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MyTainnum B reHe A34R, TIpUBOAsIIIIVEe K VBeJINUYEeHNU IO
MMMVHOT€HHOCTY BMpPYCa OCIIOBAKIIVIHbI

C.H. lleaxynos! 2@, T.B. Bayap!, C.H. Axy6uuxmit!, A.A. Ceprees!, A.C. Ka6anos!, C.A. ITbsukos!

T locyapcTBeHHbIN HayUHbIN LIGHTP BUPYCONOTAN 1 6roTexHoorm «Bektop» PocroTpe6Haazopa, p. n. KonbiioBo, HoBocnbrpckas o6nacts, Poccus
2 DepiepanbHblii NCCNeROBATENbCKUI LeHTP UHCTUTYT ymutonorum u reHetrnkn Cnbrpckoro otaeneHns Poccuinckol akagemmnm Hayk, HoBocnbupck, Poccus
® snshchel@vector.nsc.ru

AHHoTayus. CaMblM NPOCTbIM 1 HAAEXHBIM CMOCOOOM 3aLUUTbI OT BUPYCHBIX MHEKLMNIA ABNSETCS BaKUMHONPOdu-
naktuka. Mpun 3Tom HanbosnbLien NPOTEKTUBHON 3PPEeKTUBHOCTbIO 06M1aAaloT »MUBble BaKLUHbI, B OCHOBE KOTOPbIX
MCMOMb3YIOT ClIab0BUPYNEHTHbIE [/15 YesIoBEKA BUPYCHI, 6JIM3KOPOACTBEHHbIE MATOrEHHbIM, U aTTEHYMPOBaHHbIE
(ocnabneHHble 3a cyeT MyTaLMil/Aeneuunii B BUPYCHOM FreHOMe) BapuaHTbl MAaTOreHHOro AfiA YenoBeka Bupyca. Bak-
LMHaUmA NpoTMB OCMbl C NCMOJSIb30BAHMEM KMBOTO BMpPYCa OCMOBaKLMHbI (vaccinia virus, VACV), 6bnnskopoactseH-
HOrO BMPYCY HaTypanbHOW OCrbl, CbiFpana BaXXHeNLWyo ponb B ycrexe NporpaMmbl rinobanbHON MKBMAALMN OCHbl,
KOTOpas ocyLecTBaAnacb Nog arngon BcemmnpHom opraHmsaumm 3gpaBooxpaHeHus. MpekpaweHune nocne 1980 r.
NPOTMBOOCMNEHHON BaKLUMHALUM NPUBENO K TOMY, YTO OFPOMHAaA YacTb HaceneHnsa 3eMnn B HacToALLee BpeMsA He
MIMeeT UMMYHUTETA He TOJNbKO K OCMe, HO 1 JIObIM APYrIM 300HO3HBIM OPTOMOKCBMPYCHBIM MHGEKLMSAM. DTO CO3-
[aeT BO3MOXXHOCTb LIMPKYNALMN 300HO3HbIX OPTOMOKCBMPYCOB B YeNOBEUYECKO NONYNALMN U, Kak CleacTamne, npu-
BOAUT K U3MEHEHMIO SKOMOTUN N KPyra YyBCTBUTESIbHBIX XO3A€B [J1A Pa3HbIX BUAOB OPTOMOKCBUPYCOB. Mpu 3TOM
MCMONb30BaHMe KNacCUYeCckom »KnBol BakLUHbI Ha ocHoBe VACV gns 3awmTbl OT 3TUX UHGEKUMIA B HAacTosLLee Bpe-
M He MPUEMNIEMO, TaK KaK OHa MOXET 0OYyC/TOBNIMBATb TsXesble NobGOYHble peakuuun. B cBasm ¢ aTum Bce bonee
aKTyaNbHOW CTaHOBMUTCA pa3paboTka HOBbIX 6e30MacHbIX BaKLMH MNPOTUB OPTOMOKCBUPYCHBIX MHPEKUMIA YenoBeKa
1 XKMBOTHbIX. ATTeHyauus (ocnabneHune BupyneHTHocTr) VACV focTUraeTcsa B pesysibTaTe HarnpaBieHHON HAKTUBa-
Luu onpeneneHHbIX reHOB BUPYCa 1 06bIYHO NPUBOAUT K yMeHbLUeHI0 3ddeKTMBHOCTU pasmHoxeHus VACV in vivo.
CnepcTBrEM 3TOTO MOXKET OblTb CHUXKEHME UMMYHHOIO OTBETA MPU BBEAEHWM aTTEHYMPOBAHHOTO BMpPYCa NaLueH-
Tam B CTaHAAPTHbIX fo3ax. YacTo ncnonb3yembiM ANA BCTPONKU/MHaKTnBauum B reHome VACV aBnAaeTca reH Tumm-
[VHKINHAa3bl, HapyLLeHne KOTOPOro NpMBOAUT K aTTeHyalun Brpyca. B agaHHoI paboTe 13yuyeHo, Kak BBefeHMe ABYX
TOUeUHbIX MyTauui B reH A34R atTeHynpoBaHHoro wramma LIVP-GFP (TK-), yBennurBaiowmx BbIX0OL BHEKIETOUHbIX
obonoyeyHbix BUpnoHoB (EEV), BnnAeT Ha CBOMNCTBa NaTo- 1 UMMyHoreHHocTu BapuaHTta VACV LIVP-GFP-A34R npwu
WHTPaHa3anbHOM 3apa)KeHnK 1abopaTopHbIX Mbllwel. [lokasaHo, UTo yBenuyeHve npopykuum EEV pekombuHaHT-
Hbim wrammom VACV LIVP-GFP-A34R He meHAeT aTTeHyMpOoBaHHbI GEHOTUN, XapaKTepHbIN ANA POAUTENbCKOTO
wramma LIVP-GFP, Ho npnBoguT K cywectBeHHo 6onbluen npoaykuumn VACV-cneunduyHbIxX aHTuTen.

KntoueBble cnioBa: BUPYC OCMOBaKLUMHbI; HanpaB/ieHHble MyTaLuK; aTTeHyaLNsa; UMMYHOT€HHOCTb.
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Mutations in the A34R gene increase
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Abstract. Vaccination is the most simple and reliable approach of protection to virus infections. The most effective
agents are live vaccines, usually low-virulence organisms for humans and closely related to pathogenic viruses or
attenuated as a result of mutations/deletions in the genome of pathogenic virus. Smallpox vaccination with live vac-
cinia virus (VACV) closely related to smallpox virus played a key role in the success of the global smallpox eradication
program carried out under the World Health Organization auspices. As a result of the WHO decision as of 1980 to stop
smallpox vaccination, humankind has lost immunity not only to smallpox, but also to other zoonotic, orthopoxvirus-
caused human infections. This new situation allows orthopoxviruses to circulate in the human population and, as a
consequence, to alter several established concepts of the ecology and range of sensitive hosts for various orthopox-
virus species. Classic VACV-based live vaccine for vaccination against orthopoxvirus infections is out of the question,
because it can cause severe side effects. Therefore, the development of new safe vaccines against orthopoxviral
infections of humans and animals is an important problem. VACV attenuation by modern approaches carried out
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by targeted inactivation of certain virus genes and usually leads to a decrease in the effectiveness of VACV in vivo
propagation. As a result, it can cause a diminishing of the immune response after administration of attenuated virus
to patients at standard doses. The gene for thymidine kinase is frequently used for insertion/inactivation of foreign
genes and it causes virus attenuation. In this research, the effect of the introduction of two point mutations into the
A34R gene of attenuated strain LIVP-GFP (TK"), which increase the yield of extracellular enveloped virions (EEV), on
the pathogenicity and immunogenicity of VACV LIVP-GFP-A34R administered intranasally to laboratory mice were
studied. It was shown that increase in EEV production by recombinant strain VACV LIVP-GFP-A34R does not change
the attenuated phenotype characteristic of the parental strain LIVP-GFP, but causes a significantly larger production

of VACV-specific antibodies.

Key words: vaccinia virus; target mutations; attenuation; immunogenicity.

For citation: Shchelkunov S.N., BauerT.V,, Yakubitskiy S.N., Sergeev A.A., Kabanov A.S., Pyankov S.A. Mutations in the
A34R gene increase the immunogenicity of vaccinia virus. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of
Genetics and Breeding. 2021;25(2):139-146. DOI 10.18699/VJ21.017 (in Russian)

BBepeHmne
BakuuHonpodrnakTika — caMbIii HaJe:KHBIH CITOCO0 3aIUTHI
oT BUpycHbIX nHpekmit. [Ipr aTom Hanbomee a3 exTnBHBIMU
SABJIAIOTCA )KUBbBIC BAKIIUHBI, B OCHOBE KOTOPBIX UCIIOJIB3YIOT
cJ1a00BHPYIIEHTHBIE /171 YETI0BEKA BUPYCHI, OIM3KOPOACTBEH-
HBIC TIATOTCHHBIM, WJIM aTTEHYHUPOBaHHbIE (0CIa0JICHHbBIC 3a
CYeT MYTAIUi/IeNIelii B BUPYCHOM TeHOME) BapHaHTHI a-
TOTEHHOTO /I YenoBeka Bupyca (LlenxyHos, 1998; 3Bepes,
IOmuHoBa, 2012).

B teuenue nonrux jser ocnonpusBuBanus B XIX—XX BB.
B Pa3HbIX YacTsIX cBeTa COPMHUPOBAIACH IPAKTHKA HCIIOJb-
30BaHMS pasHbIX IMTaMMOB BHUpPYCa, KOTOPBIH B MPOILIOM
Beke oTHeceH K Buay Vaccinia virus (VACV), Bxogsiiemy
B coctaB pona Orthopoxvirus cemeiictBa Poxviridae. B ore-
YEeCTBEHHOH JIUTEpaType JaHHBIH BUPYC MPHUHATO HA3bIBATH
BupycoMm ocnoBakimubl (Fenner et al., 1988; Shchelkunov,
2013; Sanchez-Sampedro et al., 2015). Touroe mponcxox-
JICHHE ITHX [ITAMMOB B OOJIBIIMHCTBE CIIy4aeB HEU3BECTHO,
OHU PA3JIMYAIOTCS MKy COOOI MaTOreHHOCThIO PU HHDU-
IIMPOBAHNUHU PA3IMYHBIX BUIOB J1a00PATOPHBIX JKUBOTHBIX U
peaKTOreHHOCThIO TpH BakiuHanuu jonei (Shchelkunov
et al., 2005; Kretzschmar et al., 2006; Jacobs et al., 2009;
Sanchez-Sampedro et al., 2015). B mpomecce maccoBoii Bak-
ruHanuu Bee mrammbl VACV 00ycioBIrBaIy B HEOOIBIIOM
MPOLICHTE CIIy4aeB TsDKENbIC TTOOOYHbIC PEAKIMH, BKIIFOUas
sHIE(DANINTH ¥ SHIEPATOMHUEIUTHI, HHOT/IA TIPHUBOIUBILNE
K Tnbenu BakuuHMUpyeMmbIX. [Toatomy B 1980 1. mocie non-
TBEPKIACHUA FJ'IO6aJ'IBHOﬁ JIMKBHU AT OCIIbI ObLIa IIpUHATA
pesomrons BeemupHoit accamOrnen 31paBoOXpaHEeHS, HACTOS-
TEJILHO TIPU3BIBAIONIAsl BCE CTPAHBI IPEKPATUTh BaKIIMHALINIO
HAaCEJICHHS TIPOTHB OCTIBI

C nosiBeHNEM BO3MOXKHOCTH PEKOHCTPYHPOBAHMS TEHOMA
VACV MeTtofamu reHeTuYeCcKoi nHxenepuu B 80-X IT. mpo-
IIIJIOTO BeKa 3TOT BUPYC CTAJIU UCIIOIH30BaTh B KAYECTBE MO-
JIEKYJIIPHOTO BEKTOPA JJIs CO3/IaHNSI TTOJIMBAIICHTHBIX BaKIINH
MIPOTUB PA3IMYHBIX MH(QEKIHI, a 3aTeM U OHKOJIUTHYECKUX
BapuanToB VACV (Kutinova et al., 1995; Shchelkunov et al.,
2003,2018; Jacobs et al., 2009; Thirunavukarasu et al., 2013;
Sanchez-Sampedro et al., 2015; Goncharova et al., 2016;
LiY. etal., 2017; Guo et al., 2019). IIpu 3ToM BaKHEUIITM
CTaJI BOTIPOC O OMOJIOTHIECKON O€30IaCHOCTH CO3JaBaeMbIX
pexomOnHaHTHBIX VACV.

IIpexpamienue NpoOTUBOOCIEHHONW BaKLUMHALUU IIPUBEIIO
K TOMY, YTO OTPOMHAsl 4acTh HACEJICHNs 3eMJIH B HACTOSIIEE

T World Health Assembly, 33. Global Smallpox Eradication. World Health Orga-
nization. 1980. https://apps.who.int/iris/handle/10665/155529
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BpeMs He UMEET IMMYHHUTETA HE TOJIBKO K OCIIE, HO 1 JTI00BIM
JIPYTHM 300HO3HBIM OPTOIOKCBUPYCHBIM MH(MEKIHSIM. DTO
CO371aeT BO3MOKHOCTD IIUPKYJISIIIMU 300HO3HBIX OPTOTIOKCBHU-
PYCOB B 4EJIOBEYECCKON IOIYJISIIUK U, KaK CICACTBUE, MPH-
BOJIMT K M3MEHEHUIO DKOJIOTUH U Kpyra 4yBCTBUTEIBHBIX XO-
351€B U Pa3HBIX BHIOB OpTomoKcBUpycoB (Shchelkunov,
2013). ITosToMy BCHBIIIKK 3a00N€BaHUN, 00YCIOBICHHBIX
300HO3HBIMH OPTOIOKCBUPYCAaMH, TAKUMH KaK BUPYC OCIIbI
00e3bsH, Bupyc ocmbl kKopoB 1 VACYV, Bce dalie B mMociea-
HHE TOJIbl PETHCTPUPYIOT Y JIIOZICH Ha Pa3HBIX KOHTUHEHTAX
(Albarnaz et al., 2018; Reynolds et al., 2019; Styczynski et
al., 2019). [Ipu 3TOM HCTIOTB30BAaHHE KITACCHUECKON KUBOH
BakIuHBI Ha 0cHOBE VACYV 1151 3aIIUTHI OT STUX UH(EKIHN
B HACTOsIIIIeE BPEMsI HE IPUEMIIEMO, TaK Kak OHa MOXKET 00y-
CJIOBJINBATH TSIKETIbIE TOOOYHBIE PEAKIINH, OCOOEHHO Yy JIFoAeH
¢ ocs1abJICHHOH MIMMYHHOM CHCTEMO T NUMMYHOAE(DHIIUTa-
M (B ToM unciie y BUU-unpunmposanHsix). B cBsizu ¢ atum
Bce 0oJiee aKTyalbHOH SBISETCSA pa3padoTKa COBPEMEHHBIX
0e301acHbIX BaKIUH IIPOTHB OPTOMOKCBUPYCHBIX HHPEKINI
yesjoBeka 1 xuBOTHBIX (Shchelkunov, 2011).

Artrenyarst VACV gacto mocturaercs B pesynbTare Ha-
MIPABJICHHOW MHAKTHBAIMH OIPE/ICICHHBIX TeHOB BUpyca U
OOBIYHO MPHUBOJMT K CHIKEHUIO 3()(PEKTHBHOCTH pa3MHOXKe-
aust VACV in vivo. CeacTBHEM 3TOTO MOXKET OBITH CHIDKEHHUE
MMMYHHOTO OTBETA ITPY BBEJICHUH aTTEHYHPOBAaHHOTO BUpPYCa
ManUeHTaM B cTaHmapTHbeIX qo3ax (Moss, 2011; Sanchez-
Sampedro et al., 2015; Albarnaz et al., 2018). [ToaTomy Bax-
HO OCYIIECTBIISITh TIOMCK BHPYCHBIX T€HOB, MOTU(HUKAILIUSL
KOTOPBIX MOJKET IIPUBECTH K MOBBIIIEHUIO UMMYHOTEHHOCTH
arrenynpoBanHoro VACV 0e3 yBEeTHUEHUs ero BHPYIICHT-
HoctH (Shchelkunov, Shechelkunova, 2020).

VACV ¢opmupyer nBe uH(peKIHOHHbIE (OpMBI BUPHO-
HoB. [logaBistomiee OOJIBIIMHCTBO BUPYCHOTO MOTOMCTBA
COCTABJISIIOT BHYTPUKJICTOUHBIC 3peible BUPHOHBI (intracel-
lular mature virion, IMV), KOoTOpble HAaKaIIMBAIOTCS B 3a-
pa’KeHHOH KIIETKE B 3HAYUTEIILHOM KOJMUYECTBE U MOMAAI0T
B OKPY’KaIOIIyI0 CPEay TOJIBKO ITOCTC Pa3pylIeHUs KICTKH.
HeGounbI110ii IPOLIEHT CHHTE3UPYEMBIX BUPYCHBIX 4aCTHUI]
MOKPBIBAETCS JIOTIOJTHUTEIBHON JTUIONPOTEMHOBOH 0007104~
KOH ¥ Ha paHHEM 3Talle [UKJIA Pa3BUTHS BUPYCa BBIXOAUT
Ha MOBEPXHOCTh KJIETOK M HAXOIUTCS B aCCOLMHPOBAHHOM
¢ kieTkoi cocrostaum (cell-associated virion, CEV). YacTh
CEV ornensiercst T HOBEpXHOCTH KIIETKH 1 TIEPEXO/IUT B CBO-
00/1HOE COCTOSIHUE, Ha3bIBAEMOE BHEKJIETOYHBIMH 000JI0-
yegHsIMHU BUpHOHaMH (extracellular enveloped virion, EEV)
(Smith et al., 2002). [lannas ¢popma 115t OOTBIIMHCTBA ITAM-
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MoB VACV cocrasnsier meHee | % Bcero moroMcTBa BUpyca
(Payne, 1980). IIpu stom EEV VACV s¢ddexruBaee IMV
nponukart B kietkn (Locker et al., 2000) u obecnieunBaroT
OBICTpOE pacmpocTpaHeHue Bupyca mno opranusmy (Payne,
1980; Blasco et al., 1993; Smith et al., 2002).

Camwxenne >(p(QeKTHBHOCTH Pa3MHOXKEHHS in Vivo arTe-
HyupoBaHHOro Bapuanta VACV NOIKHO MPUBOJIUTH K TIPO-
MOPLMOHAIBHOMY yMeHblIeHUIO nponykuuun EEV u, kak
CJIC/ICTBHUE, CHIDKCHUIO PaHHEW JUCCEMHHAIMH BHpYyca IO
OpraHu3My. MBI IPEANoNIOKUIN, YTO YBETHUYEHUE BBIXOMA
EEV-arrenynpoansoro VACV moxeT 00yciioBIuBaTh Oosee
BBIPAKCHHBIH MIPOTUBOBUPYCHBIM UMMYHHBII OTBET.

OnHUM M3 MEPCIEeKTUBHBIX B ATOM HAIPaBICHUU 00BEK-
TOB HcclenoBanus sisiercs red A34R VACV (Blasco et al.,
1993). On xomupyet 6enok A34, BXOIAIINI B COCTAB JIUIIO-
MIPOTENHOBOI 000I0UKH BHEKIIETOUHBIX BHpHOHOB (EEV) 1
KOHTpoNupyeT 3(p(HeKTHBHOCTh X OTAEIECHUS OT MOBEPX-
HOCTH 3apa)KEHHOH KJIETKH U BBIXO/Ia B CBOOOTHOM BHJIC B
MEKKIIeTOuHOE npocTpancTBo (Blasco et al., 1993; McNulty et
al., 2011; Monticelli etal., 2019). Y 6onpmmHCTBA H3y9IEeHHBIX
mraMMoB VACV 1ipu pa3sMHOXKEHHH UX B KYJIBTypax KIETOK
MJICKOIIMTAIOIMX HAa paHHeM 3rane nHpekunu B Buge EEV
(opmupyetcs meree 1 % BupycHoro nmoromcrsa. OcranbHble
BHUPHOHBI HAaXOAATCsl BHYTpHU kieTku B Buae IMV u CEV,
KOTOPBIE BBIXOJSAT B OKPY’KAIOIIYIO Cpey TOJIBKO MOCe JTH-
3mca 3apakeHHOH kietku (Payne, 1980; Smith et al., 2002).
B pesynbrare MHOXECTBEHHBIX naccaxel mrtamma NYCBH
VACV npu BHyTPUMO3TOBOM 3apa’KeHUU MBIIIEH MOTy4YeH
Heiiporponusiit mramm [HD-J VACV (Lee et al., 1992),
KOTOpBIH criocoben nmpoxynupoBate EEV B xommuectse 10
30 % Bcero BUPYCHOTO TIOTOMCTBa U ()OPMHPOBATH KOMETO-
o0pasHble OJSIIIKA Ha MOHOCIIOE TyBCTBHUTENBHBIX KIIETOK
(Payne, 1980; Blasco et al., 1993). Oxazanoch, 4To pa3mudus
B aMHHOKHCJIOTHOM [TOCIIeI0BaTeIbHOCTH Oenika A34 npyroro
HeiiporponHoTro mTamma, WR VACV (o0Opa3oBanne MeHee
1 % EEV ot nH(}eKIMOHHOTr0 MOTOMCTBA BUPYyCa Ha KYJIbTY-
pe KJIETOK), OT aHajoruyHoro oeika mramma [HD-J VACV
COCTABJISIOT JIMIIb IBE ToUeuHbIe mo3ummu: Aspl10— Asnu
Lys151 — Glu (Blasco et al., 1993). Ilokazano, 4ro 3ameHa
reda A34R B mramme WR VACV Ha BapuaHT 5TOro resa
n3 wramMmma [HD-J cymectBenHo yBennuuBaet Boixon EEV-
(hopMBI M 3TO IPUBOAUT K O01ee AP HEeKTUBHON THCCEMUHAINH
OoHKoJUTHYecKuX BapuaHToB VACYV, a Takke yiydlIeHHON
MIPOTHBOPAKOBOM aKTHBHOCTH TaKuX BUpPYycoB in vivo (Kirn
et al., 2008; Thirunavukarasu et al., 2013).

[enbro JaHHOM pabOThI IBUIIOCH H3YyUCHHUE BIIUSTHUS BBEJIC-
HUS IBYX TOYEYHBIX MyTallli B TeH A34R, yBeITMINBAIOIITIX
Bbixo7 EEV, Ha cBoiicTBa naTto- ¥ UMMYHOT€HHOCTH aTTEHYHU-
poBanHoro Bapranta VACV LIVP-GFP npu nntpanaszaasHoM
3apaKeHUH JTa0OPATOPHBIX MBIIICH.

MaTtepwuanbl n metogbl

Bupycsl, KyabTypa KJeTok. B padore ncnons3oBaim KIoH
14 mramma VACV LIVP (LIVP), nony4yeHnslii HaMu pa-
Hee TPEXKPATHBIM [1EPEeCeBOM Yepe3 OJISIIKY U3-T10]] arapos-
HOTO TIOKPBITHSI METOIOM TpefenbHoro pa3BeneHus (Yaku-
bitskiy et al., 2015), a takxe mramm LIVP-GFP, nomyuen-
HBII Ha €r0 OCHOBE BCTPOMKOI I'eHa 3eJICHOTO (hIIyOPECIICHT-
HOTO O€JIKa B COCTaB BUPYCHOTO reHa TAMUIMHKNHA3EI (Petrov
et al., 2013). Bupycsl BeIpammBaii U THTPOBAJIN HA KYJBTY-
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MyTaunn B rene A34R, nprBoaALLme K yBeNnYeHno
MMMYHOTeHHOCTM BMPYCa OCMOBaKLIMHbI

pe KJICTOK MOYKH a)pUKAHCKOM 3€JICHON MaPTHIIIKKA JTUHUA
CV-1 u3 xomexn @BYH I'HIL BB «Bexrop» PocioTpe6-
HaJ3opa, kak onucano C.H. [IlenkyHOBBIM U KOJJIETaMH
(2020).

Moay4yenue Bupyca LIVP-GFP ¢ TouedyHbIMH MyTaLHA-
mu B rene A34R. PexomOunanTHbI mitamm LIVP-GFP-A34R
[oJy4ajad METOJOM BPEMEHHOW JOMHUHAHTHOW CEJIeKIUU
Ha ocHOBe VACV LIVP-GFP ¢ ncnonp3oBanueM mia3Mu-
el pMGCgpt-A34R*, conepxamieil MyTaHTHBIH BapHaHT
reHa A34R (Aspl10— Asn, Lys151 — Glu), kak onucano
T.B. Baysp u corpymaukamu (2020).

OueHka ypoBHS NPOAYKIHH BHEKJETOYHOH (hOPMBI
BUPYcoB. AHanu3 ypoBHs npoaykuuu EEV mrammos LIVP-
GFP u LIVP-GFP-A34R nposomnmm Ha 90 % MoHOCTOE KIIe-
TOK JuHUHA CV-1, OAyYeHHOM Ha 6-TyHOUHBIX IUIAHIIETaX.
Momnocnoit kietok CV-1 3apaxanu uccieryeMbIM BUPYCOM
co MHO)XecTBeHHOCTRIO 10 BOE/KieTka B Tpex moBTOpax.
UYepes 6 1 24 4 mociie 3apaskeHns1 OTOMpaIN alTMKBOTHI HAJI-
KJIETOUHOM KUJIKOCTHU, a OCTABIIUCCA KJIIETKH IMOABEPrajIn
TPEM IMKIIAM 3aMOPAXHMBAaHUA—OTTaUBaHMsL. TUTp BUpyca B
Ha/IKJIETOYHOM )KUIKOCTH 1 CyCIIEH3UH JIN3UPOBAHHBIX KIIETOK
OTpeneIIsIn METOIOM OJisiiiiek Ha Kyasrype CV-1.

/KuBoTHble. B nccnenoBanusx UCMOIB30BANIA HHOpPE-
HBIX Pa3HOMOJBIX MbIel TuHnn BALB/c, momy4deHHbIX 13
nutomanka ®BYH T'HI[ Bb «Bektop» Pocnorpednamzopa.
ITomoNBITHBIX )KMBOTHBIX COIEPIKAIN HA CTAHJAPTHOM PaIo-
HE C JIOCTATOYHBIM KOJIMYECTBOM BOJIBI COITIACHO BETEPHHAp-
HOMY 3aKOHO/IaTEJILCTBY M B COOTBETCTBUU C TPEOOBAHUSIMHU
TYMaHHOT'O COJIEP KaHHsI M UCTIOIb30BaHMUS )KUBOTHBIX B 9KC-
MepUMEHTAIBHBIX HCCIeJOBaHMsAX. MccenoBanus 1 MaHu-
IMyJIAIUN Ha JKUBOTHBIX ITPOBEACHLI C 0[[06peHI/lH KOMHUTCTA
o 6nostnke ®EYH I'HI Bb «Bekrop» Pocniorpedranzopa
(paspemenne Ne 06-09.2019 ot 03.09.2019).

OuneHka MaTOreHHOCTH BUPYCOB JJIs MblIleii. Vcnoms-
30Ban 3—5-HenenbHBIX MbImei nuanu BALB/c maccoit
13—16 r. IIpenapatst Bupycos LIVP, LIVP-GFP, LIVP-GFP-
A34R wnu GpU3HOIOTNYECKUil pacTBOP BBOJMIIM KUBOTHBIM
nHTpaHa3zaiabHO (W/H), kak omucaHo C.H. llenxyHOBBIM U
kosuieramu (2020). Tpumensinu 103bl 3apaxenus 108 win
107 BOE/30 Mkn/5kuBOTHOE. B Kask 101 TpyIIIe SKCnepuMeH-
TaJIBHBIX )KUBOTHBIX OBIIO 110 6 0c00eii. MEBIIIIEH €KeTHEBHO
B3BEHINBAIN M (PUKCHPOBAIIM BHEIIHHE KIMHUYCCKHUE IPHU-
3HaKu 3a00JeBaHMs (B3bEPOLICHHOCTh IIEPCTH, aMHAMMS,
Tpemop) B TedeHue 14 cyT.

BrIsiBIeHHe BUPYCOB B CJM3HCTOH HOCA U JIETKHX. 3a00p
HOCOBOH II€PETOPOIKH U JIETKUX Y MBILIEH OCYLIECTBIILIN
yepes 3, 7, 10 cyT mocie BBeIeHHS TpenapaToB BUPYCOB MITH
(PM3MOITOTHYECKOTO PacTBOpa, NMPEABAPUTEIHHO BHITOIHHB
MpOLEAYPY BTaHA3UHM METOAOM IEPBUKATIBHOW IHCIOKA-
un. B ka0l BpeMEeHHOH TOUKe 00pasIbl Opann OT Tpex
JKMBOTHBIX M aHAIM3UPOBAIN X UHIUBAAYAIbHO. [OTOBUIN
10% romoreHaThl METOJIOM MEXAaHUYECKON I€3UHTETpalliu ¢
MOCTIENYIOIUM J00aBIeHHEM MuTaTenbHoi cpensl JJIMEM.
[Tociie HECKOIBKUX aKTOB 3aMOpa’KMBaHHUSI—OTTaMBaHUS B
IMOJYYCHHBIX TOMOI€HaTax Onpeacisii TUTPbI BUPYCOB ME-
TOZIOM OJIAIIIEK Ha MOHOCTIOE KyNbTyphI KiteTok CV-1.

Onenka HeHpPOBHPYJEHTHOCTH BHPYCOB. ['pynnam mo
10 ocobeii 2—3-1HEBHBIX MblIlIeH-coCyHKOB JrHUM BALB/C
HHTpariepeOpatbHO (1/11) BBOIUIN PEKOMOMHAHTHBIE IITAMMBI
LIVP-GFP, LIVP-GFP-A34R wmu ucxomgueiii LIVP B mo3e
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10 BOE/10 mxu/mbitib. JKMBOTHBIM KOHTPOJIBHOW TPYIIIBI
1/11 BBOAWIIH 110 10 MKJI (PH3HOIOTHYECKOTO pacTBOpa. 3a MbI-
[1aM¥ HaOMoaIn B TeueHue 14 cyT, yuUThIBasi KOJIMYECTBO
MOTHOIIHX.

IMonyyeHHe cbIBOPOTOK KPOBM 3KCHEPUMEHTAJbHbBIX
JKHBOTHBIX. Uepes 28 cyT mocie u/H BBEICHHS IPEIapaToB
VACYV i (pu3nonoruueckoro pacTBopa y MbIlIel MpoBo-
JIAITH 3200p P00 KPOBU M3 PETPOOPOUTATFHOTO BEHO3HOTO
CHHYCa C IOMOIIBIO OTHOPA30BBIX CTEPHIIBHBIX KAITHILISIPOB.
W3 kpoBH MbIlIel OblIa MOJy4YeHa ChIBOPOTKA ITyTEM OCaX-
JieHust JOPMEHHBIX IEMEHTOB KPOBH LIEHTPU(DYTHPOBAHUEM.
WummBuyansHble 00pa3ibl CBIBOPOTOK KPOBH MBIIIEH Xpa-
HuM rpu temmneparype —20 °C.

NmmyHOpepMeHTHBINH aHAJU3 CBIBOPOTOK KPOBH.
NmmynodepmenTtusiii ananns (MDA) naaMBUAYaATHHBIX
CBIBOPOTOK KPOBH MbIlei BoimonHsnu cortacHo C.H. [lexn-
KyHOBY U Koyuieram (2020). B kauecTBe aHTHUTEHA HCIOIH-
30Banu ouuineHHbl npenapar VACV LIVP. Beruucnsnu
Cpe/IHIe reOMEeTPHYECKHE 3HAYeHUs JIOrapu(hMOB 00paTHOTO
tutpa VACV-criermnduaecknx IgG mo sxcepruMeHTanbHbIM
TpyIaM ¥ PacCUUTHIBAIN JJOBEPUTEIbHBIC HHTEPBAIIBI IS
ypoBHA 95 % BEpOATHOCTU COBNAACHUS KaXKI0U BHIOOPKHU C
TeHEepPaJIbHOW COBOKYITHOCTBIO.

Pe3ynbratbl

CpaBHeHwue ypoBHel npoaykuum EEV

Bupycamu LIVP-GFP n LIVP-GFP-A34R

Ornenky npoaykuuu EEV-¢hopmel Bupronos mramma LIVP-
GFP 1 nony4eHHOro Ha ero OCHOBE MyTAHTHOI'O BapHaHTa
LIVP-GFP-A34R, xomupytomiero 6emok A34 ¢ aMMHOKHC-
nmotHeIMU 3ameHamMu Aspl10— Asn u Lys151 — Glu, ocy-
HIECTBISUIN MPU 3apakeHUH MOHOCIOS KieTok auHuu CV-1
co MHO)kecTBeHHOCThIO 10 BOE/KkneTka.

PesynbTrarel 3THX 3KCIEPUMEHTOB JEMOHCTPHUPYIOT, YTO
ypoBHH npoayKiun IMV 0001X BUPYCOB Ha KYJIBTYpPE KJIETOK
HE UMEIOT JOCTOBEPHBIX pa3innymii (puc. 1, a). B 1o ke Bpems
Bupyc LIVP-GFP-A34R mpoxymupyer EEV B 3HaunTensHO
OOJIBIINX KOJIMYECTBAX 10 CPABHEHUIO C MCXO/IHBIM JIJISl HETO
BapuantoM LIVP-GFP, ocobeHHO Ha paHHeM 3Tane HH(pEK-
muu (cM. puc. 1, 6). Yepe3 6 1 mocne 3apaxenus VACYV,
MYTaHTHBIH 110 reHy A34R, IpOU3BOJUT B CEMb pa3 Ooblle
BHEKJICTOYHBIX BHPHOHOB IO CPaBHEHHUIO C POAUTEIHCKUM
mrammoM LIVP-GFP.

