3ioB
reHoMoB Oosiee 80 paznuuHbIX nmaroreHoB. CerojaHs B
HuctutyTe TpomoipkaeTrcs paboTa MO pacIIpEHUIO
CIEKTpa M3y4eHHUsI TEHOMOB BO30OYIUTENEH APYTHX WH-
(heKIMOHHBIX OOJe3HeH, pa3padaThIBatOTCS M BHEIPS-
I0TCS B IPAKTUKY UHHOBAI[MOHHBIE PEIICHUS Ha OCHOBE
texHojoruu CRISPR-Cas u MeTona netieBoi u3orep-
MUYECKOIN aMIUTM(UKAIUU HYKJIEHHOBBIX KHUCJIOT, I10-
3BOJISFOIIME TIPOBOAMTH AMATHOCTUKY MH(DEKIIMOHHBIX
Oomnesneil B 3—4 paza ObIcTpee, 4eM CTaHIAPTHBIM Me-
togom IILIP.

Axagemukom PAH B.I. AKUMKHHBIM BIIEpBBIC
B Poccuiickoit denepauun pazpaboTaHbl Hay4yHBIE H
METO/IOJIOTUYECKUE OCHOBBI (D)YHKIIMOHUPOBAHHS Te-
HOMHOTO 3THUACMHOJIOTHIECKOTO Ha/[30pa, OCHOBAHHO-
TO Ha MOHUTOPHHTE T€HETHYECKIX CBOMCTB BO30yAHTE-
neit nHPEKIMOHHBIX 00JIe3He — BEAYIIETO («IBUXKY-
Iero») ¢akTopa pa3BUTHs SIMHIEMUIECKOTO TIpoIiecca.

B.I. Akxumkun BosmasiseT [Ipesuaunym Beepoc-
CHUHCKOTO HAyYHO-IIPAKTHYECKOTO OOIIecTBa dIue-
MHOJIOTOB, MUKPOOHOJIOTOB U Mapa3uTOIOTOB; YIOCTO-
eH 3oso0toi meaanu uM. B.W. TTokpoBckoro — BriciIe
Harpajasl Beepoccniickoro HayqHO-TIPAKTHIECKOTO 00-
IIECTBA SMUAEMHUOIIOTOB, MUKPOOHOJIOTOB U Mapa3uTo-
noroB 1 EBpo-A3uarckoro o01ecTBa CreuaiucToB 1Mo
WHQEKIIMOHHBIM OOJIC3HSIM.

B.I. Akumkua — aBtop 6osee 1500 omyOGiuko-
BaHHBIX HAay4HBIX pabor (B ToM umcie 20 MoHOTpa-
¢wuit, 14 pykoBomcTB uia Bpadeit), 79 mareHtoB PD
Ha u3o0pereHus, 46 6a3 maHHbIX, 111 mporpamMMHBIX
npoAykToB st OBM, B ToM dncie 8 MeXIyHapOIHBIX
nyonukaiuii o cucreme PCT, Gonee 40 MeToauueckux
peKoMeHaIui 1 mocoduit s Bpadeir. Uamexe Xup-
ma — 33, Web of Science — 14, SCOPUS — 19.

[Tox ero pykoBoacTBOM 3amuineHo 6omnee 40 kaH-
IUIATCKUX U JOKTOPCKUX AHUCCEepPTaLUil.

Bacunmii ['ennagpeBuY AKUMKHUH BEAET aKTUBHYIO
OOIIIECTBEHHYIO U HAYYHYIO ICATCIBHOCTD: OH SIBIISCTCS
npencenareneM lIpesmanyma Bceepoccuiickoro Hayd-
HO-TIPAaKTHYECKOTO OOIIECTBa 3MUIEMHOIIOTOB, MUKPO-
OMOIIOTOB M Tapa3uToNIOroB; WwieHoM bropo Cexrwm rpo-
¢dunakTrueckoit MeauiuHbl OTIAETCHNUS METUIIMHCKUX
Hayk PAH; npencenarenem Komuccun Hayunoro coBera
MO0 MUKPOOHOJIOTHH, STIHIECMHOJIOTHH W HH()EKIIUOH-

ANNIVERSARIES

HeIM Oone3nsaM OtnerneHuss MeIUITMHCKUX Hayk PAH;
YIEHOM [IByX AMCCEPTALMOHHBIX COBETOB IO CIIELU-
anpHOCTH «OnuaeMuojorus» Ha 0aze ®BYH ITHUU
Onunemuonoruu Pociorpednanzopa u ®I'bY HUIIOM
M. H.®. 'amanen; ya€HBIM cekpeTapeM DKCIIEPTHOTO
coBera BAK P® mo memuko-npodriakTHIeCKIM Hay-
kam; uieHoM bropo Komuccuu mo rocymapcTBEeHHOMY
CaHUTapHO-IIHUAEMHOIOTHYECKOMY HOPMHUPOBAaHHUIO
PocniotpeOHan30pa; BXOAUT B pelaKMOHHBIE COBETHI U
penaKkioHHbIe KoJuTeruu 6onee 20 HaydHBIX KypHAJIOB.