MNatoreHHocTb Wwrammos VACV

npun NHTpaHasanbHOM BBeeHUM MbilLaM

Jns onenku marorennoctu VACV LIVP, LIVP-GFP u LIVP-
GFP-A34R mpimam muann BALB/c npenapars BUpycoB BBO-
nm w/H B 1o3ax 108 wm 107 BOE/30 mxs/xuBotHOE. [pymime
MBIIIEH OTPUIIATEILHOTO KOHTPOJISE U/H HAHOCKIIH 110 30 MKJI
(hU3MOIIOTHYECKOTO pacTBOpa. B kaXk 10 rpyIme skcrepruMeH-
TaJIbHBIX JKUBOTHBIX OBLIO 10 6 0c00eii. MEBIIIEN eKETHEBHO
B3BEILIMBAIN M (PUKCUPOBAIIM BHELTHUE KJIMHUYECKUE [IPU3HA-
k1 3a007eBaHus B TeueHue 14 cyt. Haunnas ¢ TpeThux CyTOK
nocie uaduImpoBanus mramMmmoM LIVP y Mermieit Habironanm
KJIMHUYECKUE TPOSBICHHS 3a00JI€BaHUs: B3bEPOLIEHHOCTh
mIepcTH, aguHamuio, Tpemop. s mrammos LIVP-GFP u
LIVP-GFP-A34R He ymanoch BBISBHTH BBIPAYKEHHBIX IPH-
3HAKOB 3a00JIEBaHUS 3a BCE BPEMs HAOJIIO/ICHHSI.
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Fig. 1. Dynamic of LIVP-GFP and LIVP-GFP-A34R virus titers after cell cul-
ture CV-1 infection.

a - overall titer; b - titer of the extracellular virion form. * Differences are sig-
nificant at p < 0.05.

[Mockonbky 6ombimHCTBO mMTamMmmMoB VACV nipn nabum-
POBaHUM B3POCIBIX MBIIIEH AaXKe B BHICOKUX J103aX HE MpH-
BOZSIT K MX TnOeny, OOMEnpHHATHIM METOJOM OLIEHKH MaTo-
TEHHOCTH BapUaHTOB 3TOTO BUPYCa SIBISIETCS PETUCTPAIIUs
M3MEHEHUS MaCcChl Tella )KUBOTHBIX Mocie 3apaxenus (Belya-
kov et al., 2003; Dai et al., 2008; Sumner et al., 2016; Phelps
etal., 2017). BeimonHeHHBIE HAMH SKCTIEPUMEHTHI TOKA3aJIH,
YTO HapsIly C BHEIIHUMH [IPU3HAKaMK 3200JIeBaHMsI IPU W/H
3apakeHHH MbImei mramMmmoM LIVP Habmomaercs 10303aBu-
CHMOE CHIDKEHHE MAcChl TeJa )KUBOTHBIX, 8 PEKOMOMHAHTHBIE
BapuanTbl LIVP-GFP u LIVP-GFP-A34R He o0OycnoBiuBatoT
W3MEHEHHH MACChI T€Ia MBIIIEH, OTIINYHBIX OT KOHTPOJIBHBIX
JKMBOTHBIX (puc. 2). [Tnk 3a0oneBanust MbIIIEH TPUXOIUIICS
Ha 6-8-e cyT nocie 3apaxkenuss VACV LIVP.

OueHKa Hannuma BNUpYCcoB
B CJZIN3MCTON HOCOBOW NEPEropoAKn 1 Nerknx
s cpaBHeHUS () (HEKTUBHOCTH Pa3MHOKEHHS B CIIH3UCTON
HOCOBO¥1 ITEPETOPOJIKH 1 JIETKHUX MOCIIE W/H 3apasKeHHs] MbIIIEH
Bupycamu LIVP, LIVP-GFP wmu LIVP-GFP-A34R Ha 3, 7 u
10-e cyT dKCIIepUMEHTa Y TPEX JKUBOTHBIX JJISI KaXKI0H 10361
unduuumposanus (108 unu 107 BOE) ussnekanu cooTBeT-
CTBYIOIIME TKaHU U TOTOBUIX 10% romoreHarsl, B KOTOPBIX
onpenemnsn koHeHTpanmio VACV MeTonoM Omsiex.
Pesynbrarhl 3THX aHAIN30B YKa3bIBAIOT HA TO, YTO IITAMM
VACYV LIVP ¢ ropazno 6osnbiieit 3phekTHBHOCTBIO pa3MHO-
KaeTCs in Vivo 10 CPAaBHEHMIO C aTTEHYHPOBAHHBIMU Bapu-
antamu VACV LIVP-GFP u LIVP-GFP-A34R (puc. 3). Ha
10-e cyT nocie nHPUIMPOBAHMUS B CIIM3UCTOI HOCOBOI 1epe-
TOPOJKH M JETKHX MBIIIEH BBISIBIISIICS TOJTBKO POAUTEIbCKUI
wramm LIVP.

HelpoBupyneHTHOCTb BapuaHToB VACV

Jist m3ydenus cniocoonoctn BupycoB LIVP, LIVP-GFP u
LIVP-GFP-A34R Bb3bIBaTh ri0e1b HOBOPOIXK/ICHHBIX MBIIICH
mipu n/11 3apaskernd (1o3a 10 BOE/10 MK1/MBIIIE) HCTIONB30-
Basu Tpyniisl 1o 10 ocoOeid, 32 KOTOPBIMU BEJIN HaOIIOICHUE
B TeueHue 14 cyt nocie nHpuuuposanus. K koHiy skcre-
pumenTa 90 % meimrelt, 3apaxkeHHbIX VACV LIVP, noru6mnn.
Jlnst mramma LIVP-GFP ruGens mpimreii coctaBuia 20 %, mis
LIVP-GFP-A34R — 10 % (puc. 4). B xonTponsHO# rpymme
(MHBEKINSA (PU3HOIOTHIECKOTO PACTBOPA) CMEPTHOCTH XKH-
BOTHBIX HE HAOIIOIAIIH.
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Fig. 2. Mouse body weight change after intranasal administration of LIVP, LIVP-GFP or LIVP-GFP-A34R VACV strains at the doses (a) 108 PFU/mouse,

(b) 107 PFU/mouse. The control group received normal saline.
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Fig. 4. Dynamics of suckling mouse death after intracerebral injection of
LIVP, LIVP-GFP, or LIVP-GFP-A34R VACV strains.

MmmyHoreHHocTb witammos VACV

NmmynorenHocts BapuantoB VACV LIVP, LIVP-GFP u
LIVP-GFP-A34R onenmnBanu B Tecte DA 110 ypoBHIO HHITY-
[UPYEMbIX UMH BUpYyCCHEIN(BUIHBIX aHTUTEI B CBIBOPOTKAX
KPOBH MBIILIEH, TOTy4SHHBIX uepe3 28 cyT nociie u/H nHpuim-
poBanus pazHbiMu 03amu BUpYcoB (107 wu 108 BOE/mbliib).

ATTeHynpoBaHHBIH pekoMOnHaHTHBIN mTamMM LIVP-GFP
UHIYLIIPOBAJ JOCTOBEPHO MeHbIINN ypoBeHb VACV-crienu-
(DPMYHBIX aHTUTEJ TI0 CPAaBHEHHIO C UCXOAHBIM 1TaMMoM LIVP
(puc. 5). Benenue xe 1eneBsIX MyTanuii B rene 434R npu-
BEJIO K 3HAYUTEIBHOMY YBEIMYEHUIO AHTUTEIBHOIO OTBETA
Ha uHpexuo Mplei BapuanroM VACV LIVP-GFP-A34R.

O6cyxpeHue
Panee MbI mOKa3anu, 4To B pe3yibrare BCTPOikU rena Gfp
B COCTaB BUPYCHOIO IeHa TUMUAMHKMHA3bl mramma LIVP
(TK™-¢eHoTHIT) TPONCXOAUT 3HAYUTENIbHAS ATTCHYAIHs
co3nannoro Bapuanta VACV LIVP-GFP u, kak ciencrtsue,
CHIDKEHHE €ro MMMyHoreHHOCTH. IIpu 3ToM HanbounbIyro
qyBCTBUTENBHOCTH K VACV n1abopaTopHbIe MBIIIN MPOSIBIIS-
s nipu u/H nHokyisinun (LLenkynos u ap., 2020). [Tostomy
CPaBHUTEINILHYIO OIIEHKY CBOWCTB MaTO- © UMMYHOTEHHOCTH
n3ydaeMbIx mTaMmMoB VACV B 1aHHO#M padoTe OCYIIEeCTBISUTH
Ipu W/H criocode BBeIEHHs, KOTOPbI Hanbojee OIM30K K
€CTECTBEHHOMY ITyTH TI€PEaadu BUpyca.
IIponemoncTpupoBano, uto 434R VACV sBnsercs oqHUM
13 BaKHBIX ['€HOB, KOHTposMpyowmux Beixon EEV u3 3apa-
skeHHBIX KieTok (Blasco et al., 1993; Smith et al., 2002;
Breiman et al., 2013). JlaGoparopusie mrammel WR 1 THD-J
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Fig. 5. Mice blood serum ELISA IgG titers to whole virion antigens after
intranasal infection with LIVP, LIVP-GFP, or LIVP-GFP-A34R viruses.

Figures above bars indicate the geometric means of the reciprocal VACV-
specific IgG titers in groups of six animals. The inoculated doses were 107 or
108 PFU/mouse. CS, control serum.

VACYV, 3Ha9UTENBHO Pa3INYaioNnIfecs M0 YPOBHIO MPOIYK-
uun EEV, no aMMHOKHCIIOTHOHN NOCIIEA0BATEILHOCTH ATOIO
0eJKa UMEIOT OTIIMYMS JIMIIb B JBYX mo3unmsix — 110 u 151.
C-KOHIIEBOH JIEKTMHOMOAO0HBIN IOMEH BHPYCHOTO TIIMKO-
nporenHa A34, HaXOASILMICS Ha TOBEPXHOCTU BHEKJIETOU-
HBIX BUPHOHOB, 00€CIIEYnBACT BHICOKOCHIEHU(PUIHOE B3aUMO-
JIEWCTBHE BUPHOHOB C YIJICBOIAMH Ha TIOBEPXHOCTH KIIETOK.
3amena Lys151 — Glu B cocraBe 3Toro momeHa Oemka A34
carkaet 3 dexruBroCTh cBsi3biBaHusI CEV VACV ¢ nosepx-
HOCTBIO KJIETKH M yBennuuBaeT BeIxox EEV B okpyskarolryto
cpeny (Blasco et al., 1993; Earley et al., 2008; McNulty et
al., 2011).

Paiton rmukomnporenna A34 VACV ¢ 80-ro mo 130-it amu-
HOKHCIIOTHBIH OCTATOK SIBJISIETCS] 001aCThIO B3aNMO/ICHCTBYS
BUpYCHBIX OenkoB A34 u BS5, u naHHbIA KOMIUIEKC TTOBEPX-
HOCTHBIX OenmkoB EEV mrpaer BaxHyIo poib B CBA3BIBAHUN
9TO# ()OPMBI BUPHOHOB C MOBEPXHOCTHIO KieTok (Monticelli
et al., 2019). Myranus Aspl10 — Asn B IJIMKOIPOTEUHE
A34 BausieT Ha ero CBA3bIBaHHE ¢ OenkoM B5 u, BO3MOXKHO,
MIPUBOAINT K JOTIOJHUTEIFHOMY yBeJIHUeHnIo Bbixona EEV.

PaccmoTrpennbie MyTanuu B reHe A34R, IpUBOASIINE K
yBenmuenuto npoaykiu EEV-gopmer VACYV, He cHmKaroT
nHdexkunonHocts Bupyca (Mclntosh, Smith, 1996). bomee
Toro, u3BectHo, uto EEV unduumpyor kierku ¢ Gonpuiei
3¢ PEeKTUBHOCTHIO 1O cpaBHEeHUIO ¢ IMV 1 pa3nngarorcs 1o
MEXaHM3MYy aJCOpOIMH HAa MOBEPXHOCTH IJIa3MaTHYECKOH
MeMOpaHbl 1 MpOHUKHOBeHMst BHYTpb KieTku (Locker et al.,
2000).

B nanno#i pabote B KauecTBe 0OBEKTA NCCIICJOBAHUS MBI
UCIIOJIb30BAJIM aTTEHYHPOBAHHBII PEKOMOMHAHTHBII BHPYC
LIVP-GFP, xoTopbIif moKa3an OHKOIUTHIECKYIO (P PEKTHB-
HOCTh Ha Pa3HBIX )KUBOTHBIX Monensx (Petrov et al., 2013;
Goncharova et al., 2016; Shchelkunov et al., 2018). B co-
cTaB TeHa A34R 3Toro BHpyca BBEIH TOYEYHBIC MYyTAIlHH,
npuBoasmue K 3amenam Aspl10—Asn u Lys151 —Glu B
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koaupyemoM um oenke. [1pu 3apaskenun knetok auaun CV-1
00Hapy>KUIIH, 9TO HA PAHHUX JTarax HHPEKINH MyTaHTHBIN
BapuaHT Bupyca LIVP-GFP-A34R 3HaunTensHO npeBocxo-
nut poautenbekuit mramm LIVP-GFP no mpoaykuuu EEV
(cm. puc. 1). IIpu 3TOM aTTeHYHpPOBAHHBIA (DEHOTHT BHpyca
LIVP-GFP-A34R nue otmmuancs ot LIVP-GFP (ewm. puc. 2).

B paHee BBINONHEHHBIX padOTax IMOKa3aHO, YTO MPU H/H
3apakeHnH Mbitert muann BALB/c ik Hakorutenust VACV
B JIETKHX npuxoxutces Ha 4—5-¢ cyt (Payne, 1980; Lee et al.,
1992). Jlns cpaBHeHus 23pHeKTHBHOCTH Pa3MHOKEHUSI BUPY-
coB LIVP, LIVP-GFP u LIVP-GFP-A34R in vivo onpenensim
coziep’KaHWEe BUPYCOB B CIM3MCTOH HOCOBOI IEPErOpOIKH
(nepBUYHBIA o4ar MH(EKIMU) U JIETKUX Mbled Ha 3, 7 u
10-e cyT skcmepuMeHTa. Pe3ympTaThl 3THX MCCIEIOBAHUN
nokasanu (cM. puc. 3), uro mramMm VACV LIVP ¢ ropasmo
Oosbiei 3 GHEKTUBHOCTHIO PA3MHOXKAETCS i1 ViVO IO CpaB-
HEHHIO ¢ aTTeHyupoBaHHBIMH BapranTamu VACV LIVP-GFP
n LIVP-GFP-A34R. Ilpu 5TOM BBEIEHHbIE MyTallUl B I€H
A34R ne yBenuuupatoT HakorieHue LIVP-GFP-A34R B
JIETKHUX MbIei mo cpaBaeHuro ¢ LIVP-GFP.

[Mockonbky Hanbosee TSHKEIBIMU TOOOYHBIMI PEAKIIUSIMA
IIPU BaKLMHAIIUU C MCMONb30BaHUEM KUBOro VACV sBis-
10TCS DHIIE(ATHT U SHIIE(HATOMHUEITHT, HEOOXOIUMO U3ydaTh
HEeWpOBUPYJICHTHOCTH NONTy4aeMbIX mramMmMoB VACV. O0me-
MIPUHITHIM METOZOM OIIeHKH HeipoTokcuuHoctu VACV sB-
JsieTCs BHYTPIMO3TOBOE 3apa)KeHHE MBITIeii-cocyHKoB (Li Z.
et al., 2004). MccnenoBanus mpoaeMOHCTPUPOBAIHN (CM.
puc. 4), uto LIVP-GFP u LIVP-GFP-A34R npaktudecku He
pa3IUyaroTCs MEKAY COOO0M 10 JaHHOMY TTOKa3aTelto U Ipo-
SIBJISTIOT 3HAYUTEIBHO CHIDKEHHYIO HEHPOBHUPYISHTHOCTD TI0
CpPaBHEHMIO C pOAUTEIbCKUM TaMMoM LIVP.

Jlist TOro 94TOOBI BEISICHUTB, KaK BBEACHUE MYTallNH, yBe-
Tr4uBaroIux npoxykuuto EEV, Biuser Ha MIMMYyHOT€HHOCTh
VACYV, aTTeHynpoBaHHOTO B pe3ylbTaTe WHAKTUBAIIUHM BH-
PYCHOTO TeéHa TUMUAWHKHHA3bI, CBIBOPOTKH KPOBH MBbIIIEH,
MOTyYeHHBIE Yepe3 28 cyT nocie u/H napuuuposanus LIVP,
LIVP-GFP unu LIVP-GFP-A34R pasubimu nosamu (107
wm 108 BOE/MbIms), onenuBamy B Tecte MDA no yposHIO
VACV-crieturunsix anturen. [lomydenHsle 1aHHBIE (CM.
pHC. 5) MOKa3bIBAIOT, YTO ATTEHYHPOBAHHBIN PEKOMOMHAHT-
ueii mramm LIVP-GFP uraympoBa 10cTOBEpHO MEHBITHN
ypoBerb VACV-crieniupuyHbIX aHTUTEN MO CPaBHEHUIO C
ucxoansiM wrtaMmoM LIVP, a BBenaeHue 1eneBpIx MyTaui
B reHe A34R TIpUBENO K 3HAYUTEIFHOMY YBEIHUYCHHIO TIPO-
nykin VACV-crieupuaneix [gG B oTBeT Ha MHGEKIUIO
mbimeid LIVP-GFP-A34R.

3aknioyeHune

Takum 00pa3om, yBenudenue nponykiuu EEV B pesysbrare
BBE/ICHUS JBYX TOUCUHBIX MyTaIlHii B TeH 434R peKkoMOMHAHT-
Horo mramma VACV LIVP-GFP ne MeHsier ero arteHyupo-
BaHHBIA (DEHOTHUII, HO MPUBOAMUT K CYIIECTBEHHO OOJIbILEH
nponyki VACV-cienn(puIHbIX aHTUTEI.

Cremyer OTMETHTB, YTO BCTPOMKY IIEJIEBBIX TEHOB B CO-
cTaB reHa TUMHAMHKHHA36l VACV 4acTo MCHONB3YIOT MpU
co3IaHNM peKoMOMHAHTHEIX BUpycoB (Mackett, 1987; San-
chez-Sampedro et al., 2015). CnenoBarenbHO, TOTyUIEHHBIE
B JTaHHOH paboTe pe3ynbTaThl BaKHO YUUTHIBATh NP KOH-
CTPYHPOBAaHUH O€30TaCHBIX U 3(P(HEKTHBHBIX TOJMBATICHTHBIX
JKUBBIX BakIIMH Ha ocHOBe VACV.
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An increased proportion of transgenic plants
in the progeny of rapeseed (Brassica napus L.) transformants
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Abstract. Cotyledon and leaf explants of two spring rapeseed varieties were transformed with Agrobacterium
tumefaciens harboring a genetic construct with the gfp marker gene. In order to reduce the proportion of hyper-
hydrated shoots, which appeared during regenerant formation, we optimized sucrose content in the regenera-
tion media. Analysis of the progeny obtained from TO regenerants showed that in a number of lines the distribu-
tion of the gfp marker did not follow Mendelian segregation of a monogenic trait in self-pollinated plants, while in
the progeny of the other lines of transgenic plants, the gfp marker was completely absent, although its presence
had been confirmed in all selected TO plants. We also found that in individual transformants gfp is randomly
inherited throughout the central peduncle; its presence in the genome of seedlings does not depend on the loca-
tion of the pod. Thus, both transformed and non-transformed cells were involved in the formation of gametes in
TO plants. In addition, marker segregation was different in plants of the T1 line obtained by nodal cuttings of a
primary transformant, depending on the location of the cuttings on the stem of the original plant, indicating that
the nature of T1 generation plants was also chimeric. Furthermore, we showed that propagation of plants by cut-
ting followed by propagation by seeds formed as a result of self-pollination led to an increase in the proportion
of transgenic plants in subsequent generations. The results obtained during the course of this study show that
the transformants were chimeric, i.e. their tissues contained both transgenic and non-transgenic cells, and this
chimeric nature was passed on to subsequent generations. We found that, in addition to nutrient media composi-
tion, other factors such as plant genotype and explant type also contribute to the rising of chimeric plants during
transformation. Based on these results, we developed a simplified method, which consists of several rounds of a
combination of cutting, seed production by self-pollination, and subsequent culling of wild-type plants, which
significantly enriched descendent populations of the original rapeseed transformants with plants transgenic for
the gfp marker.

Key words: transgene inheritance; transformation; chimera; vitrification; rapeseeds.
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YBeJinueHue 011 TPaHCIeHHbIX PaCTeHU
B [IOTOMCTBE TpaHCHOPMAHTOB parica Brassica napus L.
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AHHoTayus. CeMAJONbHbIE U IMCTOBbIE SKCM/IAHTbI BYX COPTOB AIPOBOro panca (KaHosbl) 6buin TpaHchopmMu-
poBaHbI c ucnonb3oBaHuem Agrobacterium tumefaciens, HeCyLMMMN reHETUYECKYI0 KOHCTPYKLMIO C FeHOM-MapKe-
pom gfp. Ans ymeHbLUeHVs oy BUTPUPMLMPOBAHHBIX MOGEroB-pereHePaHToOB Mbl ONTUMIM3NPOBAV COAepKa-
HWe caxapo3bl B cpefe pereHepaumun. AHanM3 NOTOMCTBA, MOMYYEHHOrO OT pacTeHWUn nokoneHus TO, nokasan,
4TO B pAfe NIMHWIA pacnpeaeneHne mapkepa gfp He NOJUMHANOCH Cerperauym MOHOreHHOro npusHaka no MeH-
[ento ANIA CaMOOTbINIAEMbIX PacTeHWI, B TO BPEMA Kak B MOTOMCTBE APYrvX NMHWUIA MapKep gfp NOAHOCTbIO OT-
CYTCTBOBaJ, XOTA €ro NpUCyTCTBME 6bINO NOATBEPKAEHO Y BCeX OTOOPaHHbIX pacTeHuin TO. ObHapy»KeHo, UTo y
VHAVBUAYaNbHbIX TPaHCPOPMaHTOB gfp HacneayeTcs CyyaliHbiM 06Pa3oM Mo BCeMy LiIEHTPasIbHOMY LIBETOHOCY,
€ro Hafmyve B reHoMe NMPOPOCTKOB HE 3aBMCENIO OT MECTOMOJNIOXKEHNA CTPYyUKa. Takum 06pa3om, B 06pa3oBaHmm
ramet pacteHuin TO yyacTBoBanu 06a Tvina KNeTok — TpPaHCPOPMMPOBAHHbIE 1 HETPaHCPOPMUPOBaHHbIe. ToMMO
TOro, cerperauma mapkepa pasfimyanacb y pacTeHuin IMHUA T1, NonyYeHHbIX YepeHKOBaHMEM NEPBUYHOIO TPaHC-
bopmaHTa, B 3aBUCMMOCTM OT MECTOMONOKEHUA YepeHKa Ha CcTebsie MCXO[HOTo pacTeHNA, YTO YKa3biBaeT Ha XU-
MEPHOCTb PaCTEHNIN JAHHOTO MoKoneHus. [lanee yCTaHOB/IEHO, UTO YepeHKOBaHUe PacTeHNI C MOCefyoLWwym
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An increased proportion of transgenic plants
in the progeny of rapeseed (Brassica napus L.) transformants

pa3MHOXeHNeM ceMeHaMu, 06pa3oBaBLLVMICA B pe3ynibTaTe CaMOOMbIIEHNSA, MPUBOAMIIO K YBENTMUYEHUIO [ON
TPaHCreHHbIX PacTeHUI B Clieflylolyx NoKoneHmsx. MonyyeHHble pesynbTaTbl MoKa3blBaloT, YTO TPAHCHOPMaHTbI
6bINIVI XMMEPHBIMU, T. €. X TKaHV COAepKany Kak TPaHCreHHble, TaK 1 HETPaHCreHHble KNETKU, U 3Ta XUMEPHOCTb
nepefaBanacb B nocsiefytoLme NoKoneHnsa. Kpome coctaBa NuTaTesbHbIX CPef, Ha NOABEHNE XUMEPHbIX pac-
TeHWI1 BO Bpems TpaHchopMaLmm BNINAIOT Takne GaKTopbl, Kak FeHOTWMN pacTeHUs 1 TUM 3KcnnaHTa. OcHoBbIBasACh
Ha 3TVX pe3ynbTaTax, Mbl pa3paboTany yNpoLeHHbIN METOA, COCTOALMIA U3 HECKOMBbKMX PayHA0B KOMOVHALMM
YepeHKOBaHNs, MONyYeHNs CeMAH MeTOLOM CaMOOfMblIeHVs U NOCNeAyoLWe OTOPAKOBKN PaCcTeHNI AMKOTO
TVMa, KOTOPbI MO3BOMMI 3HAUMTESIbHO 060raTUTh MOMYNALMM MOTOMKOB UCXOAHBIX TPAHCHOPMAHTOB parica pac-

TEHVAMM, TPAHCFEHHbIMM MO MapKepy gfp.

KnioueBble cnoBa: HacnefoBaHve TpaHCreHa; TpaHchopmMaus; Xumepa; BUTpudUKaLua (runeprugparauus); panc

(kaHoOMa).

Introduction

Transfer of foreign DNA is currently a routine procedure for
many plant species. However, complications occurring during
shoot regeneration may impede the production of transgenic
plants.

Serious issues arise when Mendelian laws are broken for
some reason during plant transformation resulting in instability
of the transgene integrated into the genome. This complicates
both the experimental work itself and the interpretation of its
outcome, and, therefore, requires further additional careful
studies.

Foreign DNA inserted into the genome is usually inherited
according to Mendel’s laws, segregating in strictly defined
ratios depending on number of integration loci. However, in
some cases, these rules are violated and transgenes become
inherited completely randomly (Sarmah et al., 2004; Popelka
etal., 2006). Researchers facing these cases suggest that non-
Mendelian inheritance may be caused by various rearrange-
ments that occur during transgene integration (Walters et al.,
1992; Tizaoui, Kchouk, 2012). Non-canonical inheritance
may also, in some cases, be explained by the formation of
genotypic chimeras during plant regeneration (Schmiilling,
Schell, 1993).

Transgenic plant chimeras have been described for many
species (Costa et al., 2002; Flachowsky et al., 2008). The oc-
currence of chimeric plants during transformation could be
explained by multiple reasons, for instance, by ineffective-
ness of selective pressure together with endogenous plant
tolerance to the selection agents (Rakosy-Tican et al., 2007),
and by protection of untransformed cells from the action of
selection factor by factor-resistant transformed cells during
regeneration (Dominguez et al., 2004). Thus, most likely
chimeric transformed plants originate from a group of cells
rather than from a single cell of the primary explant (Zhu et
al., 2007). The framework of the chimera formation is usually
not discussed in the literature, while the elucidation of these
mechanisms would help eliminate the possibility of chimera
appearance. Using reporters, such as antibiotic or herbicide
resistance genes, as well as genes expression of which may
cause coloration or glowing of the transformed cells (Zvereva,
Romanov, 2000) and thus help unravel the causes of chimera
formation. One of the latter reporters is the gfp gene, isolated
from the glowing jellyfish Aequorea victoria (Shimomura et
al., 1962). GFP has proven to be a useful tool for monitoring
the appearance of chimeric shoots during regeneration in a
number of plant species (Malyshenko et al., 2003; Faize et
al., 2010).
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The formation of chimeric plants during regeneration com-
plicates further work with transformants, since the propor-
tion of transgenic plants in the progeny population may be
significantly reduced, both when TO plants are propagated
by cuttings well as by seeds. In order to obtain genetically
homogeneous transgenic progeny of TO generation by vege-
tative propagation, it is necessary to develop approaches to
remove chimeras. Therefore, it is necessary to elucidate the
factors that may contribute to the formation of chimeric canola
plants. This may be achieved by studying the inheritance of
gfp marker in descendants of primary regenerants obtained
during transformation. In addition, we set out the goal to de-
velop a fairly simple approach that allowed to help eliminate
chimeras and enrich the populations of transformant progeny
with transgene-containing plants.

Materials and methods

Plant material and explant preparation. Two spring cano-
la Brassica napus L. varieties — Westar (Canadian origins)
and Podmoskovny (Russian origins) were used in this study.
Cotyledons of five days old seedlings germinated in vitro or
the leaf segments from plants propagated by cuttings and
then grown in vitro for 10—-12 weeks were used as explants.
Before germinating, the seeds were sterilized for 1 min with
70 % ethanol and 20 min with a 20 % solution of commercial
sodium hypochlorite (Domestos, Russia), washed 5 times with
sterile distilled water and then placed on solid (0.7 % agar)
1/2 Murashige and Skoog (MS) medium lacking hormones
and supplemented with 0.5 % sucrose. Plates with seeds were
placed in the dark and kept there for 24 hours, then transferred
to a phytotron light chamber with the 12/12 h day/night cycle
at illumination intensity of 250 umol-m2-s~!, and day/night
temperatures of 20-22/17-19 °C. After 5 days, cotyledon lobes
cut from seedlings were used to obtain explants. A leaf blade
with the removed main vein was cut into 5 mm segments.

All the regeneration media were supplemented with 7 g/L
of agar. pH of the media was adjusted to 5.8 before adding
agar and autoclaving.

Agrobacterial transformation and plant regeneration.
Agrobacterium tumefaciens strain AGLO that bears the genetic
construct pA3011 with gfp as a marker gene and npt11 selec-
tion marker was used for plant transformation (Fig. 1, a). The
construct was kindly provided by Dr. Peter Ivanov, Depart-
ment of Virology, Biological Faculty of Lomonosov Moscow
State University. Agrobacterium cultures were grown in liquid
LB medium containing 50 mg/L rifampicin (Rf) and 50 mg/L
kanamycin (Km) with vigorous shaking at 25 °C for 24 hours.
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Fig. 1. Schemes of the used genetic construct (a) and the experiment on enrichment of populations of the descendants of trans-
genic plants with gfp-positive plants (b). Created with Paint Tool Sai 2.0.

a-map of T-DNA region of the pA3011 construct that was used to transform the canola cotyledon and leaf explants. 35S pro - promoter
of the cauliflower mosaic virus (CaMV) 35S; GFP - coding region of the GFP gene; 3'NTR - 3’-non-translated sequence from the nopaline
synthase gene (NOS); Nos ter — terminator of nopaline synthase gene; Nos pro — promoter of nopaline synthase gene; NPTIl - coding
region of the neomycin phosphotransferase gene; RB - right border; LB - left border.

b - diagram describing the procedure for enrichment of Brassica napus L. transgenic population with plants genetically homogenous
for the transgene of interest. PCR-positive TO plants were cut and the resulting cuttings (stalks a & b) were planted in vitro. After rooting,
grown plantlets a and b were planted in the soil to obtain seeds. Only the first (lower) cuttings (stalks a) of subsequent generation T1 plants
were used for planting in the soil. The described cycle of cutting and obtaining seeds from plants grown only from the lower cuttings was
repeated for generations T2 and T3 and for subsequent generations if needed. Stalk a - first (lower) cutting; Stalk b — second (upper) cut-
ting; Diagnostic PCR - PCR on the genomic DNA template purified from a leaf of each of the individual regenerants with primers for gfp;
Transformant TO - transgene-positive regenerant; Plant TO - rooted transformant TO.

To produce transgenic plants, the joint cultivation proce-
dure of explants growing together with A. tumefaciens cells
on the surface of agar medium was as previously reported
(Malyshenko et al., 2003; Danilova et al., 2009). After 2 days
of co-cultivation on the callusogenesis medium (MS medium
containing 3 % sucrose, 2 mg/L a-naphthylacetic acid (NAA),
4 mg/L kinetin, 0.1 mg/L 2,4-Dichlorophenoxyacetic acid
(2,4-D)) in the dark, both types of explants were transferred
to the morphogenesis medium (MS medium containing 0.7 or
1 % sucrose, 8 mg/L 6-benzylaminopurine (BAP), 1.0 mg/L
NAA) supplemented with 800 mg/L cefotaxime (Cf), 3 mg/L
abscisic acid (ABA), and 5 mg/L AgNO, and then placed
in a light chamber (12/12 day/night cycle at illumination
intensity of 250 umol-m2-s7!), and day/night temperatures

0f 20-22/17-19 °C). At the end of two week incubation, ex-
plants were transferred to the morphogenesis medium lacking
ABK, but supplemented with 500 mg/L Cf. For cotyledonous
explants, Km (15 mg/L) was added to the media depending
of the need of a particular experiment. After 5-6 weeks, the
formed shoots were cut off from the explants with a razor blade
and placed on the rooting medium (0.7 % sucrose, 1/2 macro-
MS, total microsalts, CaCl, and iron chelate, 0.1 mg/L NAA).
Cf was also added to the rooting medium at these stages at
300 mg/L.

TO transgenic plants of both varieties in which the pre-
sence of the gfp marker was confirmed by PCR were cut
and both lower (stalk a) and upper (stalk b) cuttings were
planted in vitro on rooting medium (see Fig. 1, b). After root
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formation the plantlets were transplanted into the soil and
grown under phytotron conditions (12/12 day/night cycle at
an intensity of 250 umol-m2-s! and day/night temperatures
0f20-22/17-19 °C) to obtain TO progeny. In order to analyze
distribution of transgenic and non-transgenic seeds in the
pods on the peduncles of transformed rapeseed self-pollinated
TO plants, seeds from each pod were collected separately and
after disinfection were planted onto 1/2 MS solid agar medium
containing 0.5 % sucrose. Km was not included in the media
since gfp-containing trangenic seeds did not necessarily contain
npt1l as well, and both types of seeds, wild-type and trans-
genic, germinated poorly on media with Km. The obtained
seedlings were screened for marker genes using diagnostic
PCR. To obtain T1 plants, all seeds from pods of TO plants
were mixed together and germinated as described above. Only
gfp* seedlings had been selected for growing T1 plants. For
seeds produced by plants of the subsequent generations, the
same procedures were carried out. The shematic representation
of the experiments is shown on Fig. 1, b.

Screening plants for presence of marker genes. Plasmid
DNA was isolated from bacterial cells by alkaline lysis pro-
cedure (Green, Sambrook, 2013). Plant total DNA for PCR
analysis was isolated using a procedure described by Fulton
et al. (1995).

Transformants and plants of TO, T1 and T2 progenies were
screened by diagnostic PCR for presence of gfp marker with
a pair of primers eGFP_FW 5-CCTGAAGTTCATCTGC
ACCAC-3' and eGFP_RV 5'-ACTCCAGCAGGACCAT
GTGAT-3', and for the npfIl gene with a pair of primers
NPT FW 5-GTGGAGAAGGCTATTCGGCTA-3' and
NPT RV 5'-CCACCATGATATTCGGCAAG-3', respectively,
using the following amplification protocol: 94 °C — 4 min,
then 30 cycles of amplification (94 °C — 60 s, 64 °C — 60 s,
72 °C —60 s), and final extension at 72 °C for 4 min. DNA of
pA3011 construct served as a positive control and genomic
DNA isolated from canola wild type plants was used as a
negative control. Additionally, TO transformant shoots were
tested by PCR for contamination with agrobacteria using a pair
primers for virD2: virD2F — 5'-GAACCAAGACCCTTCAG
CA-3'" and virD2R — 5'-ATCCAGGACTATGCCGTGAC-3',
with the following amplification protocol: 94 °C —4 min, then
35 cycles of amplification (94 °C—-60s, 55 °C—-60s, 72 °C—
30 s), and final extension at 72 °C for 4 min. The amplified
fragments were separated on a 0.8 % non-denaturing agarose
ethidium bromide gel.

As an additional proof of plants being transgenic, fluores-
cence of the GFP protein in organs of candidate transgenis
plants was examined by illumination of plant tissues with
blue light (440-480 nm) using Axiophot or Axiolmager mi-
croscopes (Zeiss, Germany).The examples of GFP glow in
the transgenic plants are shown on Fig. 2, b.

Statistical and Mendelian segregation analyses. Five
identical experiments using at least 24 explants for each
experiment were analyzed with one-way ANOVA using the
statistical program SPSS v. 9. To evaluate the difference be-
tween TPs and NTPs the Student’s ¢-test was performed and
p = 0.05 was considered as statistically significant.

The transformation rate was determined as a ratio of the
gfp™ transgenic shoots number versus total number of shoots
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formed. The experimental data was processed using Microsoft
Excel program. The y? criterion was calculated according to
Smiryaev and Kilchevsky (2007).

Results

Search for conditions optimal

for shoot regeneration on rapeseed explants

When sucrose content in the medium is not optimized, the
shoots formed during regeneration could become vitrified
(hyperhydrated) (Qin et al., 2006). It should be noted that in
our canola transformation experiments, the regenerated plants
formed on the explants of two types morphologically different
from one another. On the cotyledon explants, mainly well-
differentiated non-vitrified shoots were formed, whereas on
leaf explants, most of the appeared shoots and primordia were
hyperhydrated and there were no transgenic shoots among the
non-vitrified shoots. In order to minimize vitrification, we have
tested the correlation of sucrose content in the media with
the hyperhydration degree using leaf explants of the Westar
variety. By reducing the sucrose concentration in the medium
to 0.7 %, we were able to significantly decrease the degree of
hyperhydration of the regenerated shoots (Table 1). We used
this sucrose-optimized medium in all subsequent experiments
as a morphogenesis medium for both canola varieties.

Inheritance of the marker genes integrated

into the canola genome

In earlier studies on the transformation of rapeseed cotyledon
explants with various genetic constructs (Gomaa et al., 2012;
Raldugina et al., 2018), we have shown that in offspring po-
pulations of self-pollinated transgenic plants, the segregation
of target and marker genes often did not follow Mendelian
law of inheritance. In these series of experiments, wild-type,
rather than transgenic plants, dominated among the progenies
of self-pollinated plants. In some cases, however, the target
gene was not inherited at all. We assumed that these plant
lines in fact had been chimeric. This was probably due, among
other reasons, to the fact that the lower part of the chimeric
TO shoot was under a stronger selective pressure than the api-
cal part, which was farther away from the medium, and also
grew later, when the antibiotic could have already become
partially decomposed. Thus, non-transformed cells survived
and participated in the formation of TO plants.

We continued our studies by investigating marker gene in-
heritance in several subsequent generations. For this purpose,
we have chosen the gfp gene as a marker, because observing
the luminescence of GFP protein should allow us to moni-
tor the formation of regenerating shoots at the early stages.
However, we were unable to obtain reliable data with clear
evidence of the chimera presence in the formed primordial
structures (Hoang, Raldugina, 2012), i.e. we were not able to
distinguish transgenic cells from non-transformed cells. Glow-
ing was observed in different parts of plants, regardless of the
genotype and/or of the explant type (see Fig. 2, b). Therefore,
we have not used this approach in the current work to study
chimeric nature of the transgenic plants and the factors that
may be involved in the chimera formation. Further analyses
of the transformed plants were performed using only PCR
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Fig. 2. Screening of candidate plants obtained by agrobacterial transformation for the presence of gfp marker.

a - diagnostic PCR to determine the presence of gfp marker in the genomes of candidate plants. Total DNA was purified from plant mate-
rial and PCR in total volume of 20 uL was carried out as described in Materials and Methods. Ten microliter sample aliquots were then run
on a 1% non-denatured agarose gel containing ethidium bromide. M — molecular weight markers; C+ — PCR using pA3011 DNA (positive
control); C- - PCR using wild type canola total DNA (negative control); H - PCR using water instead of DNA template (contamination con-
trol); 7-16 — PCR using DNA prepared from candidate plants’ material.

b - fluorescence of GFP protein in the cells of the leaf mesophyll of the transformed canola plant. 7 - transgenic plant leaf in transmitted
light, 2 - transgenic plants leaf in ultraviolet light, mesophyll cells are seen as the glowing dots.

Table 1. Dependence of vitrification levels of Westar-originated regenerated shoots

on sucrose concentration in the medium

Sucrose concentration, % Proportion

of differentiated shoots
among all formations, %

Note. Data are the mean+SD.

analyses (see Materials and Methods). The results of screen-
ing candidate plants for presence of gfp marker are shown
in Fig. 2, a. The data obtained by the PCR analyses were
confirmed by detecting the fluorescence of the GFP protein
in the organs of candidate plants (see Fig. 2, b and Materials
and Methods).

In addition, the original TO transformant regenerants were
tested by PCR for agrobacterial contamination as described
in Materials and Methods; however, no plant was found to be
contaminated (data not shown).

Inheritance of gfp marker in TO regenerants
Several lines of GFP-expressing TO plants derived from ex-
plants of both varieties were planted in the soil. All plants were
fertile and after self-pollinating viable seeds were formed. The
harvested seeds were germinated under aseptic conditions
and were then screened for presence of the gfp marker gene.
To find out what types of cells, transformed or non-trans-
genic, were involved in the formation of generative organs of

Proportion among differentiated shoots, %

Transgenic shoots
(transformation frequency)

TO plants, we checked gfp marker inheritance in pods formed
on the central bunch of plants of each of the 6 selected lines.
Only four to five lower pods collected from the central bunches
were analyzed for presence of gfp, since viable seeds were
formed exclusively in these pods, but not in pods located
higher, under phytotron conditions. We found that gfp was
inherited randomly throughout the bunch, its presence in the
genome of seedlings was not dependent on the location of the
pod. This marker was found only in progeny of plants pro-
duced from cotyledon explants (Table 2). All seeds harvested
from plants originated from leaf explants, were found to be
non-transgenic. Thus, both types of cells participated in the
formation of gametes of TO plants.

Inheritance of the gfp marker

in plants propagated by nodal cuttings

Due to the ability of rapeseed plants to propagate vegetatively
by nodal cuttings, an approach widely used to clone individual
canola plans, we investigated whether gfp marker inheritance
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Table 2. Distribution of transgenic and non-transgenic seeds
in the pods on the peduncles of transformed rapeseed T0 plants

Line The number of transgenic and non-transgenic seeds
(gfp*/gfp) and transgenic seed proportion, %
Pod number
1 2 3 4 5
PC-1 2/8 71 7/3 3/6 NF
20 87.5 70 33 -
PC-2 0/7 0/10 2/5 0/8 3/3
0 0 28.5 0 50
WC-3 8/2 6/1 4/3 NF NF
80 85.7 57.1 - -
PL-4 0/9 0/8 0/8 0/10 NF
0 0 0 0 -
WL-5 0/10 0/10 0/5 0/10 NF
0 0 0 0 -
WL-6 0/10 0/8 0/8 NF NF
0 0 0 - -

Note. Germination medium contained 0.5x MS and 0.5 % sucrose. P — Pod-
moskovny, W - Westar, C - cotyledon explants, L - leaf explants, dash - seeds
inviable, NF - seeds not formed.

An increased proportion of transgenic plants
in the progeny of rapeseed (Brassica napus L.) transformants

depended on a number cutting rounds (see Fig. 1, b). Seeds
produced by TO plants were disinfected and then germinated.
Seedlings expressing GFP were planted on rooting medium.
Upon the formation of two internodes, the shoots were cut,
re-rooted, and the plants formed from the axillary bud of the
lower internode were planted in the soil (stalks a, see Fig. 1, b).
Plants formed from the apical bud were cut again and after
rooting of the lower cuttings (stalks b), they were also planted
in the soil. The seeds harvested from these plants were sown
again, and the seedlings were tested for presence of gfp marker.

Statistical evaluation of the gfp segregation data using the
2 criterion showed that for lower cuttings obtained from
three independent lines of Westar variety (W-2, W-3, W-4)
gfp inheritance followed Mendelian rules for a monogenic trait
(Table 3). However, for upper cuttings, random segregation
of gfp marker was seen in the next generation plants. Only in
W-5, where a plant formed from lower cutting unfortunately
had died, Mendelian segregation was observed in progeny of
plant grown from upper cutting.

In respect of Podmoskovny variety plants, the distribution
of marker gene was completely random and Mendelian segre-
gation was never observed there. However, some seeds con-
taining gfp were always ripened on every plant of this variety.

Table 3. Segregation of gfp marker in transgenic T1 rapeseed plants, originated from cotyledon explants

Total number
of TO progeny
plants

Line Cutting

(in brackets, %)

Number of transgenic plants
(gfp*) and their proportions

Number of non-  H¢ Ho Keheor
transgenic plants
(9fp)

2 ) ) ) . )
Note.The standard value of X .., = 3.84 with p < 0.05. H, - theoretical segregation; H¢ — actual segregation; W — Westar; P - Podmoskovny; a - lower cutting;

b — upper cutting; N/A - not applicable.
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Thus, the progeny plants obtained by self-pollination of the
original TO transformants, unexpectedly for us, also turned out
to be most likely of chimeric nature.

Inheritance of gfp marker

in plants of T1 and T2 generations

Integration of transgenic constructs at a single Mendelian
locus, regardless of copy number, is typically observed in
transformants produced by Agrobacterium-mediated trans-
formation. Based on the assumption that TO transformants
and TO clones obtained from lower and upper cuttings con-
tain gfp marker insertion at a singlelocus, then in the next
T1 progeny three classes of plants according to the genotype
could be expected.

In order to enrich transgenic rape populations with plants
containing gfp marker, only plants homozygous for this
marker can be taken to produce T1 progeny. It could be
achieved by physical mapping of marker insertion position
in plant genome followed by PCR analysis to select for ho-
mozygotes in this plant progeny. Alternatively, homozygosity
of gfp marker may be determined by segregation analysis.
A 4:0 gfp marker segregation in the next generation would
indicate that parental plants were gfp*/gfp* homozygotes.
However, both of these approaches are labor- and time-
consuming. We, on the contrary, proposed a simplified selec-
tion method for enriching populations of TO progenies with
gfp-positive plants regardless of the genotype. Although hete-
rozygous transgenic plants will definitely produce non-trans-
genic off-springs in subsequent generations, however, in terms
of transgene expression, in practice it is often not so important
whether the transgene-expressing plants are heterozygous or
homozygous, the fact of the expression taking place is of the
most importance.

To enrich transgenic canola populations for gfp marker-
containing plants, both hemi- and homozygous, we culled
gfp-negative seeds in T1 and T2 progenies. Three TO lines of
transformed plants of the Westar variety and one TO line of
the Podmoskovny variety were grown from upper cuttings
(we have not used lower cuttings since some of them died)
(Table 4).

Seedlings tested positive for gfp were cut when one interno-
dium was formed. In this case, the upper cuttings (b) of T2 and
T3 transgenic plants were planted in the ground. The results
of PCR analysis showed that the proportions of gfp-negative
seeds produced by T2 and T3 plants decreased, although the
numbers of transgenic seeds for every tested plant remained
at similar levels.

Discussion

The influence of sucrose

on the vitrification degree of regenerant shoots

The formation of over-hydrated shoots in many species de-
pends on sucrose content in the nutrient medium (Sharma,
Thorpe, 1989; Qin et al., 2006). In this study, we showed that
the lowering sucrose concentration in the regeneration media
to 0.7 % led to a decrease in the degree of canola shoot vit-
rification (see Table 1); that is in accordance with the results
described by Yu etal. (2011) on regeneration of the hypocotyl
segments of broccoli seedlings.

YBenvnueHve Aonm TpaHCreHHbIX pacTeHni 2021
B MNOTOMCTBe TpaHCcPOpPMaHTOB parica Brassica napus L. 25.2
Table 4. Proportions (%) of gfp™ plants

in three subsequent generations of transformed plants

Transformed plant line T1 T2 T3

W-3b gfp*/gfp™ 16/17  16/5 171
Proportion of transgenic  48.5 76.2 94.4
seeds, %

W-4b gfp*/gfp 14/23  17/4 16/2
Proportion of transgenic  37.8 80.9 88.9
seeds, %

W-5b gfp*/gfp™ 24/7 10/11 12/6
Proportion of transgenic  77.4 47.6 66.7
seeds, %

P-8b gfo*/gfp™ 17/23  16/5 14/2
Proportion of transgenic  45.5 76.2 87.5

seeds, %

lower cutting plants had died. W — Westar, P - Podmoskovny, b - second cut-
ting.

Inheritance of gfp marker

in rapeseed plants of the TO generation

Analysis of transgenic and non-transgenic seeds allocation
on the flower bunches of each TO plant of cotyledon origin
showed that during bunch growth and pod formation distribu-
tion of gfp marker was completely random, regardless of pod
location (see Table 2). This random inheritance suggests that
these TO plants were likely chimeric. It is possible that such a
distribution is due to gamete formation from both transgenic
and non-transformed cells. Many researchers who have studied
transgene inheritance in different plant species suggest that
distortion of segregation may reflect sterility of one type of
gametes. Aragdo et al. (1996) explained the segregation ratio
of 1:1, observed in progeny of the transgenic soybean plants
by the unviability of transgenic pollen. Walters et al. (1992)
suggested that the lack of expected segregation in the progeny
originated from crossing transgenic and non-transformed
maize plants may be due to pollen unviability in the transgenic
plants caused by unsuccessful transgene integration. Non-
canonical segregation may also be explained by the chimeric
nature of the transgenic plants, in which some gametes may be
formed from untransformed cells. Hiei et al. (1994) noted that
the progeny of rice transformants showed unusual segrega-
tion of gus marker gene since TO plant population consisted
exclusively of chimeric plants.

Meristematic formations on the explants that appeared dur-
ing morphogenesis consist of hull and tunic, with the latter
containing several layers, designated starting from the outer
layer as L1, L2, L3, etc. (Tooke, Battey, 2003). Each layer
of the meristem is responsible for the development of certain
plant tissues and organs. For instance, layer L2 is responsible
for pollen and seeds formation (plant floral organs) (Irish,
1991). Apparently, the transformed cells are present mainly
in the outer layer of L1 (Tooke, Battey, 2003). Based on our
data, we assumed that the regenerants formed on cotyledon
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explants usually originate mainly from the L2 layer, with the
participation of the L1 and L3 layers. On leaf explants the
formation of shoots occurs exclusively from the cells of the
layer L3, where the transformed cells are not found.

To confirm this, we analyzed the segregation of gfp marker
in progeny of the original transformants. We have found sig-
nificant deviations from the Mendelian segregation ratios of
3:1 (one Mendelian gfp integration locus) for almost all plants
(see Table 3, cuttings a). Statistical evaluation of gfp marker
segregation data in rapeseed TO plant population propagated
by cutting was performed using the ¥ criterion considering
that gfp marker became integrated into the canola genome ata
single locus during agrobacterial transformation. It should be
noted that some lines, for example, W-3a and W-4a, that pro-
duced 80 % or higher proportions of gfp-positive seeds might
contain two or ever a higher number of integration loci of this
marker gene in a single or multiple chromosomes (see Table 3,
bold numbers). This assumption, however, does not change
the conclusion regarding the chimeric nature of the TO plants
since none of the plants showed gfp* seeds proportion near
95 % which would have corresponded to 15:1 segregation
ratio for digenic trait. Therefore, lines W-3a and W-4a were
also likely chimeric as well. Thus, it appears that most of the
original transformants were chimeric. The tissues of the gene-
rative organs therefore may have developed simultaneously
from both transformed and non-transformed cells forming a
chimeric meristem, where non-transgenic cells were probably
dividing faster than transgenic cells. We hypothesized that
under low selective pressure, upon shoot growth, at some
point untransformed cells began to predominate in the shoots.

Subsequently, we tested this hypothesis by cutting shoots
grown directly from the explant (TO plants, see Fig. 1, ) and
by growing the resulting plantlets for seed production. It was
found that type of marker segregation depended on particular
plantlet used to grow the adult plant that later formed seeds.

Marker segregation in plant progeny

obtained by nodal cutting

Statistical evaluation of gfp marker segregation data (see
Table 3) showed that even if in some plants originated from
the lower part of the shoot (stalk a, see Fig. 1, b, lines W-2,
W-3 and W-4), a 3:1 segregation was seen, however, for
plants, originated from the upper part of the shoot (stalk b) this
evaluation revealed that marker segregated randomly. Thus,
in most of the T1 plants inheritance of gfp was dependent
on a cutting location, confirming these plants were chimeric.
Planting original shoots cut directly from the explant and
positively tested for gfp marker without preliminary rounds
of additional propagations by cuttings therefore may lead to
selecting chimeric transformants and in the following genera-
tions to increasing the proportion of non-transgenic plants in
progeny populations.

The approach described above allowed us to identify puta-
tive chimeras that must be somehow eliminated from popu-
lation of transgenic plants. Some researchers, for example,
Chen (2011), in order to get rid of chimeras among Lesque-
rella fendleri transformants recommend carrying out several
rounds of successive regenerations, each time selecting shoots
expressing the marker gus gene. Using this approach, the
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author managed to reduce proportion of chimeric shoots from
80-90 to 2.2 %, without increasing concentration of the selec-
tion antibiotic, that strongly inhibited morphogenesis when
supplied in high concentrations to the regeneration medium.

Similar approach involving successive sub-cultivations of
leaf explants that were cut from candidate transgenic plants
is recommended by Li et al. (2009) for producing marker-less
tobacco transgenic plants. Using this procedure, they manag-
ed to reduce the proportion of chimeric plants in transgenic
population from 60-80 to 4-8 %.

The approaches described above are applied when trans-
formed plants need to be propagated vegetatively, for example,
by cutting. In the case of propagation by seeds, for example, by
self-pollination, the next generations of plants are supposed to
be “cleaned” of chimera. However, to our surprise, T1 plants
obtained by self-pollination of the original transformants
turned out to be chimeric. The most obvious explanation
for this phenomenon is the instability of the gfp marker in
the transformant genomes. However, “genetic restoration”,
amechanism of non-Mendelian inheritance of extra-genomic
information, first discovered in Arabidopsis thaliana, may also
take place in our case (Lolle et al., 2005). Several independent
mutant strains of arabidopsis have been shown to produce
apparently normal off-springs with unusually high frequency
of a few percent, which is higher than it would be expected
if there were random reverse mutations. Lolle et al. (2005)
suggested that this is due to the reversion of the original DNA
sequences by a mechanism that includes template-driven
restoration of the ancestral DNA using genetic information
passed on in form of “cache RNA”. This phenomenon, called
the “RNA cache hypothesis”, means that organisms may some-
times re-write their DNA to ancestral sequences based on a
cache RNA template inherited from past generations (Lolle et
al., 2005). The RNA-caching hypothesis, however, has been
challenged by some researchers (Comai, Cartwright, 2005;
Mercier et al., 2008; Miyagawa et al., 2013). Nevertheless,
in support of RNA caching hypothesis, the presence of RNA
copies of genome regions and even full-length chromosome
RNA duplicates has recently been shown in some organisms
(Byeon, Kovalchuk, 2016; Lindblad et al., 2017). It is pos-
sible that in our case this putative mechanism works only for
a fraction of cells, which leads to the appearance of chimeras.

Inheritance of gfp marker

in rapeseed transformants of T1 and T2 generations
Determination of transgenic and non-transgenic seedling num-
bers that germinated from seeds formed on plants of T1 and
T2 generations grown from plantlets obtained from upper cut-
ting (stalk b) of primary transformants revealed that with each
subsequent generation the proportion of seeds tested negative
for gfp marker decreased (see Table 4, Fig. 1, b), although the
total number of seeds was decreased to a lower extent. Since
wild type cells contribute to gamete pool formation in chimeric
T1 plants, there is a higher proportion of wild type plants in
TO progeny compared to that in T1 progeny. A 3:1 segrega-
tion was observed for most of T1 plant lines; this was seen
most likely since integration of gfp marker into the genome
occurred only at a single Mendelian locus in these lines. As
to the increase in gfp* plants proportion in the progeny of
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T2 plants compared to their T1 parents that was observed in
our experiments, an explanation probably should be sought in
non-compliance with conditions necessary for implementation
of the segregation law for monogenic trait. For most sexually
reproducing organisms, cases where Mendel’s laws can strict-
ly account for all patterns of inheritance are relatively rare.
Often the inheritance patterns are more complex (Schacherer,
2016). It is also possible that the failure to comply with the
monogenic trait segregation law in our case is due to grow-
ing plants under phytotron conditions rather than in natural
environment (influence of the environment, epigenetic factors
and RNA-caching?). Addressing these issues, however, was
beyond the scope of current study.

Conclusions

In summary, we have found that the majority of our rege-
nerated transgenic canola plants appear to be chimeras. Un-
fortunately, we were unable to clearly show what factors
determine formation of chimeric transgenic plants. However,
we have shown what factors may be involved in appearance of
chimeric plants during transformation. These include genetic
background of the plant, type of explant used for transforma-
tion, and also of the nutritional media used for transformation
and regeneration procedures. We also showed that chimera,
for some unknown reason(s), may be passed on to subsequent
generations.

According to the reports of the other groups, when trans-
genic plants are being created, chimeric plants also arise.
Usually, researchers cull them and leave only those shoots that
show Mendelian segregation, usually of only one particular
gene, a marker. In addition, inheritance of transgenes in plants
propagated by nodal cutting is not usually studied. Commonly,
the entire transformed regenerant shoot is planted in the soil,
DNA then is isolated from leaf material and tested for trans-
genicity. We, however, first propagated the plants asexually
by nodal cutting, planted obtained cuttings in the soil and only
then studied segregation of gfp marker; this round of selection
should be repeated at least 2-3 times. In this study, we have
shown that our simplified approach allowed us to significantly
increase the proportion of plants containing gfp marker in
descendant populations of transformed canola plants.
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A positive experience in applying the biolistic approach
to potato varieties Aksor and Nevskiy
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Abstract. The method of biological ballistics (biolistic transformation, genetic bombardment) of plants is one of
the most modern methods used for direct gene transfer into plant cells. The main advantages of this method
include the ability to simultaneously incorporate several target genes into the plant genome, carry out transfer
without unnecessary agrobacterial parts and plasmid DNA sequences, and the short time needed to produce
transgenic cells. For different plant objects, the efficiency of obtaining transgenic plants by the ballistic method
varies from 1 to 3 %. For potato plants, the transformation efficiency is quite low at the moment and the selection
of optimal conditions for biolistics is one of the pressing issues of practical biotechnology. This article presents a
successful experience of introducing two genes of interest into two potato varieties using the biolistic approach.
The results of biolistic transformation experiments are presented for two types of explants: potato internodes
and calli of the varieties Aksor and Nevskiy. Of the 862 explants used for transformation, 56 regenerated plants
were obtained. PCR screening of transformants revealed one plant with the insertion of the chitinase gene, one
with the insertion of the endo-f3-1,3-glucanase gene, and co-transformation by both genes was confirmed in four
regenerants. The average transformation efficiency for potato explants was 0.7 %. A high number of regenerants
(56) as opposed to a low number of transformants (6) reflects an attempt to increase the number of regenerants
by using a lower concentration of the selective agent (kanamycin). Although this approach requires more effort,
it can be used to produce potato lines with integrated genes of interest for further use in crop breeding. The lines
of potato obtained in the current study by introducing two genes associated with the plant response to fungal
pathogens will be further assessed for their resistance to fungal diseases and, if successful, will be used in potato
crop breeding.

Key words: biolistic transformation; potato; explant; internodes; calli; biotechnology.
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[TOJIOKUTEIbHBIN OIIBIT IIPMMEHEHMS 61100a/I/ICTUYECKOTO
I1oaxoaa K KapTo@ento copToB AKCop 1 HeBCcKuii
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TA. MCMaI‘yAOBal’ 23 3P MaAbueBal’ 2,3

T YHCTUTYT MoneKynapHoit 61onorumn 1 6uoxmumun nm. M.A. AiiTxoxmHa KomuTeTa Haykin MuHICTepCTBa 06pasoBaHua U Hayki Pecny6amnku KasaxcraH,
Anmarbl, KazaxcTtaH

2 IHCTUTYT BMONONN 1 BUOTEXHONOMAN pacTeHMi KomnTeTa Haykin MUHUCTEPCTBa 06pasoBaHmA U Hayki Pecry6anku KasaxctaH, Anmatbl, KasaxctaH

3 Ounman HaumoHanbHoro LeHTpa 6roTexHonorun Komnreta Haykn MuHucTepcTBa obpasoBaHua 1 Haykn Pecnybnuku KasaxctaH, Anmatbl, KasaxctaH

@ tasha_malakhova@mail.ru

AHHoTayusA. MeTon 6nobannncTnyeckoit TpaHchopmaLny pacTeHNin — OAUH 13 Harnbosiee COBPEMEHHbBIX CMOCOo-
60B, KCMoMb3yeMbIX ANA NPAMOro NepeHoca reHOB B KNETKN pacTeHui. K rnaBHbIM npermyLiecTsam 3TOro MeTo-
[la OTHOCATCA BO3MOXKHOCTb OAHOBPEMEHHO BCTPamBaTb B FEeHOM PacTeHUI HECKOSIbKO LieNIeBbIX FreHOB, NPOBO-
OUTb nepeHoc 6e3 NUIWHMX arpobakTepuranbHbIX YYacTKOB 1 nocnegoBaTenbHocTel nnasmmaHon OHK, a Takxke
KOPOTKVE CPOKM NMONyYeHUs TPAHCTeHHBIX KNeToK. B cpegHem Ansa pa3Hbix 06beKTOB 3G PeKTUBHOCTb NOMyYeHMs
TPaHCreHHbIX PacTeHnn 6ananCcTUYECKMM METOLOM BapbupyeT oT 1 fo 3 %. [Ina pacteHnin kaptodena Ha ceroa-
HALIHWI MOMEHT 3 PeKTUBHOCTb TPaHCPOpMaLIMM JOBONbHO HU3KasdA, 1 NOAO0P ONTMManbHbIX YCIOBUI NpoBeae-
HUA 61OBANNNCTVIKN ABNAETCA OQHUM 13 aKTyaslbHbIX BOMPOCOB NPaKTUYecKolr 61MoTexHonoruun. B gaHHom ctatbe
npefcTaBieH NONOXNTENbHbIV OMbIT BHEAPEHNA ABYX FeHOB UHTepeca B ABa copTa KapTodensa C UCnosib3oBaHeM
noaxoaoB 6no6annmcTukn. MpeactasneHbl pe3ynbraTbl SKCNEPUMEHTOB Mo 61obanamcTuyeckomn TpaHchopmaLmm
[IBYX BMAOB 3KCMAHTOB — MEXA0Y3N1I 1 KannycoB Kaptodensa coptoB Akcop 1 Heckuin. I3 862 3KCnnaHToOB,
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noaBeprHyTbiX TpaHCGOPMaLMK, NOyYeHO 56 pacTeHnn-pereHepaHToB. B pe3ynbraTe CKpUHMHIa TpaHCGOpPMaH-
ToB MeTogom [P BbiABNEHO OAHO pacTeHMe CO BCTaBKOW FeHa XMTWHAa3bl, OAHO CO BCTaBKOW reHa sHAo-B-1,3-
IJII0OKaHa3bl U B YeTblpex pereHepaHTax NoATBEPKAeHa KoTpaHcpopmauma obonmmn reHamu. CpepHaa 3ddpexTus-
HOCTb TpPaHcPopMaLmm SKCNaHToB KapTodena coctasuna 0.7 %. bonblioe uncno pacTeHuii-pereHepaHToB (56)
MO OTHOLLEHNIO K Yncy TpaHCGOPMaHTOB (6) OTparkaeT MOMbITKY YBENNUYNTL KOIMYECTBO pereHepaHToB 1CMosb-
30BaHVEM HU3KMX KOHLEHTPaLUWIA CENEKTVBHOIO areHTa (aHTMO6MOTMKa KaHaMuLmHa). XoTa 3TOT noaxop Tpebyet
3aMeTHbIX YCUIIUIA, OH MOXET NMPUMEHATbCA ANA NOSTyYeHNA IMHWUIA KapTodena co BCTaBKOW reHOB MHTepeca AnA
MX JaribHEelLIero NCnonb30oBaHnA B cenekumm. JIuHum kaptodens, nosyyeHHble B AaHHOM UCCNefoBaHUM nocie
BHe[|peHVisl ABYX FeHOB, CBA3AaHHbIX C YCTOMYMBOCTBIO PAaCTEHUI K rprOHBIM NaToreHam, 6yayT B JabHeLeM oLie-
HMBATbCA Ha YCTONUMBOCTb K FPUOHbIM 3a6051eBaHMAM U B CllyYae YCMELWHOro NMPOXOXAEHNA UCNbITaHWIA 6yayT

BKJIOUEHbI B Ce/TeKLNOHHbIN OT60p.

KntoueBble cnoa: buobannmctnyeckas Tpchd)opmauMﬂ; KapTOd)eJ'Ib; SKCNMAHT; MeXA0Yy3NunaA; Kannycbl; 6urotex-

HOJIOIrUA.

Introduction

Modern biotechnological studies dedicated to the transforma-
tion of potatoes use a number of approaches based on both
direct gene transfer and agrobacteria. The agrobacterial ap-
proach has traditionally been used to transform potato leaves,
internodes, and tubers. This is due to the good susceptibility
of potato plants to agrobacteria, and this method serves best
when it is necessary to transfer one gene to the genome of
the host plant. If the goal of research is the introduction of
several genes into the genome at once, with their coordinated
integration and expression, then the method of choice will
be the biolistic transformation (Romano et al., 2001; Craig
et al., 2005).

It is known that the effectiveness of biolistic transformation
depends on a large number of factors, including the number
of embryogenic cells, their regenerative ability, the number
of DNA-coated particles, and the amount of DNA that is
bound to the particles (Rivera et al., 2012). However, in case
of potatoes the transformation success also largely depends
on the genotype of the plant (Jo et al., 2014).

Despite the fact that the method of biolistic transformation
has been used for about 20 years and has become routine for
some crops (Taylor, Fauquet, 2002), it is still rarely used for
potatoes. The first work on the bombardment of potatoes was
published in 2001 (Romano et al., 2001), but since then the
number of such works has not exceeded a dozen. The sizes of
introduced sequences (Ercolano et al., 2004), the comparison
with PEG-mediated transformation of protoplasts (Craig et al.,
2005) and even the possibility of conducting bombardment
with agrobacterial cells carrying three genes of interest were
studied (Nguyen et al., 2001).

According to available literature, the efficiency of potato
transformation largely depends on the explants for bombard-
ment: for leaves, it is 0.02 plants per transformed explant;
this index is higher for micro-tuber slices (0.1 plants per
transformed explant), and the maximum result is achieved
when using internodes (0.77 plants per transformed explant)
(Romano et al., 2001).

However, to date, there are not enough comparable data in
the literature on the effectiveness of transformation using the
bombardment method depending on the type of explants. The
explant type mostly used in the studies where transformation
efficiency was indicated in numbers was potato leaves. For
example, Craig et al. (2005) indicate 0.5 transformation events
per leaf as efficiency, and Nguyen et al. (2001) confirm these
numbers, indicating that the transformation efficiency was
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similar to Craig’s data. The only comparable data available in
the literature are the data by Romano et al. (2001).

In addition, all works that somehow describe the effective-
ness of transformation state that it depends on the genotype,
with a special mention of “low frequency of the appearance
of regenerants selected using kanamycin” (Ercolano et al.,
2004). The experiments performed by Joe and colleagues
(Jo et al., 2014) even show that marker-free transformation
is more prone to the characteristics of the variety compared
to marker-mediated transformation. The authors suggest that
this may be due to the variety-specific features of antibiotic
tolerance, which gives transformed cells different opportuni-
ties for shoot development.

Although the interest in biolistic transformation for its use
in potato breeding increases, more studies on the application
of method are needed to establish the most suitable explant
type and fine-tune the procedures for both bombardment and
post-bombardment stages.

The purpose of this study was to evaluate the effectiveness
of the biolistic transformation of potatoes depending on the
plant explant type.

Materials and methods

The object of study was potato of two varieties — Aksor and
Nevskiy. Aksor is a potato variety of Kazakhstan’s breed, cha-
racterized by relative heat resistance, drought resistance, and
disease resistance (http://www.kartofel.org/cultivars/reg_cult/
aksor.pdf). Nevskiy is a potato variety of Russian selection,
medium early, high-yielding, poorly resistant to fusarium
infection (http://www.kartofel.org/katalog/katalog].pdf).

Preparing plant explants for transformation. Explant
type 1. The internodes of test plants (21-28 days old), grown
on the medium for test tube plants, were longitudinally cut into
segments and directly exposed to OSS osmotic medium with
cut side up (composition of the medium is provided below in
the corresponding section) 24 hours before the bombardment
(Sanford et al., 1993).

Explant type 2. A two-week callus was obtained from po-
tato plants cultivated on the medium for test tube plants, cut
along internodes and put with cut side up on callus-inducing
medium. Resulting callus was transferred to osmotic medium
and simultaneously embryogenic callus was selected with
the control of a stereoscopic microscope (Sambrook et al.,
1989).

Genetic constructs for potato transformation. The full-
size genes — class I chitinase and potato endo-B-1,3-gluca-
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Table 1. The composition of the media used in the study
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Parameter Test tube plants’

Medium

Callus-inducing
Medium

Selection
Medium

Osmotic
Medium (OSS)

Regeneration
Medium

nase — were cloned from the potato variety Aksor induced
by Fusarium solani (Chirkin et al., 2016). The genes were
excised from pUC57 vector by BamHI and Sacl sites and in-
dependently cloned to pBI121 vector containing the selective
kanamycin resistance gene, resulting in two separate genetic
constructs. Minimal expression unit (MEU) was excised from
the vector with EcoRI and Bgl/lI restriction endonucleases.