B.I'. AkuMkuH — 3acimy>keHHbIH Bpad Poccuiickoit
Oeneparuu (2010); iMeeT rocynapCcTBEHHBIC HATPATBI:
opaen Ilouera (2006), opaen Iluporosa (2022). SBmns-
€TCsl JIaypeaToM MPaBUTEIbCTBEHHBIX U HAITMOHAIBHBIX
npemuii: «Jlyummii Bpau roga» B HoMuHanun «CaHu-
TapHbIil Bpau» (2005), HanMoOHANBHOW NpPEMUHU ITyd-
muM BpadaMm Poccun «IlpusBanne» B HOMuHammu «3a
BKJaJ B Pa3BUTHE MEIMLIMHBI, BHECEHHBIN NMPEACTaBU-
TermsiMA (QyHIAMEHTATbHOW HAyKW M HEMEIWIIMHCKHUX
npodeccuii» (2011), npemun IlpaBurenscTBa B obna-
cTH Hayku U TexHUKH (2017), HaMOHAIBHON MpEeMUH
nyumuM Bpadam Poccun «Ilpu3BaHue» B HOMUHALMHU
«3a BKJIaJ B pa3BUTHE MEAWLMHBI, METUIIMHCKON Hay-
KM U 31paBOOXPAHECHHUS], BHECEHHBINA MTPEICTABUTEISAMHU
HayKd — HayYHBIMH pabOTHHKaMu M (W) BpadyaMu
TMOOBIX CHEIUATBHOCTeW W (WIH) CHEIHATHUCTaMU C
BBICIIIUM HEMETUIIMHCKUM 00pa3oBanuem» (2023).

B.I. AkuMKUH Harpaxia€éH MenaasMH, MOYETHRI-
MU TPaMOTaMH M MMEET OJIarolapHOCTH OT MPEe3UIeH-
ta Poccuiickoil akajgeMun HAyK; MUHHACTpPa OOOpPOHBI
Poccuiickoit ®eaepannu; pykopogutens deaepaibHOM
CIIy>KOBbI 110 HaJ30py B cdepe 3aluThl IpaB NoTpedu-
Tesell M Onaromonydusi 4eloBeKa; MUHHCTpa 3IpaBo-
oxpanenus: Poccuiickoit @enepanun; Anmapara Cose-
ta @enepanuu DenepanpHoro Cobpanns Poccuiickoii
®enepanuu; Anmnapara ['ocynapctennoit [ymor dene-
pamsHoTrOo Cobpanus Poccuiickoit deneparum, mpoKypa-
Typbl, LlenTpansHoii n30MparenbHOM KOMUCCUH U IP.

Hayunas nearensHocTh akagemuka PAH, nokropa
MEIUIIMHCKUX Hayk, mpodeccopa Bacumus ['ennaabe-
BHYa AKMMKHHA BHOCHUT 3HAaYUTENbHBIA BKJIAJ B pas-
BUTHE OTEYECTBEHHON HayKH.

KomnexktuB  LleHTpanbHOr0o  Hay4HO-UCCIENO-
BaTeNIbCKOTO HWHCTHTYyTa PocnorpeOHaa3opa, MHO-
TOTBHICSYHBIN KOJUIGKTUB wWieHOB OO0Iepoccuiickoi
oOmecTBeHHOW opranuzanmu «Bcepoccuiickoe Hayud-
HO-TIPAKTHUYECKOE OOIIECTBO AIHEMUOJIOTOB, MUKPO-
OHMOJIOTOB ¥ Mapa3uTONIOTOBY, aBTOPHI W YUTATENIN Ha-
YUYHO-IIPAKTUYECKUX KypHaJIOB «Bompocsl BUpycoio-
run» U «KypHan MUKPOOHOJIOTHH, IMHEMHUOIOTHHA U
HMMYHOOHOIIOTUHY», YUpEeOUTeIeM U U3laTeleM KOTO-
peix sBisgercs ®BYH [HHUU Snunemuonoruu Pocmo-
TpebHam3opa, mo3ApaBisaioT Bacumusa [eHHaapeBuda
AxuMKHHA ¢ 60-eTHIM f00mIeeM!