Biolistic transformation of potato embryogenic callus
and internodes. The biolistic transformation of the potatoes
was carried out on PDS-1000/He Particle Delivery System
(Bio-Rad) device at vacuum pressure of 91.4-94.8 kPa, using
gold particles bound to DNA according to the manufacturer’s
instructions. For each experiment, 100 ng of elution-purified
MEU was used. Microparticles (1 um) of gold (Bio-Rad)
coated with DNA according to the binding procedure (Sanford
etal., 1993) were used. Four to seven shots were fired for each
design, using both 900 and 1100 psi discs.

Nutrient media. The composition of the nutrient media
used in the study is provided in Table 1. All the media are based
on Murashige—Skoog medium (Murashige, Skoog, 1962).

Cultivation of plant tissue after transformation. After the
bombardment, the plant material was left on osmotic media
for two days, then the transformed calli were planted on Selec-
tion Medium containing antibiotic kanamycin as a selective
agent. Selection took from 45 to 65 days with exposition to
the light to register points of growth, detected by the presence
of chlorophyll-bearing cells at 10-20x magnification. The se-
lected growth points were passaged to regeneration medium.
Regenerants were first planted in Petri dishes, and then, as
they grew, into Magenta boxes. Resulting individual plants
were passaged to test tubes plants’ medium.

Analysis of the presence of the target gene insert in
regenerated plants. All regenerated plants were analyzed

NPT Il (Kan’)

Pstl Sphl

for the presence of the target gene insert. The analysis of
the insert was carried out by a polymerase chain reaction
using primers selected for the introduced genetic design. For
analysis of the presence of the glucanase gene insert in potato
plants, the following primers were used: Ch_ S F (CCACG
TCTTCAAAGCAAGTGG); GlL S R (TGAATGTTGGTG
GCAACAAGTAAT).

The primer design for the chitinase gene insert was the
following: Ch_S F (CCACGTCTTCAAAGCAAGTGG);
Ch_ S R (CATTTGTATTACCACACCAGCCQG).

DNA for analysis was isolated using Sigma EXTRACT-N-
AMP-RED PLANT PCR kit. Two microliters of the resulting
DNA were used for PCR along with 2 ul HotTaq %10 buffer,
2 mM MgCl,, 0.2 mM dNTP, 10 pmol of each primer and
1 unit of HotTaq DNA polymerase. The regime for the ampli-
fication of both genes was the following: initial denaturation
at 95 °C for 5 minutes, followed by 35 cycles (94 °C —30 sec;
55°C —30sec; 72 °C — 40 sec) and 72 °C — 5 minutes.

Visualization of the PCR products was carried outin 1.5 %
ethidium bromide-stained agarose gel in TAE buffer and pro-
cessed by gel documentation system (Bio-Rad).

Results

For the biolistic transformation, we used two potato varieties
(Aksor and Nevskiy) introduced in Kazakhstan and the gene-
tic constructs based on the pBI121 vector (Fig. 1) containing
selective kanamycin resistance gene and two target genes —
class I chitinase gene and potato endo-f-1,3-glucanase gene —
cloned from the potato variety Aksor induced by Fusarium
solani infection (Chirkin et al., 2016). These genes were part
ofthe previous research of plants resistance to fungal diseases,
with the idea that their constant expression might increase
plant resistance to fungal diseases.

ATG TGA

B-glucuronidase

Sstl

EcoR|

Fig. 1. Scheme of pBI121 vector.

FTEHETUYECKAA NHXEHEPWA / GENETIC ENGINEERING

159



N.P. Malakhova, Y.A. Skiba, G.A. Iskakova, D.A. Naizabayeva
B.K. Tezekbaeva, G.A. Ismagulova, E.R. Maltseva

Fig. 2. Embryogenic callus of potato on a nutri-
ent medium for the callus induction: a - calli of
Aksor potato; b - calli of Nevskiy potato.

Fig. 3. Potato explant on an osmotic biolistic
medium: a - fresh internodes; b - calli derived
from internodes.

The genes were introduced into the
vector instead of the second selective
marker, the B-glucuronidase gene, under
the control of CaMV-35S promoter to
ensure constant expression of the genes,
allowing the study of their importance
in the plant’s immune response and
the development of potato plants with
enhanced resistance to fungal diseases.
An independent construct was created
for each gene; the presence of the se-
lective gene in both constructs allowed
selecting plants with both genes at once,
as well as with individually introduced
genes.
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A positive experience in applying the biolistic
approach to potato varieties Aksor and Nevskiy

To transform potato cells with two target genes at once, we performed a biolistic
transformation, in which the co-transformation efficiency is quite high and, accord-
ing to the available literature (Romano et al., 2001), is up to 85 % when using two
constructs simultaneously.

The regenerative ability of potatoes is lost quite quickly during callus formation
and cultivation, so, when choosing the optimal tissue for biolistic experiments,
we were primarily guided by the presence of the regenerative ability of the callus
cultures for a long period necessary for the biolistics itself and subsequent regene-
ration and selection on a nutrient medium.

A few studies dedicated to potato biolistic transformation use leaves of 4—5-week-
old seedlings as explant material. However, our preliminary experiments have
shown insufficient regeneration efficiency of this type of explant on the Aksor and
Nevskiy varieties. It should be noted that explants obtained from internodes have
high regeneration potential, and therefore have been successfully used in a number
of studies on agrobacterial transformation to improve the efficiency of the process
(Kisgyorgy et al., 2008; Mielby et al., 2012).

Our preliminary biolistic experiments showed higher effectiveness of internodes
as explant in comparison with leaves and apical meristems. In this regard, to study
the effectiveness of the potato biolistic transformation depending on the type of
plant explant, we selected two types of explant — internodes and 2—3-week calli
obtained from potato internodes.

It should be noted that the two potato varieties selected as the starting material —
Aksor and Nevskiy — differed in behavior in cell culture. During the cultivation of
internodes on a callus-inducing nutrient medium (Fig. 2), the embryogenic calli of
Aksor potatoes were large, uniform, while the calli of Nevskiy potato did not reach
large sizes and began to turn yellow and die relatively quickly.

Both types of explants — fresh potato internodes and a 2-3-weeks-old callus
obtained from potato internodes (Fig. 3) — were used for the biolistic experiment.

This approach was supposed to offset the difference in callus formation of explants
taken in the experiment. This was especially important for calli of the Nevskiy
variety as they showed insufficient callus formation from the original plant mate-
rial, according to the results of the visual assessment of their ability to start callus
formation in vitro.

A'total of 5 series of transformation experiments was conducted, each containing
10 plates, with a total number of explants used — 862, of which 475 explants were
obtained from the Aksor variety, and the remaining 387 — from the Nevskiy variety.
In the presence of the selective agent, cells carrying the antibiotic resistance gene
survived, while non-transformed cells died. Kanamycin, an antibiotic widely used
in the potato transformation studies, was used as a selective agent at a concentra-
tion of 20 mg/1. By the end of the selection stage, during which callus was induced
in the fresh internodes used for ballistics, the two types of explants were almost
equal in shape and size.

After subculturing the explants on the selection medium for 2 months, the plates
were visually analyzed for the presence of the developing plantlets (points of
growth), which were transferred to regeneration medium. Only calli with visible
signs of regeneration were selected, as in Figure 4, a, which shows the explants
to be transferred to regeneration medium (see Fig. 4, b) to stimulate the regenera-
tive abilities of the material by zeatin and gibberellic acid. The regenerant plants
were grown and subcultured on test tube plants’ medium for further study and
propagation.

In general, the explants’ regenerative ability was sufficient, but not all visible
seedlings reached the stage of separation from the main callus into separate magenta
boxes or subsequent transfer to separate tubes. After separation from the main cal-
lus, some regenerants acted differently in the second round of selection. As shown
in Figure 5, one of the plants (right) is tolerant to the presence of kanamycin, while
the other (left) did not go through the selection stage and was rejected.

As a result of the selection, potato regenerant plants presumably carrying an
insert of target chitinase and glucanase genes were obtained. The number of potato
regenerant plants obtained after the transformation of various types of explants (in-
ternode and callus) was different for the two varieties. A total of 56 regenerants was
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Fig. 4. Potato explants after biolistic transfor-
mation: a — potato explants after exposure to
selective medium; b — potato explants at the
regeneration stage.

Fig. 5. Regenerant plants on selective medium
in the second stage of selection.

obtained from the 862 explants taken in
the experiment, with the largest number
of regenerants from the internodes of
the Nevskiy variety. The survival of re-
generated plants from the Aksor callus
tissue was 7.4, and that of the Nevskiy
variety was 4.8 (Table 2).
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Fig. 6. Electrophoretic analysis of potato regenerated plants for the presence of chitinase and
glucanase gene inserts.

Lane 7and 15 -molecular weight marker (50 bp), lane 12 — positive control, lanes 13, 14 - negative controls,
lanes 2-11 - test samples: 2, 3 and 9 — Aksor line carrying chitinase gene (DNA extracted from three plants
of one line), 5 — Nevskiy line with chitinase and glucanase genes, 7 — Nevskiy line with glucanase insert,
4, 6,8 - Aksor lines with no inserts, 70, 17 - Nevskiy lines with no inserts.

The screening of plants was performed after co-transformation. The resulting
regenerated potato plants of both varieties were propagated microclonally in vitro.
For each of the 56 transformed plants (lines), 10 test tube plants were obtained,
which were used to perform polymerase chain reaction (PCR) for the presence of
the target gene insert. Part of the leaf was cut from the plants for DNA isolation,
and subsequently used for PCR with insert-specific primers.

The analysis of potato regenerants was carried out by PCR with specific primers.
Since the introduced genes were also originally isolated from potatoes, the primers
were designed in a special way: the forward sequence of the primer was annealing
to the promoter part of the construct, and the reverse — with chitinase and glucanase
genes, respectively, leading to two reaction products of 290 bp (chitinase gene)
and 210 bp (glucanase gene).

Of the 56 potato regenerant plants, one plant carried an insert of the chitinase
gene (Aksor variety, explant type — fresh internodes), one carried an insert of the
glucanase gene (Nevskiy variety, fresh internodes), and four more were characterized
by the presence of two genes (two belonged to Aksor variety, fresh internodes, one
to Aksor variety, callus, and one to Nevskiy variety, callus). An example of the PCR
confirmation results of the target genes’ insertion is given in Figure 6.

Thus, the data of PCR analysis show that out of 862 explants of potato internodes
and calli, only six plants were successfully transformed as the result of biolistic
transformation; these plants carry either one or both inserts of the target chitinase
and glucanase genes. Transformation efficiency was assessed by the number of
viable regenerated plants relative to the number of explants subjected to biolistics
(Table 3).

As seen from the data presented in Table 3, the average transformation efficiency
for both varieties of potatoes was 0.7 %. At the same time, the maximum transforma-
tion efficiency was achieved using fresh internodes of the Aksor variety (0.96 %),
and the minimum — with fresh internodes of the Nevskiy variety. It should be noted

Table 2. The number of potato regenerants on Selection Medium

Variety Explant
Asor Internodes
Gllus
Newsky Internodes
Gllus
Tota| ......................................................................

Number of explants Number of regenerants
.......................................... 31217
163 ...................................................... 12 .......................................................
.......................................... 24220
145 ...................................................... 7 .........................................................
.......................................... 86256
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A positive experience in applying the biolistic
approach to potato varieties Aksor and Nevskiy

Table 3. The transformation efficiency of potato varieties Aksor and Nevskiy

Variety Explant Number of explants
Aksor .......................... |ntemodes ....................... 312 ....................................
Ca”us ............................... 163 ....................................
Nev Sk|y ...................... |ntemodes ....................... 242 ....................................
Ca“us ............................... 145 ....................................
Tota| ..................................................................... 862 ....................................

that in experiments with Aksor potatoes, the minimum level
of biolistics efficiency on calli taken as explants (0.61 %)
slightly differs from the maximum value of transformation
efficiency for the Nevskiy variety on internodes — 0.41 %,
which indicates the difference in characteristics for each
varieties of potatoes.

In experiments on the co-transformation of potatoes 4 out
of 6 regenerant plants were co-transformed, which is 66.7 %.
These results confirm the data of other authors on the high
degree of joint integration of two separate genes of interest
(Romano et al., 2001).

Discussion

This study was aimed to compare the effectiveness of the
biolistic transformation using different explant types and
depending on the potato genotype. At the same time, the low
number of transformed plants does not let us draw solid con-
clusions. It is doubtless that for the biolistic transformation it
is necessary to consider the individual characteristics of the
potato variety and experimentally select a specific explant
type. Moreover, even with a low number of transformants we
can state that fresh internodes are best suited for transform-
ing the Aksor variety, while embryogenic callus should be
selected for the Nevskiy variety. This finding will be used in
future works dedicated to biolistic transformation for potato
crop breeding.

The average transformation efficiency was not very high
(0.7 %), which corresponds with the findings of other authors.
At the same time, it seems that some transformed embryogenic
callus might be lost at the selection and regeneration stages,
so adaptation of these procedures will help raise the efficiency
index. One of the attempts to do so was done in the current
work — we reflected on the concern of other authors that se-
lection with kanamycin adversely influences the regenerants’
appearance and took the lower limit of the selective agent’s
concentration — kanamycin was used at 20 mg/l, whereas in
some sources up to 100 mg/I is recommended. This explains
the high number of regenerants as opposed to the number of
transformants. The decision on kanamycin’s concentration was
taken after the preliminary experiments on stable transforma-
tion (data not shown), in which no regenerants were obtained
after the selection stage, while the experiments on transient
transformation showed sufficient number of transformed cells
(data not shown). Thus, further research is needed for the
post-bombardment stage to make the transformation event
more successful. Although kanamycin is one of the most used
antibiotics for potato transformation, other selective agents
should be explored, including such options as herbicide resis-
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Number of transformants Efficiency of transformation, %

3 0.96
........... 1061
........... 1041
........... 1069
........... 6070

tance agents, which are also a valuable trait for crop breeding
and will help in agricultural crop production.

The high co-transformation efficiency justifies the use of
this method for introduction of several genes of interest in one
shot. Further studies should be dedicated to introducing more
than two genes at once for the evaluation of this approach’s
efficiency. Combined, the protocol of adapted selective/re-
generation stage and biolistic technique with more than two
genes of interest at once will provide potato crop breeding
with valuable efficient and time-saving methods.

Conclusion

Despite the fact that agrobacterial transformation remains
the most used method of introducing new genes into potato,
the biolistic transformation method has certain advantages
depending on the goals of the transformation. For example,
with the help of bombardment, several genes can be intro-
duced at once, and this can be done both as a single cassette
and as co-transformation, the efficiency of which is quite high.
This study showed high co-transformation efficiency of two
independent genetic constructs, and will serve as a basis for
further studies dedicated to introduction of more indepen-
dent genetic constructs at once. Considering the insufficient
number of published works on stable biolistic transformation
of potatoes, we believe that data obtained in this study will
make a certain contribution to the development of biolistic
transformation technology of potatoes.

At the same time, the lines produced in the course of this
work will be used to evaluate their resistance to fungal di-
seases, and, if successful, can be used in potato crop breeding
for increased resistance to fungal diseases.
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['eHeTMUeCKMEe aCIIeKThI
YCTOMUYMBOCTU KapTodes K puTodpTopo3y

T.C. QDPOAOBal' 2®, BA. ‘{epeHKol' 2 O C]/IH]/IleIHal’ 2, A.B. Kouerosl 2

! DepepanbHbIit ccneaoBaTeNbCKMI LEHTP VIHCTUTYT LMTONOTM 1 reHeTuKu CUBMPCKOro oTaeneHna Poccuiickoil akaaemin Hayk, HoBocn6upck, Poccusa
2 HoBocrbrpCKmii HaLoHaNbHbI MCCefoBaTeNbCKNA FOCYAAPCTBEHHDIN yHUBepcuTeT, HoBOCMOMpCK, Poccms
® frolova@bionet.nsc.ru

AnHoTauus. OomuueT Phytophthora infestans Mont. de Bary — 0CHOBHOI MaToreH CenbCKOXO3SNCTBEHHBIX KYNbTyp
cemelicTBa MacneHoBble, 0co6eHHO KapTodena (Solanum tuberosum). C yueTom TOro, UTO KapTodenb — yeTBepTas Kysb-
Typa B Mrpe No mMaclutabam BblpaluMBaHWs, eXXerofHble notepu oT ¢prTodGTopo3a orpomHsbl. MiccnenoBaHnsa 6a3oBbix
MeXaHV3MOB B3aMMOAENCTBUA MeXAay KapTodenem n Bo3byautenem ¢putodToposa He TONbKO paclunpaAT GyHaameH-
TaJibHble 3HaHWA B 3TON 061aCTW, HO 1 OTKPbIBAIOT HOBblE BO3MOXHOCTU AJ1A BANAHMA Ha 3TN B3aUMOAENCTBUA C LieNblo
NOBbILEHUA PE3NCTEHTHOCTYU K NaToreHy. Bsanmogeincteme kaptodens n so3byantena ¢pntodpToposa MoxHO paccmat-
puUBaTb C reHeTUYeCKOM TOUKM 3PEHMSA, MPUYEM NHTEPECHDbI Kak OTBET KapTodesna Ha NpoLecc KOMOoHM3aLumum Co CTo-
poHbl P. infestans, Tak U N3MEHEeHNe aKTUBHOCTU reHoB Y GUTOdGTOPbI NPK 3apaxeHnn pacteHna. MoXxHO nccnefosatb
3TOT NPOLLECC Yepe3 U3MeHeHVe NPodUA BTOPUYHBIX MeTabOoMTOB X03AMHa 1 naToreHa. MomM1umo GpyHAamMeHTanbHbIX
nccnenoBaHuii B 3To 06nacTi, He MeHblUee 3HaUYeHre MeIT 1 NprKnagHble paboTbl B BUAe CO3AaHMA HOBbIX Mpe-
napaToB A1 3aWwmTbl KapTodens. MpeacTaBneHHbIN 0630p KPaTKO ONMCbIBAaET OCHOBHbIE 3Tarbl MCCIIE[OBAHNI YCTON-
uynBoCTU Kaptodena K GuTodTopo3y, HaumHaa C cambix NepBbix pPaboT. bonblioe BHYMaHVe yaenaeTca KnloueBbiM
MOMEHTaM MO U3MeHeHWI0 NPoduIIA BTOPUUHBIX MeTabonnToB (drToanekcmHoB). OTaeNbHbIN pa3fen NocBALeH onu-
CaHMI0 KaK KaueCTBEeHHbIX, Tak KONIMYeCTBEHHbIX MPU3HAKOB YCTONUMBOCTM KapTodena K Bo3byauTenio putodtoposa:
UX BKNagy B OOLUYI0 PE3VNCTEHTHOCTb, KAPTUPOBAHMIO N BO3MOXHOCTW perynaumn. Oba BUuAa NPU3HAKOB BaXkHbI 4N1A
cenekummn Kaptodens: KauecTBeHHas YyCTONUMBOCTb 3a CUET R-reHOB BblCTPO NPeoaoneBaeTCsA NaToreHoM, B TO Bpems
Kak MMpamMyamnpoBaHue JIOKYCOB KOJTMUYECTBEHHbIX MPY3HAKOB CMOCOOCTBYET CO3AaHMI0 BbICOKOYCTONUMBbIX COPTOB.
HoBeilwmne noaxonbl MosieKynapHON 61MONOrMM JaloT BO3MOXHOCTb M3yyaTb 1 TPAHCIATOMHbIE NPOGUN, YTO NO3BO-
NAET NOCMOTPETb Ha B3aMOAeCTBUe KapTodens n Bo3byanTens ¢utodptoposa. [lokasaHo, UTo npoLecc KonoHrauum
KapTodena oTpa)KaeTca He TONIbKO Ha aKTUBHOCTM Pa3fINYHbIX FeHOB 1 Npodune BTOPUYHbIX METAOONNTOB, BblAABIIEHbI
Takxe 6esKn-mapKepbl OTBETa Ha 3apaeHne Co CTOPOHBI KapTodens — 3TO NaToreH-3aBMUCcKMble B6eKK 1 NnacTyaHas
yrnekucnasa aHrugpasa. Mapkepamu 3apaxeHus ot P. infestans 6biny 6enky rpubHON Lenniono30-CMHTasbl U raycto-
puii-cneunduyeckmnin MeMbpaHHbIi 6enok. B saHHom 0630pe npuBefeHa MHdopmaLmusa No Hanbonee akTyasibHbIM KOM-
NNEKCHbIM NCCIefOoBaHNAM FreHETUYECKMX MEXaHN3MOB YCTONUMBOCTU KapTodena K dpntodpToposy.

KnioueBble cnosa: Phytophthora infestans; Solanum tuberosum; $uTo$pTOPO3; PE3NCTEHTHOCTD; R-reHbl; NOKYCbl KO-
YeCTBEHHbIX NPU3HAKOB; BTOPUYHbIE METaOONNTDI.
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Abstract. Phytophthora infestans Mont. de Bary is the main oomycete pathogen of cultivated crops in the family Sola-
naceae, especially potato (Solanum tuberosum). Because potato is the fourth most cultivated crop worldwide, its annual
losses from late blight are tremendous. Studies of the basic mechanisms of interaction between potato and the late
blight pathogen not only expand the fundamental knowledge in this area, but also open up new possibilities for regu-
lating these interactions in order to increase resistance to the pathogen. The interaction of potato and the late blight
pathogen can be considered from a genetic point of view, and it is interesting to consider both the response of the po-
tato to the colonization process by P. infestans and the change in gene activity in late blight during plant infection. We
can also investigate this process by changing the profile of secondary metabolites of the host and the pathogen. In ad-
dition to fundamental work in this area, applied work in the form of the development of new preparations for protect-
ing potatoes is of no less importance. This review briefly describes the main stages of studies of potato resistance to late
blight, starting almost from the first works. Much attention is paid to key works on changing the profile of secondary
metabolites phytoalexins. A separate section is devoted to the description of both qualitative and quantitative charac-
teristics of potato resistance to the late blight pathogen: their contribution to overall resistance, gene mapping, and
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leHeTUYeCKre acneKTbl yCTONYMBOCTA
kapTodensa K putodpToposy

regulation capabilities. Both types of traits are important for potato breeding: quantitative resistance due to R-genes is
quickly overcome by the pathogen, while quantitative trait loci make it possible to create varieties with almost absolute
resistance due to the pyramid of effective genes. The latest approaches in molecular biology make it possible to study
translatomic profiles, which makes it possible to look at the interaction of potatoes and the late blight pathogen at a
different angle. It has been shown that the process of potato colonization affects not only the activity of various genes
and the profile of secondary metabolites: proteins-markers of the response to infection from potatoes have also been
identified: they are pathogen-bound proteins and plastid carbonic anhydrase. On the part of P. infestans, fungal cellu-
lose synthase proteins and haustorium-specific membrane protein were markers of infection. Thus, the review contains
information on the most relevant complex studies of the genetic mechanisms of potato resistance to late blight.

Key words: Phytophthora infestans; Solanum tuberosum; late blight; resistance; R-genes; quantitative trait loci; second-
ary metabolites.
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BBepeHune

Kaprogens, niam nacinen kiyOHeHOCHBIN (Solanum tubero-
sum L.), 6611 omomartHeH okosio 7000—10000 net Hazam Ha
teppuropuu cospemenHoro HOxuoro [epy. B EBpomy kap-
Toenp ObUT 3aBE3€H MCHAHLAMH OTHOCHTEJIBHO HE/IABHO,
BO BTOpOif monoBuHEe X VI B. C Tex mop OH CcTaja OfHOW U3
OCHOBHBIX CEJIbCKOXO3HCTBEHHBIX KYJIBTYP, 3aHIMasi 110 Mac-
mrabaM BEIpaNIMBaHHUs YETBEPTOE MECTO IOCIE KyKypy3bl,
MIIIICHUIIBI U pXKU. B cBs3M ¢ G0abImMMu 00beMaMu BO3IEIbI-
BaHUs BEChbMa CYLIECTBEHHBIMH SIBIISIOTCS IIOTEPH ypOXKast
13-3a pa3IMuHbIX MAaTOr€HOB, OCHOBHOI M3 KOTOPBIX — BO30Y-
mqutens hutodToposa (Phytophthora infestans), cniocoOHOTO
HOJIHOCTBIO YHHYTOXKUTh PACTEHUS CIIYCTS! HECKOJIBKO THEH
TIOCJIE MTOSIBIICHUS TIEPBBIX CUMITTOMOB 3apaxkeHus1. [ToaTomy
M3yYeHUE MEXaHHW3MOB B3aMMOACUCTBHs KapTodesns u BO3-
Oymaurens gurodropo3a Ha MOJEKYIIPHOM H TEHETHIECKOM
YPOBHSIX OYEHb BXKHBI JUISI CO3AaHMSI HOBBIX MOAXO/0B IS
MOBBIIICHHUS PE3UCTEHTHOCTH KapTOdes.

[1epBble Tpy/bl, HOCBAIICHHBIE B3aUMOACHCTBHIO S. tube-
rosum ¥ P. infestans, otHocsiTes K koHIy 1960-x . (Ingram,
Robertson, 1965; Ingram, 1967; Robertson et al., 1968). B pa-
00Tax MPOBOIWIIN CpaBHEHUE BocipurMuIuBoOro (Majestic) n
ycroitunBoro (Orion) k Bo30ynuTeno puTtodhTopo3a copToB
kapTodens. Panee Ob110 TOKa3aHO, YTO T€HBI YCTOMUNBOCTH
(R-TeHBI) HKCTIPECCUPYIOTCS TONBKO BO (hparMeHTax TKaHU
tommumHoi 6onee 10 kierok (Tomiyama et al., 1958), moatomy
MCCJIEIOBAaHUE OCYIIECTBISUIM Ha KJIETOUYHBIX KYIbTYpax M
TKaHEeBBIX arperarax. bbUIo clienaHo JiBa KIII0UeBbIX BHIBOJA:
1) B TKaHSX 00OMX COPTOB COAEPIKATCS BEIIECTBA, CTUMYIIH-
pyrorime poct Bo30ynutesst putodhToposa, T. €. OHH SIBISFOTCS
HOPMaJIbHBIMU METa0OJIMTaMH KHBBIX TKaHEl, a He o0pasy-
I0TCSI B OTBET Ha 3apakeHHe; 2) TKaHEBBIC arperarbl copTa
Orion TOpMO3WIK pa3BUTHE BO30OyauTENs GUTOGTOPO3a, HO
HOCJIe 3aMOPO3KH U, KaK CIIEJICTBHE, Pa3pyLICHHs TKaHEeH 3TO
CBOMCTBO mponajano. Takum oOpa3om, ObLT ceaH BBIBO,
YTO PE3UCTEHTHOCTb — 3TO CBOMCTBO KMBBIX TKaHEH, CIIO-
COOHBIX pearnpoBarh Ha maroreH (Ingram, Robertson, 1965).
B nmanpHelinem OBIIO yCTaHOBIEHO, YTO KapTo(esb copra
Orion MOKeT OBICTPO Pa3BUBATh MOCTHH(EKIIMOHHYIO TOKCHY-
HOCTB, TOPMO3SIIIYEO POCT 3aPOIBIIIEBEIX TPYOOK P, infestans,
TEeM CaMbIM Ipe/IoTBpaiast HHpunposanue. Kirouesast posib
B Pa3BUTHUU ITOTO OTBETa 0TBOAUTCS R-reny (Ingram, 1967).

CoemuaeHMs, 00yCIIaBINBAIOIINE YCTOMIHMBOCTD PACTCHHI
K [aToreHam, panee ObuTH Ha3BaHb! puToanekcnHamu (Miiller,
Behr, 1949). B npenpiaynux ucciaea0BaHUsX BEICKa3bIBAJIOCH
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MPEJIIONIOKEHNE, YTO UMEHHO OHU HapabaThIBAIOTCS B TKAHIX
B OTBET Ha MH(MHUIMPOBAHUE, YTO U MPUBOAUT K MHIHOHPO-
BaHUIO MaroreHoB. [lo3mHee OblIa OMyOIUKOBAaHA CTAThS,
CBH/JICTEIICTBYIOIIAS O HAKOIICHUH (DEHOJIbHBIX COSIMHEHHUH
B TOKCHYHBIX 1151 putodrops! pakiusax (Robertson et al.,
1968): canuIIoBo, n-TUAPOKCUOCH30MHOM 1 BAHUIIMHOBOU
KHUCJIOT. ABTOPBI BBICKA3bIBAIOT IIPEATIOIOKEHHE, YTO CHCTEMA
YCTOMYMBOCTH, OCHOBaHHAs Ha R-TeHE, MOKET OBITH CBSI3aHA
C MOCTHH(EKITMOHHON HHAYKIIUCH CHHTE3a (PUTOATCKCHHOB.
[TpumepHO B 3TO e BpeMst ObUIM OIHMCAHbI (PUTOATICKCHHBI
CECKBUTEPIICHOUIHOW CTPYKTYPbI: PULINTHH, JIIOOUMHUH, (u-
TyOCpHH U COTTABETUBOH, BBIJICTICHHBIC U3 3apa’KEHHBIX KITy0-
Heit kaprodens (Katsui et al., 1968; Ku¢, 1982; Kué, Rush,
1985).

Cnycts nouru 20 stet ObIIO M3/1aHO MOAPOOHOE HCCIIeN0-
BaHHE BPEMEHHOI0 HAKOIUICHHWS! PUIIMTHHA Kak Hauboiee
MOKA3aTeIbHOTO MapKepa HMMYHHOTO OTBETa B KIIYOHSIX pe-
3UCTEHTHBIX F BOCIIPHUMYUBBIX COPTOB B OTBET Ha 3apakKCHHE
P, infestans (Rohwer et al., 1987). O6Hapy>keHO, 4TO PULIUTHH
M HEKOTOPbIE €ro CTPYKTYpHO POJCTBEHHBIC MPOM3BOIHBIE
(Jrr0OMMUH) OBICTPO HAKAIUIMBAINCH B KIyOHSX ITPH HECOB-
MECTHMBIX B3aMOJICHCTBUSIX KapTodels U GurodTopsl U 10-
CTAaTOYHO MEJICHHO — Y COBMECTHMBIX, B JINCThSIX MOTOOHBIH
oTBeT oTCcyTCTBOBajd. CHenaH BBIBOJ, YTO CECKBUTCPIICHBI
MOT'YT OBITB ITOJIE3HBI B PA3BUTHU HMMYHHOTO OTBETa, HO HE
SIBJISIIOTCSI 00513aTeNIbHBIMUA KOMIIOHEHTAMH YCTOWYHBOCTH.

Wurepecuas pabora Obliia MPOBEJEHA MO MPHUIAAHUIO
ycToituuBocTH KapTodes K P, infestans uepe3 co3aaHue co-
MaTHYECKHX U MOJIOBBIX THOPUIOB KYJIBTUBHPYEMOTO S. fu-
berosum ¢ nukum ogBuaoM S. circaeifolium Bitter, ycToii-
YHBOCTh KOTOPOTO K BO30yautento GutohTopo3a — BecbMa
MPUBJIEKATEIbHBIN MPU3HAK JUJIsI BKIIOUEHHS] B T€HO(DOH]]
KyJIBETypHOTO Kaproderst. [TyTeM clusHus KIeTOK ObUTH TOITY-
YCHBI TETPAIUIONIHBIC THOpUAHbIC Kayutychl (Mattheij et al.,
1992), a pacTenns n3 HUX 001aJaIT1 IOTHOHN YCTOIYHUBOCTHIO
K P, infestans. ViccrneqoBaresin CpaBHUIIN COJIEPIKAHHIE TITHKO-
QJIKaJIOU/IOB Y POANTEIbCKUX PACTEHHUI ¥ THOPHIOB 1 OOHAa-
PY)KHITH TIOBBIIIEHHOE COACPIKAHNE TOMATHIIUH [IMKO3U/IA,
M03aMMCTBOBAHHOE THOPHUIOM OT TUKOTO S. circaeifolium.
Kpome toro, 6bu1 0OHapy»KeH HOBBIM MIIUKO3UA JIEMHCCH-
JIH, He HalIGHHBIN HU y OTHOTO U3 poauTeneld. OTMedaroTcs
(hepTHIABHOCTD MONTYUYSHHBIX JKEHCKUX PACTCHUI M BO3MOXK-
HOCTh MX CKPELIMBAaHHS C KyJIBTHBHPYEMbIM S. tuberosum
JUTA 3aKPETUICHUS TPHOOPETEHHON yCTOWIMBOCTH. DTOM ke
TPYTIIOH MccIeJoBaTeNeH ObLTH CO3JaHbI TIOJOBBIC THOPHIBI
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S. tuberosum u S. circaeifolium (Louwes et al., 1992). Cpenn
rHOPUIOB HAOIIONAINCH TPEUMYIIIECTBEHHO TPHUILIOWIHBIC
pactenus (83 %), Hecymue ABOIHOM reHoM S. circaeifolium,
YTO JieJaeT uX Oojiee YyCTOHYMBBIMU K NMAaTOTEHY M, KaK
cliesicTBHE, OoJiee TePCIEeKTUBHBIME ISl UCIIOb30BAHUS B
cenekuun. [lomoBbie rHOPUIBI TaKkKe 00Ja alH TTOBBIIICH-
HBIM COZICP’)KaHHEM TOMATHJIWH TIIMKO3UAA U JIEMHUCCHJIUH
[IMKO3UIOM, HE OOHAPYKEHHBIM Y POAUTEIILCKUX PACTEHH.

KapTupoBaH/e Npr3HaKoB yCTONYNBOCTU
B reHome S. tuberosum

KauecTBeHHble NpusHaKku, 06ycnoBneHHble R-reHaMu

B navane XXI B. pazBuTHE KOMIIBIOTEPHBIX TEXHOJOTUH U
CTaTUCTHYECKUX METOJIOB JIAJI0 BO3MOKHOCTH IPOBOIUTH
Oornee MacmITaOHBIN aHANHU3 TPYNI CUETJICHUS, BBISIBIATH
JIOKYCHI ¢ TCHaMHU KOJMYCCTBCHHBIX MPHU3HAKOB M CTPOHTH
JUTSI HUX KapThI CLCTUICHHS. BBUTH CO3/1aHbI KAPTHI CICTUICHHUS
JUIsL JIMTUIOMTHOTO KapTo(ers, COrIACHO KOTOPBIM JIOKYChI
KaueCTBCHHOH YCTOMUMBOCTH K BO30ynuTemto putodToposa
pacrioyararoTcsi IpakTHYECKH B KaKIOH XpoMocome, a Ha
xpomocomax III, IV, V u VI Ob111 ClIeTUIeHbI ¢ TIO3IHEH cTie-
noctbio (Gebhardt, Valkonen, 2001; Simko, 2002). ITo3xHee
MOJIO0OHBIC PE3yIBTaThl OBLIH MOYUCHBI U IS TCTPAILIOU/I-
noro kaprodesst (Bradshaw et al., 2004) npu ckpenmBaHun
ycroituuBoro (Stirling) 1 BocmpuuManBoro coptoB. Cpean
MHOKECTBA TPYII CLCIUICHUS OOHAPY)KCH TEePCICKTUBHBIN
JIOKyc B XpoMocoMme [V, KoTopblii He CIeMJIeH C Mo3aHeH
CIENIOCThIO KITyOHEH. Y yCTOHYHMBOTO POAMTEIHCKOTO pac-
TEHUsI R-TCH, MEPEIaHHbBII TOTOMCTBY, ObLI KAPTUPOBaH B
xpomocome XI.

HecMmotps Ha obuime padoT, MOCBSIICHHBIX KapTHPOBa-
HUIO R-reHOB B reHoMme kaprodedns (Ballvora et al., 2002;
Van Der Vossen et al., 2003; Park et al., 2005; Restrepo et al.,
2005; Bradshaw et al., 2006a, b; Solomon-Blackburn et al.,
2007; Brugmans et al., 2008; Tan et al., 2008; Rauscher et al.,
2010), cieayeT OTMETHTb, YTO YCTOHYUBOCTH K BO3OYIUTEITIO
(uTohTOpOo3a copToB KapTO(hens Ha OCHOBAaHHU R-TCHOB CO-
XpaHsercsa Ha npoTsbkeHuu 5—10 Jet, nmocne yero copr cTa-
HOBHTCSI BOCIIPMMMYHBBIM K HOBBIM pacam P, infestans (Ste-
wart et al., 2003). Pacrio3naBanwue matorena R-reHoM JIOBOJIb-
HO OBICTPO HMBEIIUPYETCS MYTAIUSIMH B COOTBETCTBYIOIIEM
reHe aBUPYIIEHTHOCTH P, infestans, 4To O3BOJISIET TATOTEHY
YCIENTHO MPOHUKATh M KOJOHU3UPOBATH PACTECHHC-XO3SMHA
npu coBMecTiMOM B3aumoeiictBuu (Poland et al., 2009).

Bruonndpopmarndeckne MeTobI OBLTH UCTIONB30BAHBI H IS
W3yYCHHSI MEXaHW3MOB BOCTIpUIMYUBOCTU. [lokasaHo, 91O
KapOoaHruapasa — (GepMeHT, 00paTUMO KOHBEPTHUPYIOIIUH
JIMOKCH]T yTIIepoia B OMKapOOHAT, MOXKET UTPaTh OOJIBIIYIO
pPOIH BO BpeMsI HECOBMECTHMBIX B3aUMOICHCTBHIA MEXKIY
naroreHoM u xo3simHoM (Restrepo et al., 2005). C momoiisio
JIHK-MUKpOUUTIOB OBIJIO MCCIEA0BAHO BPEMEHHOE H3MEHE-
HHUE YKCTIIPECCUH R-TCHOB: B IIEPBBIC YaCHI ITOCIIE 3apaKCHUS
(6-12 4) B nesom HaOIoanachk MHAYKIMS SKCIIPECCUH, HO
cycTsi Hekotopoe Bpemst (48—72 4) GoJbliasi 4acTh TCHOB
TIO/IBEPIIIACh peripeccri. IHTepeCHBIM BBITIISINT ITOABIICHIC
JKACMOHATHOTO ITYTH ITPU BOCHPUHMYKBBIX B3aUMOJICHCTBHSIX.
OpHako TpU 3apakeHUU B OCHOBHOM IIO/ABIISIOTCS] TEHBI,
CBsI3aHHBIC C (POTOCHHTE30M: TaK, HauOoJee BHIPAKCHHOE
To/IaBlIeHNE OOHAPYKEHO JUIsl TUIACTHIHOM KapOoaHTHpasbl,

166

Genetic aspects of potato resistance
to phytophthorosis

KOTOpasi 001aJaeT aHTHOKCUAAHTHOW aKTHMBHOCTBIO M CIO-
COOHOCTBIO CBS3BIBATh CAJHIMIOBYIO KHcToTy (Slaymaker
et al., 2002). B nepBeie 12 4 HaOmoganock CymecTBeHHOE
YCHIICHUE IKCIIPECCUH KapOOaHT MAPa3bl IPU HECOBMECTUMBIX
B3aMMOJICHCTBUSAX, TOT/IA Kak depe3 24 mmm 48 4 ee ciemsl
e/1Ba 00HAPY>KUBAJMCh, YTO MO3BOJISUIO OJHO3HAYHO OTIIHU-
YUTh YCTOWYMBBIE POPMBI. S3HAYUTEIIBLHAS POJIb CAITUIIMIOBOM
KHUCJIOTH IMEHHO B paHHEM OTBeTe S. fuberosum Ha WHPH-
IIMpOBaHKE ObIIa TPOAEMOHCTPUPOBAaHA C TOMOIIBIO TPaHC-
reHHbIX NahG pacteHuit, KOTopble He CHOCOOHBI HAKAIINBAT
CAJIMIMIIOBYIO KHUCIJIOTY, UX BOCIPUUMYHBOCTE K P. infestans
Obu1a TOpa3Io BhIIIE, YeM y JUKOH Gopmbl. OnHAKO MTpeaBa-
putesibHas 00pabOTKa pacTeHuil MpenapaToM CaIUIMIOBON
KHCJIOTBI IPAKTUYECKN YPABHUBAJIA BEPOATHOCTD 3aPAKEHHS
(Halim et al., 2007).

TToMUMO eAMHUYHBIX JOMUHAHTHBIX R-T€HOB yCTOWYMBO-
CTH, OTBEYAIOIIHX 32 PACTIO3HABAHNE COOTBETCTBYIOIIETO F'eHa
ABUPYJICHTHOCTH P. infestans v 3aITy CKalOINX 32U THBIN OT-
BET, MPOSIBIISIFOIMICS B JIOKAJILHOM T'MOENHN KIETOK (peaKiust
CBEPXUYBCTBUTEJILHOCTH) ¥ TEM CaMbIM OCTAHABIIMBAIOIINI
POCT TaTOT€HHBIX MUKPOOPTaHU3MOB, Y PACTEHHUH CYILIECTBYET
IpyIIa 'eHOB ¢ APYTUM MEXaHU3MOM 3alUThI — FeHbl MHOXKE-
CTBEHHOM ycTOMUMBOCTHU. VcciienoBana 3KCIpeccHs YETbIPEX
TEHOB-TPAHCIIOPTEPOB Y KapTo(esis, TPAHCKPHUITIIUSI KOTOPBIX
peryimpoBaiach pa3nyHbIMU Tpenaparamu (Ruocco et al.,
2011). Cpenur HUX OBLTH BBISIBIICHBI U T€, KCIIPECCHSI KOTOPBIX
CYIIECTBEHHO BO3PACTACT IPH 3apaxkeHHH P, infestans, — TeHbl
StPDR1 u StPDR2 sxcrnipeccupoBaiich akTuBHee B 13 u 37
pa3 COOTBETCTBEHHO cIycTs 18 4 mocie 3apakeHus. ABTOPHI
MOJIararoT, YTO BCE UCCICIOBaHHBIC UMH TeHBI (StPDRI—4)
SIBJISIFOTCSI 4acThI0 00JIee CJI0KHOTO CHCTEMHOTO OTBETA pac-
TEHUs Ha OMOTHYECKHe U a0MOTHYECKHE (PAKTOPHI.

JloKycbl KOnnuYecTBeHHbIX MPU3HAKOB y S. tuberosum
MacTabHast TONBITKAa KAPTUPOBAHMS JIOKYCOB KOJIMUECTBEH-
HBIX TIPU3HAKOB y Kaprodens Obuta npeanpunsra B 2018 .
(Santa et al., 2018). VccienoBarenu CHOBa BHIOpan B Kaye-
CTBE 00BEKTa TeTPAIUIONTHBII TeHOM KapTO(est, OTMEYast ero
BBICOKYIO B&)KHOCT JIJIsI CEIICKIIMH ¥ IIPH 9TOM CYyIIIECTBEHHBIC
3aTpPy/IHEHUS B CHITY BBICOKOM F€TE€PO3UIOTHOCTH y aBTOTET-
parmtonaHOT0 KapTodens. YUeHBIM yaanoch 00OHApyKHATh
nBa HOBbIX QTL na xpomocomax III u VIII. Otmeuaercs,
YTO OIMH M3 aJUIeJIel MePBOro JIOKYyCa MOXKET OMOCPEI0BAThH
B cpeqHeM OoJiee BRICOKYIO CTETIEHB TSDKECTH 3a00JIeBaHMS.
DTOT JIOKyC TaKKe BKJIIOYACT TPAHCKPUIIIMOHHBIN (akTop
Arf2, cBA3aHHBIN CO CTAPEHUEM JIMCTHEB, BRI3BAHHBIN OKHUC-
JUTENBHBIM CTpeccoM y Arabidopsis v iepefadeii CUTHaIOB
rubbepennHa 1 OpacCHHOCTEPOMTHBIX My TEeH IPH B3aHMO-
neiictBuu pactenus ¢ matorenom (Vert et al., 2008; Lim et al.,
2010; Koch etal., 2016). Anens, onmpenensioniuii B CpeIHeM
GoJiee HU3KYIO CTENIEHb TsDKeCcTH 3a0oseBanust, coneprkain QTL
xpomocoMmsl VIII. DToT Mapkep CBSI3aH ¢ T€HOM, KOTOPBIN
KOAMpYyeT (haKTOp TPAHCKPHIILUH CIIUPATb-TETIIA-CIIUPATH
(bHLH) JAF13, ygacTByroumii B OnocuHTe3€e (h1aBOHOU/IOB
y Petunia x hybrida (Quattrocchio et al., 20006).

bbuin moy4eHbl TPAHCTEHHBIE PACTEHHS CO CBEPXIKC-
Ipecchel TeHa peayKTa3bl D-rajakTypOHOBOI KHCIOTHI U
NOBBILIEHHBIM ypoBHeM L-ackopbara (Chung et al., 2019).
[Toce 3apaxkeHus pa3Mep HEKPOTHUECKHX IISITEH Yy TpaHC-
TCHHBIX pPacTeHWH ObUT MEHBIIE, YEM B KOHTPOJIBHOH TpyII-
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1e, PH 3TOM OOHAPYKEHO YBEJIMYEHHE DKCIIPECCUH TEHOB,
YUYaCTBYIOIIUX B aHTHOKCH/IAHTHOHN aKTUBHOCTH. B pe3ynbra-
TE BBISIBJICHO CHIDKEHHUE aKTHBHBIX (hopM Kuciopona (ADK)
B KJIETKaX, YTO MOXET OOBSCHSATh MEHBIINH pa3Mep He-
KPOTHYECKOTO TISITHA 3@ CUET YMEHBIICHUS! OTBETA PEAKIIUH
CBEPXUYBCTBUTENBHOCTH, uHAyLHpyeMoro ADK. B nenom
oTMeyasach OoblIasi yCTOMYMBOCTh TPAHCT€HHBIX PACTEHUH
K BO30yuTemo purohTopo3a, OOHAKO MOTHON yCTOWINBOCTH
He Habmromanock. L-ackopOar cHU3WI cozpepkaHue adcuu-
30BOM KHCJIOTHI M YBEJIMYHJI COAEp)KaHUE r'MOOepeIMHOBOM
KkucyoTsl. Ho Tipy 3TOM yCTaHOBIIEHA CYyIIECTBEHHAs OTEPS
B YpOXKaiHOCTH KapTo(es, KoTopasi BCe e MpeBblIaia
ypoxail 0T 3apa)kKEHHOTO.

TpaHCKPUNTOMHbI aHaNn3

AanAa coBMeCTUMbIX 1 HeCOBMeCTUMbIX

B3aumopenctTeuii P. infestans n S. tuberosum

B 2012 r. BepBbI€ BBINOIHEH TPAHCKPUIITOMHBIN aHAIIN3 JUIS

COBMECTHUMBIX U HECOBMECTHMBIX B3aUMOJACUCTBH P, infes-

tans u S. tuberosum (Gyetvai et al., 2012). UccrenoBaHo msTh

M30T€HHBIX JJMHUH, KOTOPBIE Pa3IMYaIUCh TOJIBKO HATMINEM

U OTCyTCTBHEM R-reHa (R), C LE/bI0 UCKIIFOUUTH BIUSHHE

TeHeTHYeCcKoro (poHa Ha TpaHCKpUITOM. OJTHAKO OKa3aJI0Ch,

YTO U3MEHEHUs TPAHCKPUIITOMA MEX/ly PACTCHUSIMH OJTHOM

JIMHUM OTJIIMYa0TCst OOJIbIIe, YeM CPEeIIHHE TPAHCKPHUIITOMBI

JMHUHN MEXy COOOM, UTO yKa3bIBaeT HA 3HAUUTEIIHLHOE BIIHSA-

HHE KaK WHIUBHIYaJIbHBIX (PU3MOIOTHYECKUX MapaMeTpoB,

TakK ¥ ()aKTOPOB OKPYKAIOIICH CPEJIbl B MPOIECCE 3aAlMTHON

peaknuy. OHUM 13 HUX MOJKET OBITH JBIKCHUE BO BPEMEHHU

Y TIPOCTPAHCTBE 3aINTHBIX CUTHAJIOB OT MECTa ITePBOHAYAIIb-

HOTO (pU3MYECKOT0 KOHTAKTa MEXIy 300criopamu P, infestans

U KJIETKAMHU-XO035I€BAMU U COCETHHMHM KIIETKaMH. AHAIIN3

DeepSAGE no3Bonuit BbISIBUTh HEKOTOPbIE HHTEPECHBIE aC-

MeKThI 0011l cTPYKTYpbI Tpanckpunroma. J[ge Tpetu (68 %)

YHUTAroB ObUIM 3KCHPECCHUPOBAHBI Ha HU3KUX YPOBHSIX

(<10 CPM) B TKaHU JINCTHEB, U3 KOTOPBIX OHA TPeTh (36 %)

HE COOTBETCTBOBAJIA HU OJJHOMY M3 M3BECTHBIX TPAHCKPHIITOB

KapTodes, 9T0 MOXKeT OBITh 00BSICHEHO HEMOEIEHBIM 00B-

€KTOM M HEMHOTOYHMCIICHHBIMH JJAHHBIMHU O TPAHCKPHUIITOME

S. tuberosum. C npyroit CTOPOHBI, TOJIBKO 3 % YHUTArOB I10-

Ka3aim cpeaHroro skcnpeccuro Boimre 100 CPM, Ho cocTaBrmm

32 % ot obmiero TpaHckpunToma. I3 oueHb 4acThIX TpaHc-

KPHIITOB TONBKO 14 % Obliu He u3BecTHbI. Hy)KHO oTMETHTD

CJIETyIOIIME TPAHCKPUIITHI U3 3TOTO NCCIIEJOBAHMUS:

1. Haunbonee vactsrii ter (StET008016) cooTBeTcTBYET yHHU-
reny 7C208859, aHHOTHPOBAaHHOMY KaK O€JIOK KJIeTOYHON
CTEHKH — JKCIIPECCHsI 3TOTo reHa cocTasisiia 4 % Bcex
TPAaHCKPHUIITOB B TKaHAX JINCThEB. benku aToro cemelicTaa
BBITOJHSIOT (DYHKIMIO KapKaca B KadecTBE arrIFOTHHH-
PYIOIINX ar€HTOB JUISl OTIIOKEHHS] KOMIIOHEHTOB KJIETOYHOMN
crenku (Mangeon et al., 2010). OOHapyXeHO TaKkke HX
y4yacTHe B 3alIMTHON PeaKIM1 paCTeHNH IPOTUB OaKTepuil
u rpudos (Park et al., 2000; Fu et al., 2007).

2.Yepe3 ONMH J€HB MOCIE WHOKYISIUH TPAHCKPUIT
StET009643, cooTBeTCTBYIOIUI T'eHy TPaHCAIbA0Na3bI
ToTAL2 (TC196885), cnenmpudeckd U BPEMEHHO TIO-
BBIIIAJICS BO BPEMs HECOBMECTHUMBIX B3aMMOJCHCTBHM.
Tpancanpmonaser (EC 2.2.1.2) xaranusupyror oOpa3osa-
HHE OTHOTO M3 ITPEALIECTBCHHUKOB ITUKIMOBOM KHCIIOTEI,
KOTOPBIN y4acTByeT B 00pa30BaHUU (hEHUIITIPONIAHOUIOB,

CEJIEKLMA PACTEHUA HA UMMYHUTET U KAYECTBO / PLANT BREEDING FOR IMMUNITY AND QUALITY

2021
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leHeTUYeCKre acneKTbl yCTONYMBOCTA
kapTodensa K putodpToposy

QJIKAJIOM/IOB U PAaCTUTEJIbHBIX TOPMOHOB ayKCHUHA U CaJIH-
LUJIOBOM KHCIIOTHI — BaKHOTO KOMITOHEHTA CHCTEMBI 3a-
IIUTHI PACTCHMS.

3. Uepe3 Tpu AHS mocie HHGULUUPOBAHUS TPAHCKPHIIT
StET010841, cooTBeTcTBYyOmuU TeHy GpuOpHLTHHA §
(TC207935), 661 cTpOTO U CcrIeNU(UIECKN perpeccupo-
BaH. PacturenbHble GQUOPHIUIMHBI NPENCTABISIIOT COOOM
CTPYKTYpPHBIE JIUIH/I-aCCOIIMUPOBAHHBIC OEIKH, pacHo-
JIO)KCHHBIE B THJIAKOWHBIX MEMOpaHaX, KOTOpbIE, I10-BH-
JMMOMY, UTPAIOT POJIb B PEAKLUsIX OMOTHYECKOro U abuo-
THYECKOTO CTPECCa, POCTa M Pa3BUTHS U B TOPMOHAIBHON
CUTHAJIM3ALIUH.

4. CHnxaeTcst ypoBe€Hb TPAaHCKPHUIITOB KapOOaHTHIPA3bI, UTO
MOET OBITh MCIIOIB30BAHO JUISl MOBBIIIEHHS YCTOWYINBO-
ctu K P. infestans (ynurensl TC209461, TC218724 wim
TC221870 aHHOTHPOBaHBI KaK KapOOAHTUIPA3kI).

B pabote nokazaHo, 4TO NI3MEHEHNS TPAHCKPHIIIINH BO BpE-
M1 HHEKIMY B COBMECTUMBIX B3aUMOJICHCTBUSIX OBbLIH OoJtee
BBIPKCHHBIMH, Y€M B HECOBMECTUMBIX. HHCII0 mociieosa-
TEJIbHOCTEH-MHIIIEHEH, OHAKO, OBLTO OMMHAKOBEIM: 240 1220
JUISl HECOBMECTHMBIX U COBMECTHUMBIX B3aUMOJICHCTBHUH CO-
OTBETCTBEHHO. B 11eJ10M TpaHCKPUIITOMBI HECOBMECTHMBIX
COBMECTHMBIX B3aNMO/ICHCTBII IIOKA3aJIH OOMBIITE PA3ITIIH,
4yeM o01IHOCTH. HecoBMecTMOe B3aNMO/ICHCTBHE TPUBOANT
K 3alIpOrpaMMHUPOBAHHON rHOeN HEOOIBIIOrO YMciia KIETOK
B MECTE EPBUYHOTO KOHTAKTA C MaTOreHOM. TpaHCKPHUIITOM
9THX KJICTOK MOXET TPETEpPIeTh 3HAYUTEIIbHbIC H3MECHEHHS,
TOTIa KaK OTOOpaHHbBIE COCETHUE TKAaHW OCTAIOTCSI OTHOCH-
TeIbHO HETPOHYThIMU. Habmromaemble M3MEHEHUS MOTYT
OBITH MPUYMHAMU WM CIIEJCTBUSIMH CHUTHAJIOB CHCTEMHOM
PUOOPETEHHOH PE3UCTEHTHOCTH.

Taxum 06pazom, uepes3 HEKOTOpoe BpeMs HHTepecC K R-Te-
HaM KaK MEPCHEKTHBHBIM /ISl CEJICKIUHN KaHIUAaTaM Cy-
IIECTBEHHO YMEHBIIMJIICS, yCTOWYNBOCTD 32 CUET HUX JI0CTa-
TOYHO OBICTPO CBOAMJIACH K HYIIO HOBBIMH pacaMH BO3-
Oynurens ¢puTodTopo3a. Bmecro morcka oCHOBHOTO TreHa
MCCJIEIOBATENN Mepeluld K MHEHHUIO, YTO PE3UCTEHTHOCTD
Goree MEpCIeKTUBHO PACCMATPHUBATh KaK MTOJUTEHHBIH 1, KaKk
CJIC/ICTBHE, KOJIMYECTBEHHBIH Npu3HaK. [loaTOMy BEekTOp HC-
CJIeI0OBaHMI M3MEHMIICS HA IOUCK HOBBIX T€HOB-KaH/IU/1aTOB
M MX KapTUPOBaHUA 111 3((EKTUBHOTO COUETaHUS ayuieseit
MOBBIIIEHHON PE3UCTEHTHOCTH B YIy4IIeHHBIX coprax. Ilo-
CTYJIMPYETCS, UTO AJIs1 IPEOJI0JIEHUS [IOJUT€HHON yCTOHYNBO-
cTH KapToderns TpedyeTcs OombInee YUCIO MyTaIHi B TeHAX
ABUPYJICHTHOCTH BO30OYIHUTEIIS.

[Ipu ucnonb3zoBanun SNP-mapkepoB ObUIN BBISBICHBI
CIIEIYIOIINE TEHBI: T€HBl JUIOKCUTE€HA3bl (3KaCMOHATHBIN
MYTb), 3-THAPOKCH-3-METHII-DITy TApMII-KOIH3UM A petyKTa3a
(MeBaJIOHATHBIH IyTh) U LUTOXpOM p450 (TepreHOBbIH OHO-
cunres) (Mosquera et al., 2016).

C yuerom npensiaymmx uccienoanuit (Pajerowska-Mu-
khtar et al., 2009; Odeny et al., 2010; Muktar et al., 2015)
cyMMapHO BbIsiBIIeHO 10 Hamboiee MOAXOMANINX JIOKYCOB
JUISl TIPUMEHEHHUS B KaYE€CTBE JJMarHOCTHYECKUX MapKEpPOB B
CEJISKIIMOHHBIX MIPOrpaMmax. DTH I'eHbl KOAUPYIOT (hepMeH-
ThI, (QYHKIIMOHUPYIOIIHE B )KACMOHATHOM U OKCHIIUIINHOBOM
myTsix (StA0S2, Plox1), B buocunTese mumuaos (BCCP, 6uo-
TUHKapOOKCUJIbHBII O€JIOK-HOCHTENb) U BTOPUYHBIX TEP-
neHoBBIX MeTabomuToB (HMGCR, CYP71D11). EcTh TeHBI C
HensBecTHOH pyHKkuuel (StGP28) nin dpyHkumei pacro3na-
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BaHUs NMaToreHoB (Rpi-vntl) U TPAaHCKPUIIIIUOHHON perysis-
wnu (TEF1, C3HL-TF, RBP50). VIX B&)KHOCTH KaK TeHOB-KaH-
JIMJIATOB JUTSl IPUIAHUSI yCTOMYMBOCTH B CEJICKIINH Ba)KHA JUIST
(1) HemocpeCTBEHHOTO y4acTHs B KOHTPOJIE KOJTMYECTBEHHON
YCTOMYUBOCTH K BO30YIUTEIIO (PUTOPTOPO3a, KOTOpas HE H3-
MEHSIETCs IPH TT03/THEH 3peIOCTH PAaCTeHHH, (2) nanpHeneit
(DYHKIIMOHAIBHOM XapaKTepUCTUKU U (3) TOATBEPKACHUS
JIMarHOCTUYECKON CIIOCOOHOCTH B PA3JINYHBIX CENEKIIMOHHBIX
TIOMYJISIIASX U CPEax.

W3onpeH CUHTE3UpYeTCs B PACTCHUSIX ABYMSI Iy TSIMH: alie-
TaT/MEBAJIOHATHBIM U Je30KCHKcHiIo3adochaT/MeTHIIpuT-
purdochaTHbIM. [ €H-y4acTHUK pE3UCTEHTHOCTH 1-71€30KCH-
D-kemityno3o-5-ocdar cuntassl 1 (StDXS1) Ob11 00HAPYKCH
Bo BTOopoM Tyt (Henriquez et al., 2016). Ero sxcmpeccus
M3MEHSIETCS B OTBET Ha 3apa)kKeHHEe M KOPPEUPYET ¢ HAKOII-
nenueM |-ae3okcu-D-kewynosza-5-pocdar cunrassl — dep-
MEHTA, KaTaJII3UPYIOIIETo HadadbHYTo cTaauto 2-C-meTmi-D-
aputput-4-dpocdaraoro nyta (DOXP-MEP), yqacTByIOIETO
B OMOCHHTE3€ M30IPEHOMIOB, HEOOXOAUMBIX JJIsl MEMOpaH
XJIoporIacToB. M3onpeHonap Takke HyKHBI JUISl CHHTE3a Ka-
POTHHOUJIOB ¥ XJIOpOQIILIA, aDCIIU30BOI 1 THOOEPETHHOBOM
KHCIIOT, COJIep)KaHHE KOTOPBIX, COOTBETCTBEHHO, YBEIMYHBa-
€TCs TIPH yBEeMUUeHNH dKcnpeccnn StDXS].

Eme oxgHa BpeMeHHas qUHAMUKa NPH 3apakeHWH ObuIa
nony4eHa g reHa StPOTHRI ¢ UCIOIb30BaHUEM TpaHC-
TEHHBIX PACTEHHH, TJIC [1EJIEBO TCH ObUT BBIKIIIOUEH 3a CUET
PHK untepdepennnn (Chen et al., 2018). beskoBslit mpoaykT
rena StPOTHR I noxanusyercsi Ha I1a3MaTuueckoil MeMOpaHe
KJIETOK M CYIIECTBEHHO YMEHBIIAECT CTETIEHb KOJIOHU3AINH,
MIPUYEM €r0 CBEPXIKCIIPECCHs YCHINBAET PE3UCTEHTHOCTH,
IKCIIPECCHPOBATHCS ATOT T'eH HAYMHAET TOCIIE 3apaKECHHS B
YCTOWYMBBIX COPTaXx.

UccnepoBaHme NOCTTPAHCAALNOHHDIX
moaudukauyui (SUMO) B npouecce 3apakeHuns
KapTtodensa Bo3byautenem ¢utodproposa
CyMOI/IHI/IpOBaHI/Ie — OJJUH U3 THUIIOB HOCTTpaHCJ’IHHHOHHOﬁ
Moau(uKanuu OENKOB B KJIETKE, pealn3yeMOi 3a cUeT He-
6ospmoro (~100 aMmrHOKHCIIOTHBIX ocTaTKoB) Oenka SUMO
(small ubiquitin-related modifier), cnocoOHOro KOBajJIEHTHO
MIPUCOETUHATHLCS K MHUIIEHH, TIOJ00HO YONKBUTHHUIINPOBA-
HUIO, O/IHAKO HE NMPHUBOASAIIEMY K JIerpajanny cyocrpara.
HNuBa3uBHbIE PaCTUTCIILHBIC MMaTOrCHbI Pa3BUJIN BO3MOXK-
HOCTb MOAU()HUIMPOBATH METAOOIN3M CBOETO XO35IMHA, CTHMY-
JMPYsI METaOOINUECKUE TIPOLIECCHI, KOTOPBIE CIOCOOCTBYIOT
pocty marorena (Colignon et al., 2017). [eiicTBUTEIBHO,
OBUTO 00HAPYKEHO, YTO BO BPEeMs IPOIIEcca 3apaKeHUsS CO-
JiepkaHue OOJBITMHCTBA M3BECTHBIX KOHBIOraroB SUMO
S. tuberosum 3HAYUTETBHO U3MEHSIETCSI, HEKOTOPHIC yMEHbIIIa-
I0TCSI, HO MHOTHE CYIIIECTBEHHO yBEINYNBAIOTCS. BBISBICHBI
OeJKM-MapKephl OTBETa Ha 3apakKeHNE CO CTOPOHBI KapTode-
751 — 9TO maroreH-ceszaHHble Oenku (PR1) u Bblmeymoms-
HyTas miacTugHas kapOoanruapasza (CA). Mapkepamu ot
P infestans 3apaxenust ObuM O€NKM TPHOHON LEIITION030-
cunrasbl (CesA3) (Grenville-Briggs et al., 2008) u raycro-
pwii-cienudrraeckuit MemOpanuslii 6enox (PiHmp1) (Avrova
etal., 2008). Cunre3 Oenkxa PR1 cTuMynupyeTcst caiumoBoi
KHCJIOTOM, CIIOCOOHOCTB MOJ|/ICPKUBAThH €T0 B BBICOKOM KOH-
LEHTPALNH [T0CIIE 3apaKeHHS OTIIMYAET PE3UCTEHTHBIE PacTe-
uus (Eschen-Lippold et al., 2012). Pors CA Bee emrie ocraercst
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HEsICHOM, OlHaKko pa3Huia B ypoBHe CA Takke MO3BOJISET
pa3MuUTh yCTOWYMBBIC U HE YCTOHYMBBIE K BO3OYIMTEIIO
¢durodroposza copra (Restrepo et al., 2005). ['eHbI Oe1KOBBIX
MapkepoB P, infestans cHayasia akTHBHO SKCIIPECCUPOBAINCH
KaK B YCTOWYMBBIX, TaK M B HEYCTOHYMBBIX COPTAX, HO TPH
HECOBMECTHMOM B3aUMOJCHCTBUH UX aKTUBHOCTh HAaUMHAIIA
CHIDKAThCs uepe3 24 9 mociie 3apaxkeHus. Takum oOpazom,
MOJTyYeHbI JJOKA3aTeNIbCTBa, YTO B BOCIIPUHUMYHBBIX COPTAxX
KapTodes MaToreHy yAaeTcs HHrHONPOBaTh 3alllUTHBIC Me-
XaHU3Mbl PACTCHUSI U YCHEIIHO WHPHULIUPOBATh PACTCHUS,
B TO BpeMsI KaK B YCTOWYMBBIX COPTax TaKoe SIBICHHE HE
HaOJII01aJI0Ch.

3aknioyeHune

B Hacrosiiee BpeMst reHETHIECKUX UCCIIEIOBAHNH 3aIIUTHBIX
pEeaxIyii co CTOPOHBI KapTO(heIst CYIIECTBCHHO OO0JIbIIIEe, YeM
BUPYJICHTHOCTH CO CTOPOHBI P. infestans, 1 OCHOBHAs HX
YyacTh HaIlpaBJIeHa Ha ITONUCK 1 KaPTHPOBAHHE JIOKYCOB KOJIH-
YECTBEHHBIX MTPU3HAKOB, OTBEYAIONIUX 32 PE3UCTEHTHOCTD.
Ha 3ape mnccnenoBanuii HaubOIBIINI WHTEPEC BBI3BIBAIN
R-TeHbI, OJJHOTO aJJIessl KOTOPBIX 4acTo OBIIO JOCTATOYHO
JUIsS yCTOMUMBOCTH K BO3Oymurento ¢purodproposa. Takum
00pa3oM, pe3nCTEHTHOCTh paccMaTpuBajach MpenMyIie-
CTBEHHO KaK KaueCTBEHHBIN NMpH3HAK. [lo3ke BBISCHHUIOCH,
YTO CO3/IaHHBIE COPTA HEBBITOJHBI C IKOHOMUUECKOH TOUKH
3peHust — P. infestans JETKO TPEOAONIEBAET MOHOTCHHYIO
YCTOHYMBOCTB 32 CUET OCOOCHHOCTEH CTPOEHHSI CBOETO FeHO-
Ma. ITO 00CTOATENHCTBO 3aCTABHIIO IEPECMOTPETH B3IVISIIbI 1
MEPEHTH K OIICHKE PE3UCTEHTHOCTH KaK K MPU3HAKY KOJIn4e-
CTBEHHOMY, TIO3TOMY BCTaJI BOIIPOC O ITOUCKE JIOKYCOB KOJIH-
YECTBCHHBIX IMTPU3HAKOB, KOTOPHIEC MOTYT OBITH TNEPCIICKTHUB-
HBI JUIS CEJIEKINH. B mporiecce nccneqoBaHns yCTaHOBIICHO,
YTO Yy KYJIBTYPHOTO KapTO(esi OCHOBHBIE JIOKYCHI, JAI0IINe
PE3UCTCHTHOCTD, 4YaCTO CUCIUICHBI C HCTaTUBHBIMU JJIA ITPO-
JIyKTUBHOCTH PAacCTEHUM KauyecTBaMH, HAIIPUMEP C MO3AHEH
3penocThio KiyOHel. [109ToMy mMoHcK HOBBIX JIOKYCOB IT0-
IIPEKHEMY OCTAETCsl aKTyallbHOU 3a/1aueil.