[IpumMuTe HUCKpEeHHHE MOXKENIaHUsS MHPOLBETAHUA
Bamemy Benukomy nemy! Ot Bcelt aymm sxenaeM Bam
3JI0pOBbsI, TBOPYECKUX CHUJ U BIIOXHOBEHUS AJI HOBBIX
no0e/] ¥ BEIMKUX CBEpLICHHIA!
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IOBUITEN

K 100-netuio npodeccopa

HaTtanbu HukonaeBHbl KocTiokoBon

6 urons 2025 rona ormevaer cBoi 100-eTHuMI
100nJ1el 3acIykeHHbIH qedaTesb Haykn Poccniickoi
degepannu, JOKTOP MEIUIUHCKHUX HayK, Ipogec-
cop Haranesa Hukonaesna KocTiokoBa, crapeimmii
coTpyiHuk HanuoHaabHOTro MCCJIeI0BaTEIbCKOIO
HEeHTpa MUIeMUOJOTHA W MUKPOOHOJIOTMN UMEHHU
1no4eTHoro akagemuka H.®. I'amanen.

Haranbs HukonacBHa — BBICOKOKBaNM(DUIIUPO-
BaHHBIN CICIUATIUCT B 001aCTH MEIUIIMHCKOW MHUKPO-
OHMOJIOTMU M SIUJIEMUOJIOTUH, YeH TPYJIOBOM CTax CO-
cTaBiseT 76 neT.

3aKkoHYMB ¢ OTian4ueM |- MOCKOBCKMH MeIu-
UUMHCKUKA WHCTUTYT, Hartanmes HuxonaeBHa wu30Opaina
MyThb Y4EHOTO M TOCBATHIJIA CBOIO JKM3Hb CIIYKEHHIO
MeauuMHCKoN Hayke. B 1947 r. noctynuia B acnupas-
Typy Mockosckoro HayyHo-ncciaen0BaTesIbCcKoro uH-
CTUTYTa BaKLVH U CbIBOPOTOK uMeHu .. MeunukoBa
M0 CHEUUANBHOCTH «MHUKPOOUOJIOTHS, T/I€ BBIOIHU-
Ja U 3alluTHiIa KaHAWJATCKyIo AMccepTanvio «Mu-
Kpo(opa reMaToreHHbIX OCTEOMUEINTOBY. Jlanee Bcs
e€ TpynoBas aesTenbHOCTh cBa3aHa ¢ HULIDOM wum.
H.®. 'amaneu, B KOTOPOM OHa TPYIUTCS BOT yxke 0O-
nee 60 JeT U BHOCUT HECOMHEHHBIN BKJIaJ] B pa3BUTHE
OTE€YECTBEHHOM MEIULIUHCKON HAYKHU.

SBnssics ¢ 1976 o 1992 r. pykoBoguTenem ma-
00OpaToOpuH STHOJIOTHH M SMHIEMUOJIOTHN OCTPhIX Me-
nuarutoB HUMOM um. H.®. 'amaneu AMH CCCP
(mozxe — PAMH), Haranss HuxomaeBHa BHecna Cy-
LIECTBEHHBIM BKJaJ B pacliu(poBKY STHOIOTHYECKON
CTPYKTYpPBI OCTPBIX THOMHBIX MEHHHTHUTOB Yy JIETEH, B
TOM YHCIIE HOBOPOXKAEHHBIX, B PE3yJbTaTe 4ero Obun
3HAUUTEJbHO PACIIMPEHBI MPEACTaBICHUS O BO30yau-
TEJISIX ATHX 3a00JIeBaHUN B HaIlICH CTpaHe.

B 30ne cTpoutenscTBa baiikano-Amypckoil xe-
ne3HopopoxHoi Maructpanu (BAM) ero O6buTH TIpoBe-
JCHBI [UpOKOMacIITaOHble UCCIEJOBAHHS 110 BBISBIIC-
HUIO MEHUHTOKOKKOBO# MH(EKIHNH, MPAKTUIECKUM pPe-
3yJIbTATOM KOTOPBIX SBWJIACH OCYILIECTBIEHHAA IOJ €€
pyxoBozacTtBoM BriepBele B CCCP BakuumHamnus netew,
MIpe0TBpaTUBIIas pa3BUTHE HaJBHUIaBIIEHCS 3MHJIe-
MHUH MEHHHTOKOKKOBOW MH(EKIHU B 30HE CTPOUTEIIb-
crBa BAM u B PecnyOnuke Tysa.