Hecmotpst Ha 60b110H TpOrpecc B TOHUMAHNN MEXaHHU3-
MOB YCTOHYHBOCTH 1 CIIOCOOHOCTH TIPEACKA3bIBATH BCIIBIIIKH
¢urodroposa, NaHJEMUIECKUE BCIBIIIKH C KOJIOCCAIBLHBIM
YPOHOM BCe eIle CiIyJaroTcsi B pa3HbIx crpaHax (Fry et al.,
2013; Chowdappa et al., 2015), uTo cBHETEIBCTBYET O HENO-
CTaTOYHOCTH Oy YE€HHBIX 3HAHHUH /1151 D) (HEKTHBHOM 3N ThI
CEJIbCKOXO3SICTBEHHBIX PACTEHU 1 HEOOXOAMMOCTH HOBBIX
HCCIICIOBAaHU B 3TOM HAIPaBJICHUH.
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Abstract. About one-third of the world’s barley crop is used for malt production to meet the needs of the brewing
industry. In this regard, the study of the genetic basis of malting quality traits and the breeding of malting barley
varieties that are adaptive to their growing conditions are relevant throughout the world, particularly in the Rus-
sian Federation, where the cultivation and use of foreign malting varieties of barley prevails. The main parameters
of malting quality (artificially germinated and dried barley grains) are malt extract, diastatic power, Kolbach index,
viscosity, grain protein, wort 3-glucan, free amino nitrogen, and soluble protein content. Most of these components
are under the control of quantitative trait loci (QTLs) and are affected by environmental conditions, which compli-
cates their study and precise localization. In addition, the phenotypic assessment of malting quality traits requires
elaborate, expensive phenotypic analyses. Currently, there are more than 200 QTLs associated with malting para-
meters, which were identified using biparental mapping populations. Molecular markers are widely used both for
mapping QTL loci responsible for malting quality traits and for performing marker-assisted selection (MAS), which,
in combination with conventional breeding, makes it possible to create effective strategies aimed at accelerating
the process of obtaining new promising genotypes. Nevertheless, the MAS of malting quality traits faces a series of
difficulties, such as the low accuracy of localization of QTLs, their ineffectiveness when transferred to another ge-
netic background, and linkage with undesirable traits, which makes it necessary to validate QTLs and the molecular
markers linked to them. This review presents the results of studies that used MAS to improve the malting quality of
barley, and it also considers studies that searched for associations between genotype and phenotype, carried out
using GWAS (genome-wide association study) approaches based on the latest achievements of high-throughput
genotyping (diversity array technology (DArT) and single-nucleotide polymorphism markers (SNPs)).
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HpOﬁJIeMI)I 1 BOSMOXHOCTU N3YVUYCHUA
IIMBOBAPE€HHDLIX IIPM3HAKOB AUMEHSA
C NCIIOJIb3OBaHMEM MOJIEKV/IAPDHO-TEHETNUYECKUX I10XO010B
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DepepanbHblii NCCNEROBATENbCKUI LeHTP MHCTUTYT yutonornm n reHetrkn Cbrpckoro otaeneHnsa POCCUMINCKON akafeMmnm Hayk,
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AHHoTayus. OKONo OJHON TPETU YpOXKas BblPALLVBAEMOrO B MUPE AUMEHSA UCMONb3yeTcs Af1A nepepaboTku B CO-
nog, ona obecneyeHns HyX[ NMBOBAaPEHHON NMPOMBILNIEHHOCTA. B CBA3M C 3TUM U3yyeHUe reHETNYECKON OCHOBbI
NUBOBAPEHHbIX MPM3HAKOB 1 cenekuymsa NMBOBAPEHHbIX COPTOB AYMEHS, afanTUBHbIX K YCIIOBUAM UX Npou3pac-
TaHWsA, akTyasnbHbl Kak BO BCeM Mupe, Tak 1 B Poccuiickon QOefepauny, roe npeobnagatot BbipalyuBaHue 1 Uc-
Nnosb30BaHMe 3apyOeXHbIX CONOAOBbLIX COPTOB AUMEHA. K OCHOBHbIM NapameTpam KauecTBa conopa (MCKycCTBeH-
HO MPOPOLLEHHOTO 1 BbICYLLEHHOIO 3epHa AYMEHA) OTHOCATCA: SKCTPAKTUBHOCTb, AnacTaTnyeckas cuna, MHAeKC
Konbbaxa, BA3KOCTb, cofieprkaHue B 3epHe 6enka, B-rnokaHa, cBo60AHOro aMmMHHOMO a30Ta U PacTBOPMMOTo GesKa.
BONbLUIMHCTBO 3TUX KOMMOHEHTOB HAXOAUTCA NOJ KOHTPOJIEM JIOKYCOB KONMYECTBEHHbIX MPU3HaKoB (quantitative
trait loci, QTL) 1 noaBep»eHO BAUAHWIO YCNOBUI CPEAbl, YTO OCIOXKHAET UX U3YyUYEHUE N TOYHYIO JIOKanmn3aumio.
Kpome Toro, deHoTUNMUecKasn OLEeHKa MMBOBAPEHHbIX MPU3HAKOB — TPYAOEMKUA 1 [OPOroCcTOALWMA npoLecc.
B HacTosLlee Bpems usBecTHO 6onee 200 QTL, cBA3aHHbIX C MMBOBAaPEHHBIMU NapameTpamy, BblSBEHHbIX C MpW-
BNeYeHnem ABYPOAUTENbCKMX KapTupylowmx nonynauuin. MonekynapHble MmapKepbl WAPOKO NPUMEHATCA Kak
ana KaptupoBaHua QTL-NOKycoB, OTBETCTBEHHbIX 3a NMMBOBAPEHHbIE KauecTBa, Tak 1 As BbINOSHEeHWs paboT no
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of studying malting quality of barley

MapKep-onocpeaoBaHHoi cenekuymn (MOC), uTo B KOMOVHALUY C TPAAVLMOHHBIMU CENEKLMOHHBIMU NoAX0oAaMu
[aeT BO3MOXHOCTb CO3AaBaTh 3PpdeKTUBHbIE CTPATErMK, HanpaBleHHble Ha YCKOPeHMe NpoLecca NonyyYeHus Ho-
BbIX MEPCNeKTUBHbIX reHOTMMNOB. Tem He MeHee MOC NBOBapeHHbIX MPU3HAKOB CTaNKMBAETCA C PALOM TPYAHO-
CTell, TaKMX KaK HEBBICOKasi TOYHOCTb Nlokanu3aumn QTL-NoKycoB, nx HeapdeKTUBHOCTb NPY NepeHoce B APYryio
reHOTUMUYECKYlo Cpefly, CLEMNEHHOCTb C HeXenaTeNlbHbIMU MpU3HaKamu, YTo obycnaBnunBaeT HeOOXOANMOCTb
Banugaumv QTL 1 cLenneHHbIX C HUMK MOMNEKYNAPHbIX MapKepoB. B 063ope nprBefeHbl pe3ynbratbl paboT no nc-
nonb3oBaHuto MOC ans ynyylueHns NMMBOBaPEHHbIX KAUeCTB SUMEHS, a TakXKe paccMaTpUBatoTCA MCC/IeA0BaHNIA MO
NMOUCKY accoumaLlnii MeXay reHoTUNom 1 GeHOTUMOM, BbINOJSIHEHHbIe ¢ momoLybto NTAA-aHanm3a (MoHOreHOMHbI
NMOUCK accoLmaLunii) Ha OCHOBE NMOCNeAHUX JOCTVIXKEHNI B 0611aCTU BbICOKOMPOW3BOANTENIbHOTO reHOTUMMPOBaHNSA
(diversity array technology, DArT u single-nucleotide polymorphism, SNP mapkepbl).

KnioueBble cnosa: Hordeum vulgare; nuBoBapeHHbIn sumeHb; QTL; MapKep-onocpeAoBaHHas cenekyus, NonaHore-

HOMHBbIV MOVCK accouunaLnn.

Introduction

Barley (Hordeum vulgare L.) ranks fourth in worldwide pro-
duction, after wheat, rice, and maize. It is used for feed, food,
and malting. About 30 % of the barley is processed into malt,
mainly used for brewing beer (Newton et al., 2011; Bond et
al., 2015; http://www.fao.org/faostat/ru/).

The amount and composition of the ingredients formed
during malting (low-molecular-weight sugars, amino acids,
fatty acids, and enzymes) affect the quality of malt (Bamforth,
2009). The quality of malt is mainly determined by the optimal
values of malt extract (the amount of dissolved substances
that pass into the solution during mashing, determined by
measuring its relative density), diastatic power (the ability
of enzymes to hydrolyze starch to simple sugars), viscosity
(the solubility and filtration speed of the malt wort), content
of B-glucan in the wort, Kolbach index (the solubility of malt
protein), and contents of free amino nitrogen, soluble protein,
and protein in the grain (Meledina etal., 2013; Cuetal., 2016).
At the same time, it is necessary that the grain is of a suitable
malting variety, has a high germinating capacity and energy,
is sensitive to water absorption, does not have impurities, and
does not contain microbial or chemical pollutants (Stanca et
al., 2016).

In general, the main breeding goal is the development of
barley varieties with high malting quality and increased yield
(Lietal., 2009; Nikolaev et al., 2017). Maintaining a balance
between these two parameters is a serious problem, since high
yields, often dependent on the use of nitrogen fertilizers, are
associated with high protein and B-glucan content, which is
undesirable for high-quality malt (Chen et al., 2006). From
a breeding point of view, there is no single barley ideotype
universally accepted as describing a malting variety. Earlier,
it was reported that two-row barleys were used for malting all
over the world, except in the United States of America (USA)
and Mexico, where six-row varieties were mainly used (Riggs,
Kirby, 1978). The best malting varieties have a spring growth
habit. However, due to the depletion of their genetic diversity
(Laido et al., 2009; Meledina et al., 2013), as well as climate
change, interest in winter varieties has increased, and the
brewing associations of Europe and the USA have included
them in the list of recommended malting varieties (http://www.
ukmalt.com/press-release-update-november-2019; https://
ambainc.org/amba-publications/recommended-malting-
barley-varieties/).

The Russian Federation ranks first in worldwide produc-
tion of barley and in areas featuring this crop (Varietal re-
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sources..., 2010; http://www.fao.org/faostat/ru/). However,
breeding of malting barley in Russia has not been particularly
developed; as a result, 80-90 % of malt is produced from
imported raw materials or when growing foreign malting
varieties (Goncharov, Mordovin, 2019). The breeding and
cultivation of Russian malting barley varieties in the Russian
Federation is carried out both in the European region and in
Western Siberia and Altai (Surin et al., 2014; Aniskov et al.,
2016; Nikolaev et al., 2017; Musalitin et al., 2019). Due to
strict standards of the brewing industry and different climatic
conditions in the various regions of the Russian Federation,
the development of a raw material base for malting barley
faces significant difficulties (Surin et al., 2014; Musalitin et
al., 2019). As arule, foreign varieties have good technological
characteristics that meet the requirements of brewing produc-
tion; however, when grown in Russian regions, the parameters
of malt and beer produced from them often do not reach the
declared characteristics (Aniskov et al., 2016; Nikolaev et
al., 2017). In this regard, the development of competitive
local varieties of malting barley that combine adaptability to
growing conditions with optimal technological parameters is
an important goal.

Malting quality traits belong to complex quantitative traits
and have polygenic control (Fox et al., 2003), which makes it
difficult to study them using conventional methods of analysis.
The use of molecular markers makes it possible to significantly
expand the possibilities for chromosomal localization of genes
and QTLs (quantitative trait loci) that determine malt quality
characteristics and provide breeders with an effective tool
for accelerated and directed plant selection (marker-assisted
selection) (Han et al., 1997).

This review examines and discusses the main problems
associated with molecular genetic mapping of malting quality
traits, as well as the results of using recent high-throughput
genotyping technologies for applied research to obtain breed-
ing material with improved malting characteristics.

Genetic control of barley malting characteristics

The phenotype that determines the malting quality of barley is
the result of interactions among a large number of components,
each of which shows a complex inheritance (Molina-Cano et
al., 1997; Fox etal., 2003). Most of them are quantitative traits
with a comparatively low heritability, which are controlled
by multiple genes (Fox et al., 2003). For example, the mean
heritability for malt extract assessed in the F, and F, genera-
tions using different methods and populations ranged from
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8 to 70 %, whereas the heritability of a-amylase activity in
F, and F; plants ranged from 37 to 65% and from 39 to 74 %,
respectively (Foster et al., 1967). In addition, the phenotypic
variation of quantitative traits often depends on growing
conditions, such as soil composition, temperature, irrigation,
fertilizer application (Qi et al., 2005), genotype x environ-
ment interactions (Coles et al., 1991), methods of laboratory
analysis (Cullis et al., 2003), and complex relationships among
components that determine malting quality. All these aspects
make it difficult to accurately localize the QTLs that control
malting quality traits.

In some studies, QTLs for certain malting quality traits
were found in different regions of the genome, due to the
influence of different genotypes used in cross populations
and/or the influence of genotype X environment interactions.
For example, QTLs controlling the content of malt extract
were identified on chromosomes 1H and 2H in populations
derived from two North American varieties (Marquez-Cedillo
et al., 2000) and on chromosomes 1H and SH in populations
from Australian and Canadian varieties (Collins et al., 2003).
Even when using the same population (Blenheim x E224/3),
QTLs for malt extract on chromosome 2H were found by dif-
ferent researchers in different amounts and positions (Thomas
et al., 1996; Powell et al., 1997). This makes it necessary to
validate QTLs using different mapping populations grown
under different conditions in order to assess their interaction
with the environment (Panozzo et al., 2007; Elia et al., 2010).

However, QTL analysis based on biparental mapping popu-
lations has been widely used to identify and localize QTLs
(Marquez-Cedillo et al., 2000; Collins et al., 2003; Edney,
Mather, 2004; Emebiri et al., 2005; Panozzo et al., 2007; Rae
et al., 2007). QTLs or genes controlling malting traits were
identified on all seven barley chromosomes, but most were
identified on chromosomes 1H, 4H, 5H, and 7H (Schmalen-
bach, Pillen, 2009; Wang et al., 2015). Many studies investigat-
ing QTLs related to malting quality were based on genotyping
data obtained using various molecular markers (Han et al.,
1997; Mather et al., 1997; Coventry et al., 2003; Panozzo et
al.,2007; Rae et al., 2007; Schmalenbach, Pillen, 2009; Sziics
et al., 2009; Castro et al., 2013). In addition, the database of
barley markers has significantly expanded with the develop-
ment of methods for detecting SNPs (single-nucleotide poly-
morphisms) using Illumina GoldenGate technology, which
provided access to thousands of alleles and led to the creation
of a high-density consensus genetic map of barley containing
2943 SNP loci (Close et al., 2009). Information about these
SNPs was combined with other genetic markers such as RFLP,
AFLP, SSR, and diversity array technology (DArT) in the in-
tegrated barley malting QTL database (Sziics et al., 2009). As
a result, a map was compiled with 154 QTLs associated with
18 malting quality traits localized on all barley chromosomes.

At least 268 malting QTLs/genes are known to have been
identified in more than 20 mapping populations (Hayes et al.,
2000; Zale et al., 2000; Fang et al., 2019). However, the results
of these studies are difficult to directly apply to breeding for
many reasons. For example, most mapping populations do not
include genotypes used to produce new varieties, QTLs may
be specific to a particular population, alleles desirable for malt-
ing quality may only be fixed in certain genotypes, and some
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QTLs may have low localization accuracy due to the small
size of mapping populations (Sneller et al., 2009). A particu-
lar problem for breeding is that QTLs identified in mapping
populations may not segregate in breeding populations, such
as QTLs for malting quality traits on barley chromosomes 4H
and 7H (Condon et al., 2008). In this regard, it is emphasized
that the use of local breeding lines for mapping can be more
effective in identifying QTLs that are adequate to specific
growing conditions and breeding goals (Pozniak et al., 2012).

Using marker-assisted selection

to improve malting qualities

The marker-assisted selection (MAS) of barley is of particular
interest in terms of developing genotypes with good malting
quality, since the phenotypic evaluation of malting quality
characteristics using laboratory equipment is an expensive
process and requires large amounts of grain. In addition, these
traits are affected by the interaction of the genotype with the
environment. Molecular markers for assessing malting quality
traits can provide rapid selection of plants at the early stages
of breeding through a study of large populations, thereby
increasing the likelihood of detecting the desired genetic
combinations (Igartua et al., 2000).

Marker-assisted selection for quantitative traits, which in-
clude malting quality traits, has two main limitations. First,
in comparison with monogenic traits, quantitative traits are
characterized by low heritability, which leads to a less accurate
assessment of their genetic localization. As a result, it is neces-
sary to select a large fragment of the chromosome, which is
associated with the transfer of many potentially undesirable
genes. Second, many of the QTL alleles are difficult to detect
when transferred to a different genetic background (Rae et
al., 2007). Most studies on QTL mapping for malting quality
traits were based on crosses of parents contrasting in malting
traits, for example, malting variety x feed variety, which goes
against the common breeding practice for malting barley,
whereby feed genotypes are not typically used. In this regard,
QTLs for malting quality traits should be verified in breed-
ing programs before being used in marker-assisted selection.
In addition, some of the identified QTLs cannot be used in
MAS since they are associated not only with target traits, but
also with undesirable ones. For example, one of these QTLs
found on the long arm of chromosome 3H was associated
not only with an increase in diastatic power, but also with an
increase in viscosity (Panozzo et al., 2007).

One successful example of improving malting quality
using MAS is the work related to the enzyme B-amylase,
which mainly determines the diastatic power (Zhang et al.,
2007). The Bmyl locus on chromosome 4H controls f-amylase
activity, free/bound enzyme ratio, and thermal stability, and
its alleles are different isoenzyme types. PCR markers have
been developed that allow selection of different alleles of
B-amylase, which allows the use of these markers in MAS
depending on the needs of the brewing industry (Erkkila,
1999). For example, if high diastatic power and enzymatic
activity are required, the Sd2-H and Sd3 alleles should be
selected. Using molecular markers and double-haploid tech-
nology, the BmyI-Sd3 allele from Hordeum spontaneum L.
was transferred to two commercial barley varieties. As a result,
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the activity of B-amylase and, thus, the diastatic power in these
varieties increased by an average of 30 % (Li et al., 2004).
The use of the CAPS marker made it possible to transfer the
Sd3 allele of the thermostable f-amylase from wild barley
(H. spontaneum) into a commercial barley (variety Gairdner)
and obtain elite lines with high malting quality characteris-
tics (Xu et al., 2018). Supplementary material! presents a
description of the markers used in MAS for barley malting
characteristics.

Cultivated barley contains two isoforms of the enzyme
lipoxygenase, which oxidizes unsaturated fatty acids to the
corresponding hydroxyperoxides. One of the isoforms, LOX1,
promotes the synthesis of substances that impair the flavor
stability of beer (Hirota et al., 2006). It was found that this trait
is encoded by a locus on chromosome 4H, and the absence
of this protein is caused by a single-nucleotide mutation. The
use of the CAPS marker for the selection of mutants lacking
this protein made it possible to develop new breeding lines in
three years, despite this process usually taking approximately
ten years. Beers made with barley lacking LOX1 (null-Lox
variety) were found to have a 75 % reduction in the content
of substances that cause a stale flavor due to oxidation com-
pared to beer made from ordinary barley malt (Hirota et al.,
2005). One of the indicators of beer quality is the stability of
beer foam, which depends on the combined action of various
proteins, iso-alpha acids, polysaccharides, and metal ions
contained in beer. To select haplotypes of Z4 and Z7 proteins
associated with the quality of beer foam, CAPS markers were
developed, and their efficiency was shown in the analysis of
23 malting barley varieties (Iimure et al., 2009).

The possibility of using MAS to select populations with
improved malting quality has been shown (Coventry, et al.,
2003). For example, it was found that lines carrying an al-
lele linked to SSR marker EBmac501 on chromosome 1H
were characterized by increased diastatic power, as well as
B-amylase and a-amylase activities, compared to other lines.
In addition, this marker locus was associated with an increased
content of malt extract and, therefore, was considered promis-
ing for use in MAS (Collins et al., 2003). The use of MAS for
the selection of plants carrying the target malting quality traits
made it possible to develop promising breeding lines when
crossing feed barley Keel with three donor varieties with high
malting quality characteristics (Vassos et al., 2004). F. Han
et al. (1997) compared the efficiency of malting quality trait
selection using phenotypic assessment and marker-assisted
selection using molecular markers flanking the QTL1 and
QTL2 genome regions for malt extract, a-amylase activity,
diastatic power, and B-glucan content. It was shown that, for
QTLI1, the combination of MAS and phenotype assessment
was more effective than phenotypic selection only, which
involves laborious and expensive procedures. The selection of
desired genotypes can be greatly facilitated using PCR mark-
ers; therefore, a number of RFLP markers for malting QTLs
have been converted to PCR markers (Lee, Penner, 1997).

A number of other examples of the use of MAS to identify
QTLs associated with malting quality traits are also known.
For example, the localization of two QTLs affecting malting

T Supplementary material is available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/SupplTrubacheeva_Engl.pdf
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quality traits on chromosome SH was confirmed using molecu-
lar markers. Later, the selection of genotypes carrying alleles
from the malting variety Harrington made it possible to obtain
double-haploid lines with improved malting characteristics,
such as low B-glucan values and protein content in grain, high
diastatic power, and high malt extract (Igartua et al., 2000).
The use of PCR markers for the QTL region on chromosome
SH affecting a-amylase activity made it possible to introgress
this trait from the malting barley variety Morex to the feed
barley Labelle (Ayoub et al., 2003). In addition, this study
showed that MAS can be successfully applied to incorporate
QTLs into populations where only one of the parents (the
Morex variety) was used for the initial QTL identification and
mapping. Using SSR markers, the QTL regions for protein
content, malt extract, and viscosity were introgressed from the
winter malting barley Nure to the double-haploid population
obtained from crossing Nure with the spring malting variety
Tremois (Laido et al., 2009). SSR markers flanking QTLs on
chromosomes 2H, 6H, and 7H were developed. These loci had
a significant effect on protein content and, according to the
authors, may be useful in the development of varieties with a
high protein content (Fan et al., 2017). Using the populations
obtained by crossing elite malting barley varieties, QTLs for
malting quality traits were mapped, and two SSR markers
promising for use in MAS were identified (Panozzo et al.,
2007).

Genome-wide association analysis

as a perspective for the development

of molecular selection of malting quality traits

The emergence of more cost-effective, high-throughput geno-
typing platforms such as diversity array technology (DArT)
(Wenzl et al., 2004) and [llumina’s GoldenGate assay (Close et
al., 2009), as well as improvements in statistical methodology
and computer programs, has enabled genome-wide associa-
tion studies (GWAS) to be a promising alternative approach
to conventional QTL analysis of biparental populations for
the detection and accurate mapping of quantitative trait loci.
The advantages of this method include a wider coverage of
the genetic diversity of the population, i.e., simultaneous
study of a large number of alleles, high-resolution mapping,
establishment of single-nucleotide polymorphisms, and re-
duced study time due to the absence of the need to develop a
mapping population (Rafalski, 2010).

For the effective use of available technologies, a number
of researchers used information obtained during long-term
breeding trials when performing GWAS, which significantly
reduced the cost of genetic research. For example, data on
malting quality traits from 97 breeding trials conducted on
1862 lines were combined with the results of using 3072 SNP
markers for association mapping. This approach was found to
provide improved accuracy for identifying QTLs associated
with malting quality traits compared to previous mapping
studies (Mohammadi et al., 2014). In addition, the GWAS
method can identify a much larger number of molecular
markers compared to traditional QTL mapping (Cai et al.,
2013). In another study, phenotypic data of 18 malting traits
accumulated over 25 years for 174 European barley varieties
were used in the study of GWAS using DArT markers.
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In addition to confirming the already known QTLs on chro-
mosomes 1H, 2H, and 5H, new associations were found, for
example, markers linked to the malting quality and viscosity
(Matthies et al., 2014). A collection of 91 elite malting barley
lines was analyzed using association mapping to identify DArT
markers associated with seven malting traits, and 19 putative
candidate expressed sequence tags responsible for marker-trait
associations were identified (Beattie et al., 2010). The study
of a collection of 224 spring barleys using 1536 SNPs made
it possible to detect 57 novel QTLs responsible for agronomic
valuable traits, including starch and protein content (Pasam
et al., 2012). Thus, the associations between genotype and
phenotype identified in the studies reviewed may be useful
for selecting parent genotypes carrying the desired alleles in
order to model future breeding studies, although the results
obtained need to be validated in the field.

Conclusion

The malting quality of barley is the result of a complex interac-
tion of various components controlled by multiple genes. In
this regard, selection based on phenotypic characteristics is
a time-consuming and expensive process. Marker-associated
selection of malting quality traits is an effective alternative or
complement to conventional breeding, but requires detailed
information about genes/QTLs responsible for the target traits.
QTL analysis is widely used for the chromosomal localization
of agronomic traits and the detection of molecular markers.
To date, a large number of QTLs have been identified that
control malting quality traits, and the use of associated mo-
lecular markers and recent advances in molecular tools for
high-resolution genotyping make it possible to effectively
select the desired genotypes for breeding barley varieties with
high malting quality characteristics.
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AnHoTayua. Cpefn BCTPeYaoLWMXCA B NPUPOAE MUTMEHTOB aHTOLMaHbl ABNAIOTCA, NOXanyi, Of4HOW 13 Hanbonee n3y-
YeHHbIX rpynn. HaumHasa ¢ nepBbIxX NCCefOBaHNN O GU3UKO-XMMUYECKMX CBOMCTBAX aHTOLMAHOB, MPOBEAEHHbIX elle
B XVII B. 6pnTaHCKM ecTecTBOMCTbITaTeNeM P. Bolinem, Hayka 06 3TVX YHUKaNbHbIX COeAVHEHNAX CAeNana OrpOMHbIN
war Bnepea. Ha cerofHAWHMIA AeHb AOCTaTOYHO XOPOLIO UCCIeAOBaHbI CTPYKTYpa U GYyHKLUM aHTOLMAHOB B pac-
TUTENbBHbIX KNeTKax, a NyTb UX BUOCKHTE3a — OAVH U3 CaMbiX MOJIHO OXapakTepPU30BaHHbIX MyTel GMOCKHTE3a BTO-
PUYHBIX METAaBONUTOB Kak Ha B1OXMMUNYECKOM, TaK 1 Ha FeHeTYeCKom ypoBHe. Hapagy ¢ 3sTumu dyHaameHTanbHbIMM
[OCTUXKEHVAMM, Mbl HAUMHAaeM OCO3HaBaTb NMOTEHLMaNn aHTOLMAHOB Kak CoOeiMHEHNI NMPOMBbILLIIEHHOTO 3HaYeHNA, Kak
NUIMEHTOB CaMUX Mo cebe, a TakKe B KauecTBe KOMMNOHEHTOB GYHKLMOHANbHOIo NUTaHWsA, CNOCOOCTBYOLWNX Npeay-
NPEeXAeHWI0 N CHUXKEHUIO PYICKa PasBUTUA XPOHMYECKNX 3aboneBaHuii. [lonroe Bpems 6uonornyeckas akTMBHOCTb
aHTOLVaHOB 6blfla HeOOLIEHEH], B YaCTHOCTU, 13-3a AaHHbIX 06 UX HU3KOW 6rogocTynHocTn. OfHaKo B XoAe nccne-
[OBaHUiA ObINIO MOKa3aHo, YTO B OPraHr3Me YesioBeka U MUBOTHbIX 3TN COeJUHEHUNA aKTVBHO MeTabonm3npyoTca 1
6UOAOCTYMHOCTD, OLleHEeHHas C YYeTOM NX MeTabonmToB, npesbiwana 12 %. SKCrneprMeHTaIbHO NOATBEPXKAEHO, UTO
aHToLMaHbl 0651afaloT aHTVOKCUAAHTHBIMU, MPOTUBOBOCMANIUTENbHBIMY, TMMOMIMKEMUYECKUMM, aHTUMyTareHHbIMU,
aHTMAMA6eTUYECKNMY, NPOTNBOPAKOBLIMY, HEMPOMPOTEKTOPHLIMM CBOMCTBaMM, @ TaKXKe Mosie3Hbl AnsA 340poBbsA
rna3. OgHaKo NpoBefeHHble NCCNEeAOBaHNA He BCerga MoryT 0ObACHWUTb MOMEKYIAPHble MeXaHV3Mbl AeCTBUA aH-
TOLMaHOB B OpraHn3me yenoBeka. [10 HEKOTOPbIM fJaHHbIM, Habnogaemble 3GdeKTbl 06BACHAITCA AeCTBUEM He
AHTOLMAHOB, a X MeTaboIMTOB, KOTOPbIE, Gnaroaapsa CBoel NoBbILEHHON BUOAOCTYNHOCTW, MOTYT ObITb 60/ee 6ro-
NOFMYECKM aKTUBHbBIMU, YEM NCXOAHbIE COefiMHEeHNA. BbiCKa3blBaeTCA TakKe NPEArnonoXeHne O NOoNOXUTENIbHOM 3¢-
¢deKTe Ha 300POBbe YesIoBEKa BCEro KOMIeKca NonndeHoNbHbIX COeAMHEHNI, MOCTYNatoLWero B OpraH/i3m B cCOCTaBe
pacTutenbHom nuww. B npeactaBneHHOM 0630pe CyMMUPOBaHbI pe3ysbTaTbl OCHOBHbIX HarpaBieHWin NccnefoBaHuni
AHTOLIMAHOB B KauecTBe KOMMOHEHTOB yHKLMOHaNbHOro NutaHuA. OTAenbHOe BHUMaHWeE yaeneHo pesysbTaTam re-
HeTUYEeCKUX UCCefoBaHNI CUHTE3a MUIMEHTOB, AaHHble KOTOPbIX MPUOGPeTaloT 0CO6YI0 BaXKHOCTb B CBA3M C aKTyanu-
3auyert ceNleKLMOHHbIX MPOrpaMm, Hanpas/ieHHbIX Ha NMOBbILLEHNE COAePKaHNA aHTOLMAHOB Y KYJIbTYPHbIX PacTEHNI.
KnioueBble cnoBa: pacTeHVs; MUIMEHTbI; BTOPUYHbIE MeTabonuTbl; GraBoHOMUAbI; aHTOLMAHDBI; PEryIATOPHbIE TeHbl;
CTPYKTYpPHble reHbl; aHTUOKCUAAHTbI; Grionornyeckan akTMBHOCTb.

IOna untuposanus: KOguHa P.C., loppeesa E.N., Loesa O.10., TuxoHosa M.A., XnectkunHa E.K. AHTOLIMaHbI KaK KOMMOHEHTbI
dYHKUMOHaNbHOTo NUTaHuA. Basuosckull XypHan 2eHemuku u ceiekyuu. 2021;25(2):178-189. DOI 10.18699/VJ21.022

Anthocvanins as functional food components
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Abstract. Among the natural pigments, anthocyanins are assumed to represent one of the most studied groups.
Starting with the first studies on the physicochemical properties of anthocyanins carried out in the 17th century by
British naturalist Robert Boyle, the science about these unique compounds has progressed substantially. To date, the
structure and functions of anthocyanins in plant cells have been well studied, and the pathway of their biosynthesis
is one of the most fully characterized pathways of secondary metabolite biosynthesis at both the biochemical and
genetic levels. Along with these fundamental achievements, we are beginning to realize the potential of anthocya-
nins as compounds of industrial importance, as pigments themselves, as well as components of functional food that
contribute to the prevention and reduction of risk of chronic diseases. For a long time, the biological activity of antho-
cyanins has been underestimated, in particular, due to the data on their low bioavailability. However, studies showed
that in humans and animals, these compounds are actively metabolized and the bioavailability, estimated taking into
account their metabolites, exceeded 12 %. It has been experimentally shown that anthocyanins have antioxidant,
anti-inflammatory, hypoglycemic, antimutagenic, antidiabetic, anti-cancer, neuroprotective properties, and they are
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beneficial for eye health. However, the studies conducted cannot always explain the molecular mechanism of action
of anthocyanins in the human body. According to some reports, the observed effects are not due to the action of
anthocyanins themselves, but to their metabolites, which can be more biologically active because of their increased
bioavailability. Other data ascribe the positive effect on human health not to individual anthocyanins, but to the whole
complex of polyphenolic compounds consumed. The review summarizes the results of the studies of anthocyanins as
components of functional food. Special attention is paid to genetic control of the pigment synthesis. These data are of
particular importance in respect to the initiated breeding programs aimed at increasing the content of anthocyanins

in cultural plants.

Key words: plants; pigments; secondary metabolites; flavonoids; anthocyanins; regulatory genes; structural genes;

antioxidants; biological activity.
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BBepeHmne

B nocnennue roznel B HayKe O MUTAHUM MOSBHIIOCH HOBOE
HarpajieHHe — (QYHKIIMOHAJIbHOE MUTaHue. Ero KoHIenus
Bo3HuKIA B Slnonun B 1980—-1990-x rT. u Gasupyercs Ha
YIOTPEOICHNH B MHUIILYy TaK Ha3bIBAEMBIX (DYHKI[OHAIBHBIX
npoxykToB nutanust (Pores u np., 2018). ComacHo ompe-
JIeJIeHUI0, (DYHKIIMOHAJIIbHBIMU Ha3bIBAlOT IHIIEBBIC MPO-
JYKTBI, coziepKaiine (PU3H0IOTMIECKH AKTUBHBIC, ICHHBIE U
0e30rmacHbIe TS 3710POBbSI MHIPEANCHTHI C M3BECTHBIMU (u-
3UKO-XUMHYECKHMHU XapaKTePUCTUKAMU, JUISI KOTOPBIX BbI-
SIBJICHBI ¥ HAYYHO OOOCHOBAHBI MOJIE3HBIC JUI COXPAaHECHUS
n yiyumenus 310poBbsi cBoiictea (I'OCT P 52349-2005).
K Takum BelecTBaM OTHOCSTCS pACTBOPHMBIE 1 HEPaCTBOPH-
MBbI€ [THIIEBBIE BOJIOKHA, BUTAMUHBI, MUHEPAJIbHBIC BEIIECTBA,
JKUPBI ¥ BEIIECTBA, COITy TCTBYIOIHE KHUPAM, TOJTHCAXAPUJIBI,
BTOPUYHBIE PACTUTEIILHBIE COSANHEHUSL, IIPO- U IIPEOHOTHKH.

B kxauecTBe KOMIOHEHTOB (DyHKIIMOHAJIBHOTO NMHTAHUS
AKTHBHO HCCIIEIYIOTCS pa3JInuHble ONOIOTUYECKH aKTHBHBIC
COEJIMHEHUS], CPE/IM KOTOPBIX aHTOLMAHBI TPUBJIEKAIOT 0C000e
BanManue (Calderaro et al., 2020). DTu coeqMHEHNUS SIBIISIOT-
Csl BOZIOPACTBOPHMBIMU MHUTMEHTaMH, OKpacka KOTOPBIX, B
3aBUCHMOCTH OT CTPYKTYPbI U pH cpesibl, MOXKeT BapbUpOBaTh
OT KPacHOTO U IyPITypHOTO IO CHHETO IBETa. AHTOLNAHEI
IIMPOKO TPECTABICHBI B TPYIIE MOKPHITOCEMEHHBIX pac-
TEHUH W BCTPEYAIOTCSl Y HEKOTOPBIX NPEJICTaBUTENEH roJIo-
CEMEHHBIX, TOT/]a KaK B APYTUX TAKCOHAX OHU OTCYTCTBYIOT
(Rausher, 2006). OxpamiBasi reHepaTHBHBIE OpPraHbl U 110~
JIbl, QHTOLIMAHBI YYaCTBYIOT B IIPUBJICUCHUH OIBUIUTENCH U
pacmpoCcTpaHUTENICH CEMsH, B BETETaTUBHBIX OpraHax OHHU
3a7IeCTBOBAHBI B aANITHBHBIX PEAKIHIX K YCIOBUSIM OKPY-
saroieit cpenst (Hatier, Gould, 2008).