Haraness HukonaeBHa sBIs€TCS aBTOPOM Ta-
KHX Hay4HBIX paboT, kak «Ypoku audrepun» (1999),
«ONUIEMUYECKUI TIPOIECC TOHOKOKKOBOW HH(DEK-
LMK — aHAJIN3 U COBpPEMEHHbIe TeHjeHIum» (2012),
0030pOB O COBPEMEHHBIX MEHHHTOKOKKOBBHIX (2024)
Y TTHEBMOKOKKOBBIX (2023) BakuuHax, AUQTEPUITHOM
OakrepuonocurenscTse (2018).

H.H. KocTiokoBa — Benyuuil HayyHslil COTpYI-
muk HUIIOM um. H.®. I'amaneu. Eit nmpunaamexar
cBeiie 250 HayyHBIX TPYIAOB, B TOM YHCJIE MOHOTpa-
¢ur Mo 4YaCTHOM METUIMHCKOH MHUKPOOHMOJOTHU H

STHONOrMYeCKON auarHoctuke uHpekumii (2010) u
ONIMOPTYHUCTUYCCKUM HH(EKIMSIM: BO3OYIUTEISAM M
stuonoruyeckoit auarnoctuke (2013). Iom e€ pyxo-
BOJICTBOM 3aIlIUIIEHBI JOKTOpCKas U 19 xaHauaaTcKux
JICCEPTaLUH.

Haranbss HukonmaeBHa MHOro CuMJ U BHHUMAaHUs
yIENsIeT BOCIUTAHUIO HAYYHBIX KaJPpOB, B TOM YHUCIE
KOHCYJIbTUPYS aCIIUPAHTOB U TIOKTOPaHTOB. E€ nekuuu,
JTOKJIaIbl BCErJa MOATOTOBIICHEI Ha BHICOKOM HAyYHOM
YpOBHE, YETKO CTPYKTYpHUPOBAHBI, COIEPKAT SIPKHE,
yOenuTenbpHbIe MpUMepsl, (GakTbl, 000CHOBaHUS, TOKY-
MEHTBI M Hay4YHBIC JIOKA3aTeIbCTBA, YTO CIIOCOOCTBYET
(OPMHUPOBAHHMIO Y MOJIOJBIX YYEHBIX COBPEMEHHOTO
Hay4YHOTO MBIIIICHHUS.

B Teuenne HECKOJBKUX MOCHSIHUX ACCITUICTUN
OHa OCcTaeTcsi 0eCCMEHHBIM YUEHBIM cekperapeM Hayu-
HOT'O COBETa MO KOMIUIEKCHOH npobieme « MukpoOHo-
JIOTHUS».

IITupoxuii Kpyro3op U BbICOKAsI SPYAULIUS B COUE-
TaHUH C OTPOMHOM TBOPUYECKON aKTUBHOCTBIO U TPYIO-
mobuem mno3BoistoT Haranbe Hukonaesne Koctroko-
BO#1 OBITh MPU3HAHHBIM HAYYHBIM JIHJIEPOM HE TOJBKO B
HAaIIe! CTpaHe, HO U 332 PyOekKoM.

Pacnopsikennem Ilpesunenta Poccuiickoin De-
nepauuu ot 26.06.2025 Ne 251-pn «O noompeHun» 3a
3aCIyrd B 00JIaCTH 3[[paBOOXPAHEHUSI U MHOTOJICTHIOKO
IOOPOCOBECTHYIO pa0OTy 3aCIyKSHHOMY JIESTEIIO Ha-
yku Poccuiickoii @enepauuu, BeAyLIEMY HaydYHOMY
COTPYIHUKY, JOKTOPY MEIUIIMHCKHX Hayk, mpodecco-
py H.H. KocriokoBoii 06bsienena 6naromapaocts [Ipe-
suneHra Pocculickoit @enepanun.

Konnexmue HUUOM um. H @. I'amaneu, unenv
Obwepoccuiickoii obwecmeennoil opeanuzayuu «Bce-
poccutickoe HAyuHO-npaxmuyeckoe ooujecmeo smude-
MUOTO208, MUKPOOUOTI0208 U NAPAZUTNON0208%, Pe0aK-
yus «XKypHana Mukpoouonozuu, SNUOemMuorocull U um-
MyHobuonoeuuy nozopasisrom Hamanvio Huxonaeemny
c 10buneem u scenaem et Mupa u 300posbs.
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OBITUARIES

HEKPOJ1OT

MamaTtn Butanua Anekcangposnya PomaHoBa

29 uronst 2025 rona Ha 84-M rogy *KU3HU CKOHYAII-
csa Burtanuit Anekcanaposud PomaHOB, 3aBemyroLIuii
Kagenpoil MUKpOOHOJIOTHH C BUPYCOJIOTHEH U UMMY-
HOJIOTHEH, mpodeccop, MOKTOp METUIMHCKUX Hayk,
[Mou€THBIIl pabOTHUK BBHICIIETO MPOQPECCHOHAIBHOTO
oOpaszoBanuss Poccuu, I[Mou€rneiii mpodeccop fApoc-
JIAaBCKOTO TOCYJapCTBEHHOI'O MEIUIIMHCKOTO YHHUBEP-
CUTeTa.

Besa TpynoBast HaydHoO-memaroruyeckas JesiTeNb-
HocTh Butanus Anekcanapouda PomaHoBa cBs3aHa
SIpocnaBcKUM TrocynapCTBEHHBIM MEAWLUHCKUM YHH-
BepcuteroM. Ilocne OokoHUaHMS acHUpPaHTYphl Ha Ka-
¢benpe MUKpoOHOIOTME BOpOHEKCKOrO METUIMHCKOTO
uHCTUTYTa B 1967 rogy OH mpoIién myTh OT aCCUCTEHTa
JI0 3aBeyIOIIEro Kadeapoii MUKpOOHOJIOTHH C BUPYCO-
JIOTHEN ¥ UIMMYHOJIOTHEN SIpOCIIaBCKOro TrOCy1apCTBEH-
HOTO MEIUIIMHCKOro yHUBepcuTera (¢ 1975 roma).

BricokokBanu(puupoBaHHbBIN Bpay, Y4EHBIH, I1e-
naror Butammit AnexcanapoBud PoMaHOB oKka3bIBaid
00JIBIIYI0 TOMOITL TPAKTUYECKOMY 3PaBOOXPAaHEHHIO
B MOATOTOBKE Bpadel-0aKTepHOIoroB, UX cepTuduka-
1uu U arrectaui. COBMECTHO C OpraHaMy 3/IpaBOOX-
panenus Spocnasckoit oonactu u PociorpebHanzopom
Buranuii AnexkcaHapoBUY HEOIHOKPATHO NPUHUMAI
y4acTUE B OpPraHM3ALMU U MPOBEAECHUU MPOTUBOIIHU-
JEMHUYECKUX MEPONPUATUI B MEPUOJIbI MPOBEACHUS B

Haieil ctpane Onumnuiickux urp, Urp nobpoii Bonwy,
JIPYyTHUX MacCOBBIX MEpOINPHUATHHA, y4yacTBOBaJ B pac-
CJIC/IOBAHUY MPUYHMH BCTIBILEK Pa3IMYHBIX HH()EKIUH
1 KyIIMPOBAHUU UX PACIPOCTPAHEHUS.

[Mpodeccop B.A. Pomanos mposiBui ce0st BbIIat0-
LIMMCSI HAyYHBIM PaOOTHUKOM M TEIaroroM, rOTOBHII
JUIJIOMHPOBAHHBIX CIIEHUAIMCTOB BHICIIEH KBaaudu-
Kaluu B OOJIACTH MUKPOOHMOJIOTHM M MMMYHOJIOTHH.
Wm moaroroBnensl 26 kaHmugata HayK 4 2 JOKTOpa
Hayk. B.A. PomanoB siBisiercst aBropoM 385 Hay4yHBIX
pador.

Harpaxxnén nunnomom Mapuu I fpocnasis 3a
MHOTOJIETHUH JOOPOCOBECTHBIH TpyH, aKTUBHOE y4a-
cTHE B OOILIECTBEHHON XU3HU U OOJbIION BKJIAI B CO-
LMaTbHO-3KOHOMHYECKOE Pa3BUTHE TOpPoOJa, MOYETHBHIM
3HaKOM T'yoepHaropa SIpocnaBckoii obnactu «3a 3aciy-
TU B HayKe», 30JI0TOM Menanbo BepHanckoro Poccuii-
ckoit Axagemun EctecTBo3HaHus «3a 3aciayru B Hay-
Ke», IPUCBOCHBI 3BaHMs [loyeTHBIN pabOTHHK BBICIIC-
ro npodeccuoHanbHoro oopazoBanus PO, OriuuHuk
31paBooxpaHeHus PO.

Konnexmue  fHpocrasckoco  2ocyoapcmeennoeo
MEOUYUHCKO2O YHUBEPCUMEMA U pPeOaKyusi JCypHA-
aa evipasicarom 2nybokue cobonNe3HO8AHUSL POOHBIM U
onuskum Bumanus Anexcanoposuua.
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