K HacrosmeMy BpeMeHH MOSBUIIUCH yOeAUTEbHbIE, HAy-
HO-000CHOBaHHBIE JJAHHBIE O TT0JIb3€ AHTOLIMAHOB JIJIsI JKMBOT-
HBIX 1 YEJIOBEKA, IOMMMO UX BaKHOU POJIU B KU3HU PACTCHUH.
WurnbupoBanne aHTOIIMAHAMHE Pa3INIHBIX POPM paka, MeTa-
OOIIMIECKHX, CEPICUHO-COCYJUCTHIX U HEHPOIereHepaTUBHBIX
3a0osieBaHui OBLIO 32JI0KyMEHTHPOBAHO KaK Ha AKCIIEPHMEH-
TaJILHBIX MOJCJISIX in Vitro W in vivo, TaKk U B KIMHUYECKUX U
SMMEMUOIOTHYECKUX HecienoBanusx (TapaxoBckuii u nip.,
2013; Li et al., 2017). Panee npeamonaraiock, 4TO TOJIbKO
AQHTHOKCHJIAHTHBIE CBOMCTBA aHTOIIMAHOB OTBETCTBEHHBI 32 X
YKpeIuIsttoIue 310poBbe 3 pexTsl. OmHaKo ObIIO MOKa3aHo,
YTO OHU CIIOCOOHBI B3aWMOJICHCTBOBATh C PETYISTOPHBIMU
Oenkamy, a TakkKe C KOMIOHEHTAaMU CUTHAJIBHBIX IyTEH U,
TaKKM 00pa3oM, MOYJIMPOBATH (PU3HOIOTHUECKHUE ITPOLIECCHI,
nporekarolue B opranusme yenoseka (Li et al., 2017).
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OCHOBHbBIE HCTOUYHHKH QHTOIUAHOB — TEMHOOKPAIIICHHBIE
TUTOJIBI, CPEJIM KOTOPBIX SIFOJIbI Oy3UHBI, PSIOWHBI YEPHOILION-
HOM, rpaHata ¥ YepHUKH — JIUJEPhI MO COACPIKAHHIO dTHX
coequuenunit (Ramos et al., 2014). B nocnennee Bpems B
KauecTBE MCTOYHUKOB aHTOLMAHOB CTAJHM paccMaTpHUBaTh
Ooliee SK30THUECKHUE B ITOM ILJIaHE KYJIBTYPbI, TAKHE KaK 3J1a-
KU U KapTo(elib, 3epHO U KIIyOHH KOTOPBIX TAKXKE CIIOCOOHBI
HaKaIUTMBaTh aHTOIMaHOBbIe coeauneHus (Payyavula et al.,
2013; Zhu, 2018). HecmoTps Ha TO YTO U B 3€pHE, U KITYOHIX
AHTOIIMAHOB COJIEPIKUTCSI MEHBIIIE, YEM B STOJ1aX, OHU TAKIKE
SIBJISIFOTCSI TTPUBJICKATEIIbHBIM UCTOYHUKAMM ITUX COEIMHE-
HUIA, TOCKOJIbKY XapaKTepU3yloTcs Ooiee [UIMTEIbHBIM Xpa-
HEHUEM, JIOCTYITHOCTHIO U TIOBCEHEBHBIM YIOTPEOICHUEM
B IIMIILY, 10 CPAaBHEHUIO C CE30HHBIMU SITOZIaMU U (ppyKTaMu.
HccnenoBanust MOTPEOUTENLCKUX XapaKTEPUCTUK H3/ICIIHT,
MPUTOTOBJICHHBIX U3 3€pHA IIIECHUIIBI, COJACPIKAIIETO aHTO-
[[MaHBl, T0KA3aJIM, YTO OHU HE YCTYNAIOT, a 110 HEKOTOPHIM
napaMeTpam Jaxe MPeBOCXOISIT KOHTPOJIbHbIE U3/IENus, He
coxeprkamnue anTorransl (Bartl et al., 2015; Pasqualone et al.,
2015; Xnectkuna u np., 2017; Ma et al., 2018).

B cBs131 ¢ OOJIBIIUM MTOTEHIMAJIOM aHTOIIMAHOB B KaueCTBE
KOMITOHEHTOB (JYHKIIMOHAILHOTO MUTAHUSI CETOHs CTAHO-
BSITCSI BOCTPEOOBAaHHBIMHU 3HAHMUS 00 X F€HETHYECKOM KOHT-
poJie, KOTOpbIe HAXOAST CBOE MPUMEHEHHE B CENEKIIHOHHBIX
MporpaMMax, HAlpaBICHHBIX HA CO3/JaHUE HOBBIX COPTOB
KYJIBTYPHBIX PACTCHHUI C MOBBIILIEHHBIM COIEPKAHUEM DTHX
LEHHBIX IS 3[0POBbsI YEJIOBEKa COSTMHEHHIA.

B Hacrosiiiiem 0030pe npe/icTaBIeHbI JAaHHBIC O CHHTE3e aH-
TOL[MAHOB y PACTEHUI U €0 TeHETHYECKOM KOHTpOJIe, 0c000e
BHUMaHHE Y/JEJICHO MCCIICOBAHMSIM aHTOIIMAHOB B Ka4yecT-
Be (pyHKIIMOHAIBHBIX KOMIOHEHTOB MPOIYKTOB MHUTAHHUS, B
YaCTHOCTH MX OMOIOCTYITHOCTH ¥ MEXaHW3MaM O3UTHBHOTO
JICWCTBHS B OPraHU3Me YeJIOBeKa.

Xumnuyeckas cTpykTypa

n pa3H006pa3|/|e aHToOUMnaHOB

AHTOIMAHBI OTHOCSTCS K (DITABOHOMHBIM COEIHHEHUSIM,
BXOJSIINM B IpyIiy Hosm(eHonoB. B ux crpykrype Bbliessi-
10T YIVIEBOAHBIH OCTATOK U HEYIJICBOJHOE OCHOBAHHUE — aIU-
KoH. Bee (hraBoHONIBI, BKITIOYast aHTOIIMAHBI, UMEIOT OO
15-yrneponnsiii ckener C-C,-C, KOTOPBI COCTOUT U3 ABYX
apoMarnueckux xonenl A u B, coennnennsix C,-pparmentom
(puc. 1). Crenenp okucyenust C-Koiblia OMpesensieT Kiace
(hr1aBOHOUIOB, K KOTOPOMY OTHOCHTCS ICKOMOE COEIUHCHUE.
VY anTonmanoB C-KOJIbIIO MMEET ABE IBOMHBIE CBSA3H U HECET
TIOJIOXKUTEIBHBIH 3aps/] (MOH (hIIaBIITHS).
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Cyanidin (Cy): R1=0OH, R2=H
Delphinidin (Dp): R1=0H, R2=0OH
Malvidin (Mv): R1=0CHs, R2=0CHj
Pelargonidin (Pg): R1=H, R2=H
Peonidin (Pn): R1=0CHs, R2=H
Petunidin (Pt): R1=0CHs, R2=0OH

Fig. 1. Basic structure of anthocyanins.

Bce pazHooOpasue aHTOLMAHOB, KOTOPBIX, MO JaHHBIM
2006 1., OBIT0 BRIABICHO 0K0I0 600 MHANBUIYaTBHBIX COCITH-
HEeHHH, 00yCJIaBIUBAIOT 25 pa3IuYHbIX aAITTUKOHOB, TIPH 3TOM
90 % UACHTUDUIIMPOBAHHBIX AHTOIIMAHOB SIBJISIFOTCS TIPOU3-
BOJIHBIMH TOJIBKO IIeCTH 13 HUX: nanuauHa (Cy), neappuHu-
muHa (Dp), maneBununa (Mv), nenaproananna (Pg), neonn-
quHa (Pn) u nerynununa (Pt) (Andersen, Jordheim, 2006).

Ipu o6mem ctpoennn C, s-yriepoJHOro CKeyera B Kiacce
AQHTOIIMAHOB WHAMBUIYaJIbHBIC COCAMHCHHS BBIICIAIOT Ha
OCHOBE HaJMYUsl, MMOJIOKEHHsI M XapakTepa MoIupHuKanni
OCHOBHOTO CKenleTa. Bce aHTOImaHOBBIE COSTUHEHNUS TIPE-
CTaBJISIOT COOOM TIIMKO3H/IBI, TIOJTyYEHHBIE B PE3yJIbTaTe MpH-
COC/IMHEHUS CaxapoB K arIMKOHaM, CPeii KOTOPhIX HanOo-
Jee 9acThIMH sBisitoTes mmioko3a (Glu) m pamuosza (Rha),
a TaKke BcTpedatorcs ranakro3a (Gal), apabunoza (Ara),
kcuiosa (Xyl), pyrunosza (Rut), MmoryT nonanarbes aucaxa-
PHUIBI M OYCHB PENKO — TpHCcaxapuabl. [loMHIMO TIIMKO3HIH-
POBaHMs, aHTOIMAHBI MOTYT TIO/IBEPIaThCsl ALMIMPOBAHUIO C
MOMOIIBIO0 aPOMATHYECKUX WIN au(paTHIeCKUX alMIbHBIX
OCTaTKOB, HamOoJee pacTpoCTPAHEHHBIMH M3 KOTOPHIX SIB-
JSIFOTCS n-KyMapoBasi, koeitHas u hepysoBast KUCIOTHI. AH-
TOLIMAHOBBIE COSIMHEHHSI TAK)KE MOTYT TIO/IBEPIaThCsl METH-
JUPOBAHMIO U METOKCHIIMPOBAHMIO, a ONaromapsi HaJIMYHIO
PEaKIMOHHOCIIOCOOHBIX THAPOKCHIBHBIX T'PYII OHH JIETKO
BCTYIAIOT B PEAKIMU aJKWINPOBaHUsI, 00pa3ys 3¢ups! (3a-
mpomeTos, 1974).

buocnHTes aHTOUMAHOB

1N ero reHeTn4yeckas perynayma

Muoroobpasue (p1aBOHOUIHBIX COCTUHEHHMN, BKIIFOUasi aH-
TOLMAHBI, 00pa3yeTcsi B pe3yibrare o0Iero GpeHmwInpona-
HOMJIHOTO 1 (hJTABOHOMIHOTO MyTel GHOCHHTE3a, aKTHBHOCTD
KOTOPBIX 3aBUCHT OT JIBYyX IPYII [€HOB — CTPYKTYPHBIX, KO-
JIIPYIOIINX ()ePMEHTHI OMOCHHTE3a, U PErYNISTOPHBIX, KOJH-
PYIOIIHUX TPAHCKPHIIIIHOHHBIE (PaKTOPBI, KOTOPHIE TKAHECTIE-
U(PUIECKH PEryIUPYIOT IKCIPECCUIO CTPYKTYPHBIX '€HOB
U ONPENENAIOT, TAKUM 00pa30oM, MATTEPHBI pacrpeieeHust
MTUTMEHTOB.

BbuocuHTe3 aHTOLMaHOB

BrocuaTe3 Beex (h1aBOHOMIHBIX COSTMHEHUH HAYMHACTCS C
(hennnanannHa. OeHnnanannH-aMMuak-1raza PAL, nuHHa-
Mar-4-runpokcunaza C4H, 4-kymapar:KoA-nuraza 4CL, neii-
CTBYyS TIOOYEpENHO, PeoOpa3yIoT GpeHnIaTaHuH B 4-KyMa-
pun-KoA. Ilocnenyromasi KOHAEHCALNST OJHONH MOJIEKYJIbI
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4-xymapui-KoA u Tpex Mmonekyn MmanoHn1-KoA ¢ moMosio
xankoHcHHTa36l CHS mpuBoIuT K 00pa3oBaHUIO TETparu-
POKCHXAJIKOHA M TPUTHIPOKCHXAIKOHA, KOTOPBIC SBISIFOTCS
MPE/IIECTBEHHUKAMU Pa3JIMuHbIX KJIACCOB (DJIABOHOHMOB M
n30(IaBOHOUOB COOTBETCTBEHHO. [10/ IeiicTBHEM XaIKOH-
(hraBanonmzomepassl CHI TeTparnapokcnxaikoH mpeBpa-
maeTcs B HapuHreHuH. [locnennuii ciyxut cyocTparom aist
(hepMEHTOB, OCYIIECTBISIIONINX PEAKINHN T'HIPOKCHINPOBa-
nust C-xonbiia B nojoxkenuu C3, mubo B-kojblia B mOI0XKe-
Huu C3'. Tak, HApUHICHUH C TOMOIIBIO (hepMeHTa ()IaBAaHOH-
3-runpokcunassl F3H npeobpasyercs B murnapoxeMipepos
DHK, a ¢ momomsto raBoHOMA-3'-runpokcmiassl F3'H —
B OPUOAMKTHUOI.

I'mapoxcunmupoBarne DHK ¢ momomeio F3'H nnm dma-
BoHou1-3'S"-runpoxcuiasbl F3'5'H npuBoaunt k 00pasoBanuio
nuruapoksepuernia DHQ wiu nurunpomupuniernaa DHM
cootBeTrcTBeHHO. [Tomyuennsie nuruapodnaBononsr DHK,
DHQ u DHM BoccTaHaBIUBaOTCS AUTHAPOGIABOHONI-4-
penykrasoii, DFR 1o coorBeTcTByIO1IUX (riaBaH-3,4-110510B
JeHKoTIeTaproHNInHA, JICHKOIIMaHUINHA, JTEUKOIeTb(OUHI-
JIMHA, KOTOpbIe npeobpasytorest 10 3-OH-aHToIManuInHOB
NeJIaproHuInHa, HUaHUANHA U JIeNIbGUHUINHA C TIOMOIIBIO
tdhepmenTa anTonmaHuamHCUHTA3sl ANS. Ilocnenyromue
9Tarsl OMOCHHTE3a aHTOIMAHOB OTHOCSATCS K PEAKIMSIM KO-
HEYHBIX MOJM(UKALINI, HEOOXOMMBIX JUISl MX CTAOWIIN3aLNH
1 XpaHeHwus1. B 3Toit cragum 6nocuHTe3a MPUHAMAIOT y9acTHe
(hepMeHTHI, OTHOCSIHMECS K KinaccaM O-metunTpaHcdepas
OMT, mkosuntpancdepas GT u aunnrpancdepas AT. An-
TOI[MAaHOBBIE COEJMHEHNUS CHHTE3UPYIOTCS Ha INTOIIa3MaTH-
YEeCKOW MOBEPXHOCTH SHIOMIa3MaTHIECKOTO PETHKYIyMa, a
3aTeM TPAHCIIOPTUPYIOTCS U XpaHATCs B Bakyousix (Winkel-
Shirley, 2001).

Perynauua 6uocnHTesa aHTOLMaHOB
B perynsmyum OnocuHTe3a aHTOLMAHOB MPUHUMAIOT y4acTHue
TPAHCKPHITIMOHHBIE (PAKTOPBI, TPUHAIICKAIINE K CEMEH-
cteam MY B, bHLH u WD40, kotopble [is BBITIOJIHEHUS Pe-
TYIATOPHBIX QyHKINH o0beanHsioTcest B MY B-bHLH-WD40
(MBW) xommutekcsl (Hichri et al., 2011). Ux perynsmus
MOKET OBITh CBETO3aBHCHMOW M CBeTOHe3aBUCHMOM. CBe-
TO3aBUCHMasl PEryJsIius HHULUHUPYETCsT (DOTOPELEITOpaMu
TIPH JICHCTBUY CBETA Pa3JINYHOM THHBI BOJIHBL. L[eHTpansHOe
MECTO B Ilepe/iade CUTHAIIOB OT (JOTOPELENTOPOB K CHHTE3Y
AQHTOIIMAHOB 3aHUMaeT perynsaTopHei haktop ELONGATED
HYPOCOTYL 5 (HY5) (Bulgakov etal., 2017), koTopslii Ha-
MPSIMYI0 MOXKET CBA3BIBATHCS C MPOMOTOPOM reHa PAPI, xo-
JTUPYIOIETO TPAHCKPUIIMOHHBIN (akTop MYB (Shin et al.,
2013). /Ipyroii BaxHBII y9aCTHUK CBETO3aBHCUMOM peryiisi-
1un — youksutraiauraza COP1, MUnIeHsMu KOTOPOii ciryxar
perynsTopHbIe (DaKTOpPBI, BOBICUECHHBIE B OMOCHHTE3 aHTO-
mmanos (Hanpumep, PAP1 u PAP2) (Bulgakov et al., 2017).
Y HEKOTOpBIX BUIOB PACTEHUN CUHTE3 AHTOLMAHOB OCY-
IIECTBISIETCS B TIOJI3EMHBIX OpraHax, HallpuMep B KIIyOHAX
KapTo(esist, 4TO UCKITIOYAET €T CBETO3ABHCUMYIO PETYIISIIIHIO.
XOoTs TOUHBIM MEXaHU3M CBETOHE3aBUCHUMOM PEryssiuu He-
U3BECTEH, CYIIECTBYET MPENOIOKEHNE, YTO OH PEATTU3YETCSI
MOCPEACTBOM caxapo3bl. Tak, B MPOMOTOPHOM 00JacTH reHa
ANI, xogupytomero MY B-1o0o0HbIH TpaHCKPHUITIIMOHHBIN
(haxTOp, pETYNUPYIOINI CHHTE3 AHTOLMAHOB B KITOHSIX Kap-
To(esns, y copToB ¢ (hroneToBol OKpackoi KiryOHeH ObLIo
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BeisiBiieHO miectb SURE (sucrose responsive elements) aiie-
MEHTOB, TOT/Ia KaK Y COPTOB C OeNoi M KEeNTOH OKpacKon
KITyOHel 3ToT reH comepskan onud SURE. [penmonoxurers-
HO, caxapo3a akKTUBUPYET IKCIpeccuto reHa AN, KOTOpbIii, B
CBOIO OYepe/ib, aKTUBUPYET 3KCIPECCHIO CTPYKTYPHBIX TCHOB
OMOCHHTE3a aHTOIIMAHOB, & TAK)KE TEHOB, KOJUPYIOIINX (ep-
MEHTHI THIPOJIN3a caxapo3bl, TaKHe KaK CHHTAa3a caxapo3bl
U uHBepTasza. ['uaponntudeckue (GpepMeHTH pacIIeTUISIOT
caxapo3y, MPUBOJSI K CHIDKCHHUIO €€ YPOBHS B KJIETKE C BBI-
CBOOOJKIEHHEM I'€KCO3, MPOYKTHI pacia/ia KOTOPBIX CIIyXkKaT
MpEeANIECTBEHHUKAaMH JUIsl CHHTEe3a (DEeHMIIPONIaHOUIOB
(Payyavula et al., 2013).

DEeHOTUITHYECKOE U3MEHEHHE OKPACKU y PACTeHUH 4acTo
00yCIIOBJIEHO MYTalMsIMH HMEHHO B PETYISTOPHBIX T'€HaX,
KOTOpBIE PACCMaTPHBAIOTCS, TAKMM 00pa3oM, Kak Hanboiee
3¢ (GEKTUBHBIC MUILICHHU IS CCJICKIUA U OMOTEXHOJIOTHH.
K npumepy, HakoTuIeHHE aHTOIIMAHOB B MSIKOTH SI0I0Ka IPO-
UCXOAUT OJarojapsi yCWJICHHOH aktuBarmu rena MdMYBI10,
B NIPOMOTOPE KOTOPOTO MPHUCYTCTBYIOT MATh 23-HYKJIEOTU-
HBIX TOBTOPOB (Espley, 2009). CxoxHbIM 00pa3oM HaKOIIIe-
HHE OOJIBIIOTO KOJIMYECTBA AHTOLIMAHOB B MSKOTH KPOBaBO-
ro amneibcuHa o0ycioBieHo uHcepiueit Copia-nogo0HOro
PETPOTPAHCIIO30HA, MIPUBOAAIICH K YCHICHUIO SKCIIPECCUHU
Onm3neskamniero rena Ruby, KOQUPYIOMIETO TPAHCKPUIIIINOH-
HbIl pakrop MYB, perynupyromunii CHHTE3 aHTOLMAHOB
(Butelli et al., 2012). Y MsTKO# MIIEHUITBI BBISIBICHO MIECTh
261-HyKJICOTHIHBIX TaHIEMHBIX TIOBTOPOB B IIPOMOTOPE 10~
MuHaHTHOTO asuiesist bHLH-koaupytomero rena Pp3/TaPpbl,
AKTHBUPYIOIIETO KCIIPECCHIO CTPYKTYPHBIX TEHOB CHHTE3a
AQHTOLIMAHOB B IIEPUKApIIe 36PHOBKH, TOTJAa KaK JHIIb OIUH
TaKoil MOBTOp ObLII OOHAPYKEH B PELIECCHBHOM aJljIelie y He-
okparreHHbIX copToB (Shoeva et al., 2014; Jiang et al., 2018).
TannemHas TyTIMKanus JIBYX HEPBBIX 9K30HOB, MEPBOTO
MHTPOHA U 4aCTH BTOPOT'O MHTPOHA, a TAK)KEe WHCepLus (par-
MEHTa JJIMHOH oKojio 11 ThIC. HYKJICOTHIOB OOHAPYKEHEI B
npomotope bHLH-konupyromiero rena Kala4 y 4epHO3EpHBIX
COPTOB pHCa, HO y OEI03EpHBIX COPTOB TAKOW MYIUTUKAIIUU
He BoisiBiieHo (Oikawa et al., 2015).

[TomuMoO MyTanmii B MPOMOTOPHBIX pallOHAX PETyIATOp-
HBIX T€HOB, OBUIN ONUCAHBI MyTAIMH, TPUBOJISIIUE K CABUTY
paMkn cunTbiBaHUs. Tak, y SUMeHs UAeHTU(GHUINPOBAH T'eH
HvMyc2, KOHTpONUpPYIOIMIKUI CHHTE3 aHTOLIMAHOB B aleipo-
HOBOM CJIO€ 3€PHOBKH SIUMEHS, PEIIECCHUBHBIEC aJUIENIU KO-
TOPOTO UMEIOT OJHOHYKJICOTHIHYIO HHCEPILHUIO B KOIUPYIO-
mei gactu rena (Strygina et al., 2017). Myranuu B reHax,
kogupyronmx WD40, meHee pacnpocTpaHEHbI, TOCKONbKY
9TH I'eHbI IMEIOT IUIEHOTPOTIHBIE (hyHKIIUH, KOTOPBIE HE Orpa-
HUYUBAIOTCS JIMIIb CHHTE30M aHTonuaHoB (Zhang, Schra-
der, 2017).

Takum 00pa3oM, Ha CETOAHATIHUI IeHb TOCTATOYHO TTOJTHO
0XapaKTepH30BaHbl META0OIMUECKUH ITyTh OMOCHHTE3a aH-
TOLIMAHOB, a TAK)KE €T0 PEryJsalys. YCTaHOBIEHO, YTO Kade-
CTBEHHBII COCTAaB AHTOIIMAHOBBIX ITUTMEHTOB ONPENEINISIOT
(hepMeHTBI OMOCHHTE3a, B TO BPEMsI KaK pacIipe/ieieH e T -
MEHTOB B TKaHSX PACTEHHH, a TAK)KE €r0 KOJIMYECTBO KOHTPO-
JHMPYIOTCS PETYNATOPHBIME T'eHaMu. FIMEHHO ¢ BBISIBICHHEM
TPUTTEPHBIX PETYISATOPHBIX TEHOB M UX KaPTUPOBAHHEM Ha
XPOMOCOMaX CBsI3aHbI COBPEMEHHBIE I0OCTIE€HOMHBIE METObI
CEJIEKINN KYJIBTYPHBIX PACTEHUH C ITOBBIIIEHHBIM COJEPIKa-
HHEM aHTOIMAHOB B 3€pHE.

2021
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AHTOLMAHbI KaK KOMMOHEHTbI
¢yHKuMOHaﬂbHOFO nNTaHnA

BVIO[J,OCTynHOCTb aHToUuMnaHoOB

1 UX MeTabonnsm B opraHn3ime 4yenoBekKa

Jlosroe BpeMsi poiib aHTOIIMAHOB B (DYHKIIMOHAJILHOM ITUTA-
HHUM ObUIA HEJJOOLICHEHA, B YaCTHOCTH, M3-3a JJAaHHBIX 00 MX
HU3KOH OMOOCTYIHOCTH, KOTOPAsl ONPEACIIIETCS KaKk OTHO-
IIEHHE YaCTH BELIECTBA, JOCTUTAIONIEr0 CUCTEMHON IIUPKY-
JISIIAH, OPTAaHOB M TKaHEH, K 00IeMy KOJHYECTBY HOTpeO-
nsiemoro BemiecTsa. [1o HexkoTopeIM oneHkam, aumb 0.4 %
MCXOJIHOTO KOJIMYECTBA YIIOTPEOICHHBIX B ITHIILY aHTOLIMAHOB
JIETEKTHPOBAHO B IIJIa3Me KPOBH KUBOTHBIX 1 yesoBeka (Ma-
nach et al., 2005). Takue HU3KHE KOHIICHTPALIUH AHTOIINAHOB
HE MO OOBSICHUTH (pusnosornueckue 3Gdexrrl, HaOIO-
JlaeMbI€ TI0CIIe UX yNOTpeOIeHUs. YCOBEPIICHCTBOBAHNE Me-
TOJIOB JICTEKI[MH MO3BOJIMJIO OLEHUTh OMOJOCTYIHOCTD aH-
TOLMAHOB C YYETOM MX METaOOJUTOB U IPOAYKTOB B3aHUMO-
neiictBusa. C HCIIONB30BAHNEM PAJHOAKTUBHO MEUYEHHOTO
nuanuanH-3-mrko3uaa C3G ObLI0 MOKa3aHo, YTO HE MEHEE
12.38 % MeTaboInTOB aHTOI[MAHOB BBIBOJUTCS U3 OPTaHU3-
Ma 4eJIOBeKa B COCTABE MOYH M BBIJBIXaEMOTO BO3YXa, YTO
HAMHOTO BbIIIe OMOIOCTYITHOCTH, OIIEHEHHOHN TOJIBKO T10 CO-
JIep )KaHHMIO MCXONIHBIX COeAMHEeHHI B ma3me kpoBu (Czank
et al., 2013). UccrenoBarne 00pa3ioB KPOBH U MPOAYKTOB
BBIJICJICHUSI ITOCJIC OHOKpATHOTO yroTpediernus 500 mr C3G
BBISIBUJIO TPUCYTCTBHE B HUX KaK MHTAKTHOTO COCAMHEHUS,
TaK ¥ €ro KaraOoJIM3MPOBaHHBIX MIPOU3BOJHBIX, CPEAN KOTO-
PBIX HarboIIee MpeICTaBICHHBIMU OBUTH TITIOKYPOHH/IBI TIPO-
TOKaTE€XMHOBOM KUCIIOTHI M IHAHH/IHA, UX METUIIUPOBAHHBIE
MIPOMU3BOJHEIE, (hepysioBasi, TUMITypoBasi, (heHMITyKCycHas U
(ermnmponnonosas kuciotsl (Czank et al., 2013).

VY JKUBOTHBIX, KOTOPBIX KOPMUJIM aHTOL[MAHAMH, 3TH CO-
eIMHEHHMs1 ObIIIM O0OHAPY KEHBI IPAKTUUECKH BO BCEX OpraHax,
B TOM YHCJIC B TKAHSX T'OJIOBHOTO MO3Ta, YTO yKa3bIBaeT Ha
UX aKTHBHYIO a0COpOLHNIO M CITOCOOHOCTH MPEOI0IEeBATh I'e-
MarosHIepammdeckuit 6apeep (Celli et al., 2017; Sandoval-
Ramirez et al., 2018). BaxxHO OTMETHTB, YTO TPU KPaTKO-
CPOYHOM YNOTPEOJICHHH aHTOLIMAHOB B TKAHSX JKMBOTHBIX
peoOIagaroT UX UCXOAHBIE (POPMBI, a IPU JTOJITOCPOIHOM —
METa0OJIUTHI, YTO CBS3BIBAIOT C JICITEILHOCTHIO KUIICYHOM
MuKpo6notsl (Sandoval-Ramirez et al., 2018).

MeTabonu3M aHTONMAHOB HAYWHAETCS B POTOBOH MOIIO-
CTH, TA€ PS/I UX YACTHYHO PACIICIUISETCS IIMKO3U1a3aMHt
OakTepuabHOM MUKPOQIOPBI 10 COOTBETCTBYIOIINX ArH-
koHOB (Kamonpatana et al., 2012) (puc. 2). B xemynke mpo-
MCXOJHUT MepBOHAYaIbHAS a0COPOIMS TIIMKOIM3MPOBAHHBIX
AQHTOIIMAHOB Yepe3 JKEIYIOUHYI0 CTEHKY B KPOBSHOE PYyCIIO
BOpPOTHOM BeHBL. VIMeHHO abcopOrmeli n3 Kemynka oObsic-
HSIOT OBICTPOE IMOBBIIICHHE KOHICHTPAIMH aHTOIMAHOB B
I1a3Me KpoBH cpasy Iocie X npuema. B TpancrnoptupoBke
AQHTOLIMAHOB Yepe3 CTEHKY JKeNy/AKa 3aJeHCTBOBAaHBI OMIN-
TpaHcaoKassl U nepeHocunku rmoko3sl GLUT1 u GLUT3
(Oliveira et al., 2019). ITo BOpOTHOIT BeHE aHTOIMAHBI I10-
MaJlafoT B MEYEHb W PACTIPEACISIFOTCS 10 TeIaTOINUTaM, T/e
OHU TIO/IBEPraloTCs TIIOKYPOHUPOBAHMIO, METHIIMPOBAHHIO
U Cyab(aTHpOBaHHIO, KOTOPbIE OCYIIECTBISIIOTCS (hepMEH-
TaMu YPUIUH-5- 11U (HOCHOTITIOKYPOHO3HI-TpaHCPepa3on
UDPGT, karexon-O-metuntpancdepazoit COMT u cynbdo-
tpancgepazoir SULT coorBerctBenno (Celli et al., 2017).
B me4yeHn yacTh aHTOIMAHOB M MPOAYKTOB X AErpasialliu
TOTIAJIAeT B JKEIUb M CEKPETUPYETCst 00paTHO B MPOCBET KHU-
IIEUHHMKA Yepe3 KEIUHbIH MPOTOK (IHTEeporenaruyeckas pe-
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Fig. 2. Schematic presentation of the absorption and metabolism of anthocyanins in the human body.

Ant - anthocyanin aglicon; Ant-Glu - anthocyanin-glucoside; gc Ant — conjugate of anthocyanin aglicon with glucuronic acid; gc Ant-Glu -
conjugate of anthocyanin-glucoside with glucuronic acid; gc PhA - conjugate of phenolic acid with glucuronic acid; met Ant-Glu - meti-
lated anthocyanin-glucoside; met PhA — metilated phenolic acid; PhA - phenolic acid; sIf Ant - sulfated aglicon of anthocyanin: s/f PhA -
sulfated phenolic acid; BT - bilitranslocase; COMT - catechol-O-methyltransferase; GLUT 1, 3 - glucose transporters 1, 3; LPH - lactase
phlorizin hydrolase; SULT - sulfotransferase; UDPGT - uridine diphosphate-glucuronosyltransferase. After (McGhie, Walton 2007; Celli et

al,, 2017).

LUPKYISIHA), TOTAA KaK Apyras 4acTh IOIaaeT B oOmuit
KPOBOTOK.

Kpome BbIIeonncanHoro cnenuduueckoro KOHTypa up-
KyJIALUH, HeaOCOpONPOBAHHBIC B JKEITY/IKE aHTOLMAHBI TO-
CTYIaroT B KUIICYHUK. ToHkUI KUIIIEUHUK SIBJISICTCS BTOPBIM
ydacTKoM kenmynogHo-kumedHoro Tpakra (JKKT), B koTopom
MIPOMCXO/IUT aKTHBHAS aOCOpONMSI aHTOIIMAHOB B BHUJIC WH-
TaKTHBIX TIMKO3H/IOB JINOO 0Opa3yOUIMXCs O JACHCTBHEM
THIpOJIa3 MX arlIMKOHOB. B KiIeTKax »HTEpOIHUTOB KaeMdya-
TOTO BMUTEHS KHIICYHUKA aHTOIMAHBI, KaK U Jpyrue ¢ia-

182

BOHOHJIBI, MOTYT ITOJIBEPraThCsl THAPOIU3Y IMOA JACHCTBHEM
naxraza-Quopusun ruznponassl LPH (Day et al., 2000). Xots
TPAHCIOPTEPHI AHTOLMAHOB B KJIETKH KUIIEYHHUKA JI0 CHX 110D
TOYHO HE yCTaHOBJICHBI, TIPEIOJIAracTcs, 4YTo B 3TOM IPO-
1ecce yyacTByrOT nepeHocuuku niroko3sl GLUT2 (Faria
et al., 2009) u HaTpHIf-3aBUCUMBIN MEPEHOCUYHK TITFOKO3BI
SGLT! (Zou et al., 2014). B sHTEeponMTax aHTOLMAHBI U
UX anIMKOHBI IIIOKypoHUpyrorcs. llepen tem kak monacrtb
B KPOBSIHOE PYCJIO, 3TH BEIECTBA II0 BOPOTHOH BEHE I0-
CTaBIISIOTCS B TICYCHB, [JIC OHH METHIMPYIOTCS U CyIb(aTu-
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PYIOTCSI COOTBETCTBYIOIIMMH TpaHCc(epazaMu. AHTOLMAHBI,
He abcopOMpoBaHHBIE B TOHKOM KHIIEYHHKE, MOMATAI0OT B
TOJICTBIN KUIIEYHUK, T/I€ OHH MOJBEPTaIOTCs PACIICIUICHUIO
MHUKpPOOHOTOM, B pe3ylibrare 4ero oopasyrorcst (peHOJIbHbIE
KHCJIOTBI M THIPOKCHIIMHHAMATHI, KOTOpPhIE, B CBOIO OYe-
pelb, MOTYT BCAChIBaThCS AMUTEINEM, MIONAaTh B KPOBSIHOE
pycio U B JanbHeiIeM sKcKpeTtupoBarbea B mouy (Fang,
2014). Arronmans! u apyrue (GpIaBOHOUIBI HE MOTYT OBITH
MOJTHOCTBIO Pa3pyIICHbl MUKPOOHOTON TOJICTOTO KHIIEYHHU-
Ka, YTO OOBSICHSIET IPUCYTCTBUE HEKOTOPOTO KOJIMYECTBA HH-
TaKTHBIX QHTOLIMAHOB B CONEPIKUMOM (heKaIbHBIX BbIICTICHUH
(He et al., 2005).

Takum 00pa3om, MOKa3aHO, YTO B OPraHM3ME YEJIOBEKa aH-
TOLIMAHBI aKTHBHO METa0oMM3upy1oTcs. [10CKoIbKY KOHIIEH-
Tparys 1 Tpo(UIIb COSTMHEHNH, TPUCYTCTBYIOIINX B IJIa3Me
KPOBH, SIBIISIFOTCS KITFOUEBBIMH ISl KX BO3MOYKHOTO (hH3HOJI0-
THYECKOT0 BO3JCHCTBUS Ha LIEJICBbIe MUILIECHH, CyIIECTBYET
MIPEATONIOKEHHE, UTO TPOAYKTHI Pa3IOKEHHsI aHTOI[HAHOB
B JXKKT 1 nx KOHBIOrMpOBaHHbIE META0OIUTHI MOTYT OBITH
Oornee OMOIOTMYECKN aKTHBHBIMH, YeM HCXOIHbIE aHTOLHA-
HOBBIE COCIMHEHMsI, BEPOSITHO, Oaroyiapsi CBOCH MOBBIIICH-
HOW OMOIOCTYITHOCTH.

Ponb aHTOLMAHOB B JieyeHnn

1 npodunakTke sabonesaHui

AHTOITHAHBI TIPE/ICTABIISIOT COOOH OOIIETTPH3HAHHYIO TOTMY
B HapOJHOI MEIUIIMHE BO BCEM MHpe. AHTOIMAHBI U3 pas-
JIMYHBIX BUJIOB r1/161/101<yca HUCTOPUYCCKH HMCIIOJIb30BAJIMCH B
CpenCcTBax OT IUC(YHKIUM MEYEHH U THINEPTOHUH, 3TH CO-
€IMHEHNS M3 YEPHUKN HMEIOT JIaBHIOKO HCTOPHIO IIPUMEHEHUS
MIPU MUKPOOHBIX MH(EKIHSX, JUapee U IPYTUX HapyIICHHUIX
3mopoBbs (Smith et al., 2000; Wang et al., 2000). imenHO
MONMM(EHONBHBIMU COSANHEHUSIMHA U UX PEryIsIpHBIM YIO-
TpeOJIeHUEM B COCTaBE KPACHBIX BUH YalIOCh PA3PELINTh 13-
BECTHBIN (PpaHITy3CKUIl MapagoKc, 3aKITIOYAIONTHICS B HA3-
KOHM 4acTOTe BOZHUKHOBEHUS HIIIEMUYECKOH 00JIe3HM cepalia
y (paHily30B, HECMOTpPS Ha BBICOKHH YPOBEHb XKHpa B MX
muere (Renaud, de Lorgeril, 1992). K nacrosmemy BpemeHn
YCTAQHOBJICHO, YTO aHTOIMAHBI XapaKTePH3YIOTCS ITHUPOKUM
CIEKTPOM OMOJIOTHYECKOTO JICUCTBHSI B OpPraHU3Me uelioBe-
ka (IIpunoxenne)'. X monesHsie mis 300poBbs dGPEKTHI
YacTUYHO OOYCIJIOBIICHBI aHTHOKCHJAHTHBIMH CBOWCTBAaMH,
a TaKk)e CIIOCOOHOCTBIO BIMSTH HA PETYISATOPHBIE OCJIKH U
KOMITOHEHTBI CUTHAJIBHBIX IMyTeH M TakuUM 00pa3oM MOmy-
JTUpoBaTh (PU3MOIIOTHYECKUE MPOIECCH, TPOTEKAIONINE B
OpraHu3Me 4yejioBeKa.

AHTOLMAHbI KaK aHTUOKCULAHTbI

HagepHoe, camoe H3BECTHOE U aKTHBHO 00CYkK/1aeMO€ CBO¥i-
CTBO @HTOLMAHOB — MX aHTHOKCHIAHTHASI aKTUBHOCTb, KOTO-
pasi He YCTYIaeT, a o PSAY OIIEHOK JaXXe BBIIIC, YEM Y TAKUX
OOILENPUHSTHIX aHTHOKCHIAHTOB, Kak o-Tokodepon (Wang et
al., 1997), rponokc u karexun (Kéhkonen, Heinonen, 2003).
AHTHOKCUIAaHTHBIC CBOMCTBA aHTOIIMAHOB OOYCIIOBIICHBI UX
CTPYKTYPHBIMH OCOOCHHOCTSMH: YUCIOM THUIPOKCHIBHBIX
TPYII, HATMYUEM KaTeXMHOBOro (hparmeHTa B B-Komblie U
noHa OKCOHUS B C-KOJIbIIe, TATTEPHOM THAPOKCHIINPOBAHHS,
METHJIMPOBAHUS, ALMINPOBAHNA U NTMKO3MIUpoBaHus (Yang

1 MpunoxeHne cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx5.pdf
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etal.,2011). Cpeu aHTOIMAHOBBIX ATVIMKOHOB HANOOJIBIITYIO
AQHTHOKCHJIAHTHYIO aKTHBHOCTH NMposBisiioT Dp u Cy, 3a Ko-
TOPBIMU B TIOPSJIKE YMEHbIIEHUs cnenyoT My, Pn, Pg u Pt
(Lucioli, 2012).

B opranunsme uesnoBeka aHTUOKCHJAHTHBIE CBOWCTBA aHTO-
[IUAHOB PEATU3YIOTCS C MMOMOIIBIO WX TPSIMOTO B3aHMOJICH-
CTBUSI CO CBOOOIHBIMHU paaukaiamu (Fukumoto, Mazza, 2000)
7100 ONOCPEeI0BaHHO Yepe3 MOAYIHNPOBAHNE AHTHOKCHIAHT-
HOU 3amuTHO cucteMsr opranusma (Shih et al., 2007; Steffen
et al., 2008; Toufektsian et al., 2008).

AHTOLMaHbI AN1A 34,0POBbA FNas

braronpusiTHOE BIMSHHE aHTOLMAHOB Ha YJIy4YIIEHHUE 3pe-
HUS OBLIO BIIEPBBIE 3aI0KYMEHTHPOBAHO BO Bpems Bropoit
MHPOBOW BOWHBI, KOI/Ia JIETYMKH KOpoJeBCcKnX BOEHHO-BO3-
JIYIIHBIX CHJI BpuTaHuu 1y1sl MOBBILICHNS] OCTPOTHI 3pEHHUS B
TEMHOE BpeMsI CyTOK yIoTpeOssiu mkeM n3 yepauku (Ghosh,
Konishi, 2007). B K IHHU9eCKIX HCIBITAHUSAX OBLIO MTOKa3a-
HO, 4TO yHOTpeOJIeHNe aHTOLIMAHOB JICHCTBUTEIBHO CIIOCO0-
CTBYET YITy4IIEHHUIO THEBHOTO, CyMEPEUYHOT0 1 HOUHOTO 3pe-
HYs1. OZIHAKO BO3/CHCTBHE aHTOLMAHOB Ha 3pUTEIbHBIC (DYHK-
MK HAOJIOAAJIOCh HE BO BCEX JKCIIEPUMEHTAX, a 3aBHCEIIO
OT IIPUHUMAEMOM JI03bI, €€ COCTaBa M MPOAOKUTEIBHOCTH
(Nakaishi et al., 2000; Lee et al., 2005).

OIHUM U3 MEXaHM3MOB, OOBSICHSIOIINX MOJOXKHUTEILHOE
JIeiCTBHE aHTOLIMAHOB HA 3PEHNUE, SBISIETCS HX CTIOCOOHOCTh
BOCCTAHABJINBATh 3PUTEIILHBIA TUTMEHT pozorcyH. [Ipn atom
OBLIO YCTAHOBIICHO, YTO IIIMKO3UA U pyTHHO3U] Cy yCKOpsi-
JIM pereHepanuio poaoIcuHa, a Mpon3BogHbIe Dp He OKa3bl-
BaJIM HUKAKOTO Bo3zeicTBus (Matsumoto et al., 2003). B uc-
CJIEIOBAHMHM i71 Vitro OBLIO BBISIBIEHO, YTO aHTOI[HAHBI TaK-
JKe CTIOCOOHBI HHTHOUPOBATh (POTOOKHCICHNE ONCPETHHOMNA
A2E — xpomocopa nurnodycIiHOBBIX I'paHyil, KOTOPBINA Ha-
KaIlJIMBAaeTCsl C BO3PACTOM B DIMTEIIMAIBHBIX KJIETKaX CET-
YaTKH U MOXKET TPUBOJUTH K HAPYIICHUIO LENOCTHOCTH UX
memOpaHn (Jang et al., 2005). ITockonbKy ru0ens CBETOYB-
CTBHUTEJILHBIX KJIETOK CETYATKHU IVIa3a PacCMaTpUBAETCS Kak
OCHOBHAs NMPUYMHA PA3BUTHUS BO3PACTHONW MaKyJIOJHCTPO-
(un, ToITyYeHHBIC PEe3YJbTATHl MO3BOJISIOT HPEIIOIOKHTS,
YTO QHTOL[AHBI MOTYT CIIY>KUTB 3P (HhEeKTUBHBIM PO HIIAKTH-
YECKHM CPEJCTBOM 3TOT0 AET€HEPATUBHOTO 3a00I€BaHMS.

AHTOLMaHbI ANA NPodUNaKTUKN

cepAeyYHO-CoCyanCTbIX 3aboneBaHmii

Pe3synbraTel NpoBeAEHHBIX HCCIIEIOBAHUHN YKa3bIBAIOT HA TO,
YTO aHTOLHAHBI TOMOTat0T NPE€AOTBPATUTh U YaCTUYIHO BOC-
CTaHOBUTH HAPYIIIEHUS B OPraHN3Me, MPUBOAAIINE K cep/ied-
HO-COCY/JMCTBIM 3a00JI€BaHHSIM — IpYyIIIIE O0JIe3HEeH cepala 1
KPOBEHOCHBIX COCY/IOB, SIBJISIFOLMXCSI OCHOBHOM MPUUYMHOMN
cmepTHOCTH Bo BceM mupe (Wallace et al., 2016). B wactHo-
CTH, TIOKa3aHO, YTO PETYISIPHOE YIOTpeOIeHHE aHTOLIUAHOB
B MUIIY CHUXKACT KOHLCHTPAUIO B IJIa3M€ JIMIIOIIPOTCUHOB
HHU3KOH TUIOTHOCTH, arperaruio TPOMOOIINTOB, BEPOITHOCTD
pa3BUTHS apTepUAIbHON THIEPTEH3UN U DHIOTEIHAIBLHON
muchynkuun (Erlund et al., 2008; Zhu et al., 2014). bnaronaps
WHTUOMPOBAHUIO aHTHOTEH3MHIIPEBPAIIAIONIETO (hepMEeHTa,
AKTHBHPYIONIETO TOPMOH aHTMOTEH3HMH, OTBETCTBEHHBIN 3a
CY)KEHHE COCY/IOB, aHTOLMAHbBI CIIOCOOCTBYIOT CHU)KEHHIO
aprepuansHoro nasneHus (Parichatikanond et al., 2012). ITo-
MHMO 3TOTO, aHTOL[MAHBI TIOBBIIIAIOT AKTUBHOCTb 3HI0TEINH-
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anbHOM cuHTa3bl okcuaa a30Ta eNOS 1 yBeTHUNBaIOT, TAKUM
o0pasom, BeIcBOOOKAeHNE okcra azota NO, obnmamaromniero
Ba30AMIIATHPYIOIUMH, TIPOTHBOTPOMOO3HBIMH, aHTHATEPO-
TeHHBIMU U aHTHITpoHdepaTuBHbIME cBoWicTBamHu (Xu et al.,
2004; Horie et al., 2019).

bnarorBopHOe BIMSIHNE aHTOIIMAHOB Ha CEPICYHO-COCY-
JIICTYIO CHCTeMY OOYCJIOBJICHO TaKKe UX MPOTHBOBOCIIA-
JUTENLHBIMY U aHTHArPETaTHBIMU cBoWcTBamMu. Kak mpoTtn-
BOBOCTIAJINTEIIGHBIC areHThl, aHTOLUAHBI MOTYT TO/ABIISAThH
9KCIIPECCUIO I'CHOB HHUTOKMHOB, KOAUPYIOIUX MEAUATOPHI
BOCTIAJICHUSI, CPEAN KOTOPBIX KIIFOYEBOE MECTO 3aHHMAET
CUTHAJIBHBIN IyTh siepHoro ¢akropa NF-«kB (Karlsen et al.,
2010). AHTOLMAHBI TaKXe CIIOCOOHBI MHTMOWPOBATh JKC-
MIPECCHI0 TeHa, KOAUPYIOIIEro nmukiookcurenasy-2 COX-2,
YUYacTBYIOIIYIO B CHHTE3€ MPOCTAINIaHIMHOB, 00JaJafolINX
MIPOTHBOBOCHIATHUTENIbHOM akTHBHOCTRIO (Hou et al., 2005).

Ymorpebnenne aHTonmanoB — 3(dexTnBHas mpoduIax-
THKa aTepocKiIepo3a, 00yCIOBIEHHOTO CYKCHHEM COCYIOB
U CHW)KEHHEM KPOBOTOKA 33 CYET OTJIOXKEHHUS XOJIeCTepruHa
1 HEKOTOPBIX (PpaKnuii INMOMPOTENIOB B IPOCBETE COCY/IOB
(Mauray et al., 2012). OHu IPOSBISIOT CBOM AaHTHATEPOTCH-
HbIE CBOMCTBA OJarojapsi CylnpeccUpyIolIeMy BIUSHUAIO Ha
o0Opa3oBaHE TPOMOOIUTAPHBIX OEITKOB XEMOKHHOB, yUacCT-
BYIOUIMX B IPUBJICUCHUN HUPKYIUPYIOIIUX JEHKOIUTOB U
KIIETOK-TIPECAMICCTBCHHUKOB K MECTY MOBPCKACHUA DHAOTE-
mus (Song et al., 2014).

[TpuBeneHHbBIC TPUMEPHI IPEACTABISIOT COOOH JINIIL Ma-
JIYIO 4aCTb MOJYUYCHHBIX K HACTOAIEMY BPEMEHU JaHHBIX O
671aroTBOPHOM BJIMSHMM aHTOLMAHOB HAa COCTOSHHE Cep/ied-
HO-COCYJHMCTOI cuctembl. Ha ceronusmuramii 1eHb 3Ta rpymnma
COCMHEHUH paccMarpuBaercs B KadecTBe d()(EKTUBHBIX
MPO(QHUIAKTHUECKUX CPEACTB MPOTUB CEPIAETHO-COCYIUCTHIX
MaTOJIOTHIA.

AHTOLMaHbI ANA NPOoGUNAKTUKN

HelpopgereHepaTUBHbIX 3aboneBaHui

borareie aHTOIMaHaMK (PYKTHI MOTYT OKa3bIBaTh IOJIOXKH-
TEeTbHOE BIUSHUE HA W3MEHEHHE HAIpPaBICHUS CTapeHUs
Heriponos u nosezneHus (Joseph et al., 1999). Ilposeneno
pPaHIOMHU3MPOBAHHOE KOHTPOJIHPYEMOE KIMHUYECKOE HC-
cJel0BaHKe, B KOTOPOM JIFOAU CTapllel BO3PaCTHOM IpyTIIIbI
(70+) ¢ nemeHIMEH MOMTyYay OOTaThIi AHTOIIMAHAMH BHIII-
HeBbIi cok (200 MJI/IeHb) MM KOHTPOJIBHBIA COK C HU3KUM
cofiep)KaHUEeM aHTOIIMAHOB. Y TPYIIIHI, PETYIISPHO MOTydIaB-
Tl aHTOIMAHBI, HAOMIOIAIOCH YITyUIICHAE TIOKa3aTele Oer-
JIOCTU p€YM, KPAaTKOBPEMEHHOM U J0JITOBPEMEHHON NaMsTH
(Kentetal.,2017). Bpu10 OTMEUEHO IMOJIOKUTEIEHOE BIASHUE
0OraThIX aHTOIIMAHAMU SKCTPAKTOB IICIIKOBUIIEI HA HHITYKITHIO
AQHTHOKCHJIAHTHBIX (DEPMEHTOB M KOPPEKIMIO KOTHUTHBHBIX
HapyLIEHUH Y MbIIIEH ¢ YCKOPEHHBIM CTApEHUEM U HEMpoie-
reHepareit anpireiimepornogodHoro Tuma (Shih et al., 2010).
HeiiponiporekropHbie 3 (GeKThl aHTOLMAHOB MOTYT OBITh
CBSI3aHBI C 0CJIa0IeHNUEeM HEHPOTOKCHYHOCTH, HHIYIIHPYEeMOH
MEPEeKNChI0 BOJOPO/a, aMHIonaoM-0eTa, D-ramakro3oi u
unremucii (Tarozzi et al., 2010; Min et al., 2011; Rehman et
al., 2017). Ilokazana momp3a OOraToro aHTONMAHAMH 3€pHA
MIICHALBI 111 KOTHUTHBHBIX (DYHKIUH B3pPOCIBIX MBIIICH
(Tenditnik et al., 2017). Ha kieTounsix Mozessix 6osnesuu [lap-
KMHCOHA BBISBIICHO, YTO AKCTPAKTHI, OOTaThle aHTOIIHAHAMH
1 MIPOAHTOIMAHUIMHAMH, MPOSBIAIOT HEHPOIPOTEKTOPHYIO
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AKTUBHOCTb IIPOTUB IIOBPEKACHUS] HEHPOHOB HEUPOTOKCUHOM
poreHoHoM (Strathearn et al., 2014).

OCHOBHBIMU MEXaHHU3MaMH, ¢ OMOIIbI KOTOPBIX aHTO-
LMaHBI BIMSIOT Ha (PYHKIIMH MO3Ta, CIY)KaT UX CIIOCOOHOCTH
3alIUILATh HEMPOHBI OT MOBPEXKIECHUN, NHAYLUPOBAaHHBIX
HEHPOTOKCHHAMH U BOCHAJIEHUEM, aKTUBUPOBAaTh CHHAITH-
YeCcKyIo nepeiady M yay4dliaTh MO3roBoe KpoBoOOpalleHue,
a TaroKe MPEISITCTBOBATh BRICBOOOKICHHUIO (haKTOPOB MHIYK-
uu anontosa (Spencer, 2010).

AHTUKaHLieporeHHble CBONCTBA aHTOLMaHOB
AHTHKaHIIEPOT€HHbIE CBOMCTBA aHTOIIMAHOB ITPOJIEMOHCTPH-
POBaHbI Ha KJIETOYHBIX MOJIEIISIX Pa3JIMuHOIO THIIA paka, Ha
9KCIIEPUMEHTAIBHBIX KUBOTHBIX, @ TAKKE B XOE KIIMHUYE-
ckux HaOmonernit (Hou, 2003; Smeriglio et al., 2016). Tak,
CHIDKEHHUE YKU3HECIIOCOOHOCTHU KIIETOK paka TOpTaHH, paka
KEJyZka M paka MOJIOYHOH JKelre3bl HaOIoNaIoch Ipu 00-
paboTKe MX AKCTPAKTOM M3 IUIOJIOB IypYMBbI Opa3mIIbCKOM
(Lietal., 2017). YacToTa BOBHUKHOBEHUS MHY[IPOBAHHBIX
KaHIIEPOTeHAMH KOJIOPEKTAIBHBIX a/ICHOM U KapIIMHOM OblIa
3aMETHO HM)KE y KPbIC, KOTOPBIX KOPMHJIH (PHOJIETOBOH Ky-
KypY30ii C BHICOKUM YPOBHEM aHTOLIMAHOB 110 CPABHEHHUIO C
TPYIIIOH KPBIC, B ANETE KOTOPBIX 3TH COCANHEHUS OTCYTCTBO-
Basm (Hagiwara et al., 2001).

B xone xnmHHYECKUX HaONIOIEHUH OBLIO yCTaHOBIJIEHO,
YTO aHTOIMAHBI U3 PA3TUIHBIX HCTOYHHKOB CIIOCOOHBI MHIH-
OMpoBaTh MHNIMAIMIO W POTPECCUPOBAHKE PaKa MOJIOUHOM
JKeJIe3bl, IPOCTATHI, IEYEHH, TOJICTOTO M TOHKOTO KHIIIEYHHKA,
KpPOBH, MIEHKN MAaTKH, JETKUX, (UOPOCAPKOMBI I METacTa-
tnaeckoit mexanoMbl (Hou, 2003; Smeriglio et al., 2016; Li
et al., 2017). IIpu 3TOM CleIyeT OTMETUTbD, YTO HHIUBHILY-
AJIbHBIC COSTMHEHHS U MX KOMITO3UIINH TIPOSIBIISIIOT Pa3HYIO
AQHTHUKAHIIEPOTCHHYIO aKTUBHOCTb, KOTOPAsl 3aBHCUT KaK OT
THIIa aIJIMKOHA aHTOLIMAHA, [TATTEPHA ero INIMKO3UINPOBaHMS,
METHIIMPOBAHUS U AIMJIUPOBAHUS, TaK U OT KOMOWHAIUH
WHIWBUYaNbHBIX coenuHeHni (Smeriglio et al., 2016; Li et
al., 2017). AHTHKaHIIEPOTeHHbIE CBOWCTBA aHTOIIMAHOB 00Y-
CJIOBJIEHBI X CIIOCOOHOCTBIO NMPEPHIBATH KIETOUHBII IHUKII,
WHJIyLIIPOBATh arornTo3, OJIOKMpOBaTh 00pa30BaHUE HOBBIX
COCy/IOB (aHTHaHTHOT€HHbIE CBOICTBA), THTHOUPOBATh OKHC-
mutensHOe moBpexkaerne JJHK, aktuBupoBats epMeHTH
JICTOKCH(HKAINH, @ TAaKXKe CIIOCOOHOCThIO MHIMOMPOBATH
nukinookcurenasy COX-2 u MOIynupoBaTh UMMYHHBIH OT-
BET, B TOM YHCIIe Yyepe3 MUKpoOHoTy (Smeriglio et al., 2016).
[TepeuncienHpie MEXaHU3MBI MOTYT OBITH PEaTN30BaHBI CO-
BMECTHO, YTO yCHUJIMBAET aHTHKaHIIEPOTeHHbIE CBOMCTBA.

AHTOLUMaHbI ANA NPOUNAKTHKM
MeTabonmyeckux HapyLueHui
B kagectBe (DyHKIMOHAIBHBIX KOMIOHEHTOB NMUTAHUS aH-
TOLIMAHBI MOTYT OBITh MCIIOJIb30BaHBI VIS IPESAOTBPAILCHUS
OXXMPEHUSI, JICYCHUS HEaJKOTOJILHOM )KUPOBOI OO0JIe3HH Tie-
yeHn U arabera 2-ro tuma. McceiaemoBaHus Ha JTIOOSX U Ha
9KCTIEPUMEHTAIBHBIX )KUBOTHBIX ITO3BOJIMIIN OOBSCHUTH MO-
JICKYJIAPHBIC MCXaHU3MBI, C TOMOIIBIO KOTOPBIX OHU PETYJIN-
PYIOT )KHPOBOM M yIJTICBOIHBIN OOMEH U CHIDKAIOT PE3UCTEHT-
HocTh K nHeynmuHy (Ghosh, Konishi, 2007; Li et al., 2017).
YrorpeOieHre aHTOLUAHOB O0YCJIaBIMBACT CHUKCHHE
YPOBHS TIFOKO3bI B KPOBH KaK 3a CYET CHIDKEHUS DKCIIpec-
CUH TCHOB, KOJUPYIONMX TPAHCIOPTHBIC OCNKH HAaTpUs U
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rroko3bl, GLUT2 u SGLT1 cooTBETCTBEHHO, B KMIIICYHUKE,
WHTUOMPOBAHUS KUIIEYHOH o-TiTioko3uaas3sl (Adisakwattana
etal., 2011) u manKpeaTmyeckoii o-ammiassl (Sui et al., 2016),
TaK M 3a CYeT ClIOCOOHOCTH IIMKO3UPOBAHHBIX aHTOLMAHOB
UCTIONB30BaTh TPAHCTIOPTHBIM MEXaHHU3M TITFOKO3bI B STINTENHN-
AIBHBIX KJIETKaX JKEITy/IKa, TAKUX KaK MePEHOCYUKH TITIOKO3bI
GLUTI1 u GLUT3 (Liu et al., 2014; Oliveira et al., 2019).
AHTOIMaHBI TaK)Xe CIIOCOOHBI CHU3UTHh PE3UCTEHTHOCTH K
MHCYJIMHY, TOBBIIIAst SKCIPECCHIO PETYITUPYEMOTO HHCYIHHOM
rena Oenka-tpaHcrnoprepa noko3sl GLUT4 nmyrem aktu-
Baru 1 pochopunupoBanus anbha-cyorequHusl AMO-
aKkTHBUpyeMo# nporenHkrHazsl AM®Ko B Oernoii sxupoBoii
TKaHU, CKEJIETHBIX MBILIIAX W [EYEHHU, CTUMYIUPYIOIIEH
MOTVIONICHNE TIIIOKO3bl U CEKPEINI0 MHCYNNHA [-KIETKaMH
MIOJKEITYZIOUHOH JKeJIe3bl, B TO XKE BPEMsI HHTHOUPYS BbI-
pabotky m30bITKa Titoko3bl B niedenu (Tsuda et al., 2004;
Takikawa et al., 2010).

AHTONMAHBI OKa3bIBAIOT 3AIUTHOE JICHCTBUE HA B-KICTKH
TMIO/KEITY/IOUHOM JKeJe3bl, YMEHbIIAasi MUTOXOHPUAIIBHYIO
TIPOIYKITMIO aKTUBHEIX (hopM Kucimoporna (Zhang et al., 2010;
Sun et al., 2012). OHn MOTYT MOTYTUPOBATh AHTHOKCHIAHT-
HYIO 3alIUTY, aKTUBHPYS] aHTHOKUCIUTENIbHbIE ()ePMEHTHI 1
CrocoOCTBYSI CHHTE3Y BoccTaHOBIeHHOTO TiryTaTnoHa (GSH)
B nieueHu. Tak, moTpedieHne aHTOIMaHOB BOCCTAHABINBACT
YPOBEHb IIyTaTHOHIIEPOKCUAA3bI 3, KOTOPBIH 3HAYUTEIILHO
CHIDKACTCsI TIPH TMPUEME THIINA C BBICOKUM COIEpKaHUEM
xkwupa (Tsuda, 2016).

IIpu upe3smepHOM HAKOILIEHUU KUPOBOM TKAHU Hapyllla-
I0TCSI IPOLIECCHI KPOBOCHAOKEHHS AKHUPOBBIX KIETOK a/IUTIO-
IIUTOB, TIOSIBJISIFOTCS] O4ard HEKpo3a U MHQMIBTPALUS KHUPO-
BOM TKaHU Makpo(daramu, 4To MpUBOAUT K U30BITOUHOMY 00-
Pa30BaHUIO IPOBOCTIANINTEIBHBIX INTOKUHOB 1 MTOBBIIICHNIO
YPOBHS INPKYJIHUPYIOLIINX CBOOOTHBIX )KUPHBIX KHUCIIOT, BEILy-
KX K cucteMHoMy Bocniasienuio (Tsuda, 2016). AHTonMaHBI
YAy4IIal0T META0O0IM3M KUPHBIX KUCIOT U TPUTIHIEPHUIOB
3a CYET MOBBIIICHHUS AKTHBHOCTH JIMTIONPOTEHHIIUIIA3hl B
ckesnetHbIx Mbiax (Lefevre et al., 2008). Onu Taxoke rnojas-
JISIFOT MPUPOCT MACChI TENa, BOCCTAHABIMBAIOT HAPYIICHHYIO
(DYHKIMIO TIEUCHH ¥ 3HAYNTEIHHO YBEINYNBAIOT KOHIICHTPA-
LIMF0 TOPMOHA a/INTIOHEKTHHA, BEIpA0aThIBAEMOT0 >KUPOBBIMHU
KJIeTKaMu, myTeM aktuBarn AM®K, B To jxe BpeMs CHIDKas
yposuu uHcynuHa u sentuna (Takikawa et al., 2010; Wu et
al., 2013). CHmxasi cekpeLuio JIeNTHHA, BbIPadaThIBAEMOro
JKUPOBOW TKaHBIO, AaHTOIIMAHBI MOIYJIHUPYIOT aKTHUBHOCTh
neiponentuaa Y u penenropa GABA | B runoranamyce, Cur-
HaJIM3UPYIOLIMX 00 YHEPreTHUECKOM COCTOSIHIH TeJIa U KOHT-
ponmpyromux motpednerne numw (Badshah et al., 2013).
Jlpyroii MexaHU3M YMEHBIICHHNS THITEPITINKEMHH 1 YITy4Ile-
HUSI YYBCTBUTEILHOCTH K MHCYJIMHY CBSI3aH C TOJIaBJICHUEM
AQHTOIMaHAMH YKCTIPECCHH PETHHOIN-CBSI3bIBatONIero Oenka 4
(Sasaki et al., 2007). Kpome Toro, aHTOIMAHBI PETYIUPYIOT
FoxOl-onocpenoBaHHY0 TPaHCKPUIIIMIO aAUITOIUTAPHON
TPUDINIEPUIHON JHIa3bl U, TAKUM 00pa3oM, HHTHOUPYIOT
JIMIIOJN3, MH Ty TUPOBAHHBIA BEICOKMM COZIEPKAHUEM IITIOKO-
3bI B Q/IMIOLKUTAX, YTO [TO3BOJISICT MPEAIONOKHUTh X ITOTEH-
[IMAJIbHOE TEPATIeBTUYECKOE MPUMEHEHNE MPU TUIICPIIHUIIN-
JleMuu, cBsi3anHou ¢ auadetom (Guo et al., 2012).

JleficTBUE aHTOLIMAHOB HAa HEAIKOTOJILHYIO KUPOBYIO 00-
JIe3Hb NIEYCHH 1 TNa0eTHIeCKyI0 He(ppOmaTHIO TaKkKe BKITIOYa-
€T CHIDKCHHE HAKOTUICHUS JIMITU/IOB U YTy YIIEHHE JIUITHIHOTO
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npoduis B nedeHu, ociabiieHne WHCYJIMH-PE3UCTEHTHOCTH,
noselieHue ypoBHs PPARa, cHukeHMe BocTIaieHUs U OKUC-
murensHOTO cTpecca (Takayama et al., 2009; Guo et al., 2012;
Qin et al., 2018; Sangsefidi et al., 2019).

MpoTBOMNKPOGHbIE CBONCTBa aHTOLIMAHOB

AHTOLIMAHBI BIUSIOT HA MUKPOOHOTY KuedHrnka. OHH crio-
COOHBI HHI'MOMPOBATh POCT MATOr€HHBIX MUKPOOPTaHU3MOB,
Takux Kak Enterococcus spp. u Clostridium perfringens, a
TaKKe MPOSBIIFOT MPEOUOTHYUCCKUE IPPEKTHI, YCKOPSISI POCT
Lactobacillus spp. n Bifidobacterium spp. (Hidalgo et al.,
2012). TToxa3zaHO, YTO IKCTPAKTHl AHTOI[MAHOB MOBHIIIAIOT
MPOHUIIAEMOCTh MeMOpaH OakTepHi, BBI3BIBAIOLIMX IHIIIE-
BBIC OTpaBJeHHUs, Listeria monocytogenes, Staphylococcus
aureus, Salmonella enteritidis n Vibrio parahaemolyticus.
B pesynbrare noBbIIIEHHON TPOHUIIAEMOCTH U3 KJIETOK OaK-
Tepuil IPOUCXOANT yTEUKa OEIIKOB, HYKJIEHHOBBIX KHCIOT
1 MeTadosnuToB. [IoMUMO 3TOr0O, aHTOIMAHBI MOTYT IIPOHU-
KaTh B KJICTKH OAKTEPU M CHIDKATh aKTHBHOCTH (DEPMEHTOB
OCHOBHOTO MeTa0oIM3Ma, TaKNX Kak mienodnas (ocdarasa,
aneHosuHTpHpOCchaTasa, a TakKe CyNepoOKCHATUCMYTa3a,
Hapymasi, TAKMM 00pa3oM, paboTy OaKTepHUaIbHOMN KIIETKU
(Sun et al., 2018).

Bronornyeckas 3HaUMMOCTb MPUPOAHbBIX
KOMMJ1IEKCOB, cogepKalnx aHTounaHbl

Kak oT™MeuaroT TOKCHKOJIOTH, OMOJIOTH H ITPAKTHKYIOIINE BPa-
4H, IUCTBHE MPUPOJHBIX COCAMHEHUI 0cIadisieTcs, Korua
OMONOTMYECKN aKTHBHBIE CMECH (IKCTPAKTHI) PA3ICISAIOTCS Ha
OYUIIICHHBIC KOMIIOHEHTHI M BBOAATCS oTaenbHo (Liu, 2003;
Lila, Raskin, 2005). Tak, Ob110 OIpeesieHo, 9YT0 HUTOXUMHU-
YECKUE COCTABIIAIONINE aMEPUKAHCKOH KITFOKBBI, XOTS 1 MH/H-
BU/TyaJIbHO 3(h(EKTUBHBIEC IPOTHB KAHIIEPOTreHe3a YeJIOBEKa,
obecrevnii MaKCUMaITbHYTO 3aILIUTY TOJIBKO IIPH COBMECTHOM
MIPUMEHEHNU B HATYpalbHBIX cMecsax (Seeram et al., 2004).
B aTom uccnenoBanuy ObIIN NMPEIOKEHBI TOTEHIIHATBHBIC
CHHepreTruueckue antTunpoiaudeparuBubie 3G HexTs OT cMe-
ceil aHTOLMAHOB, IPOAHTOLMAHNUANHOB ¥ IINKO3UI0B (hiia-
BOHOJIOB. B ipyrux mccienoBanusx KOMOMHAIIMM JIBYX TO-
T(EHONBHBIX COSMHEHUH U3 BUHOTpaaa (pecBeparpol u
KBEPLETHH) MPOJEMOHCTPUPOBAIN CHHEPTETHIECKYIO CIO-
COOHOCTH MHJYIIPOBAThH aronTo3 (aKTHBAIMIO Kacra3bl-3)
B KJIETOYHOH JIMHUM KapLHUHOMBI IOAKEIYIOUHOMN XKele3bl
genoBeka (Mouria et al., 2002). AHaJIOTHYHO, CMETTaHHBIN
o eHONIBHBIN SKCTPAKT U3 KPACHOTO BHHA MIOKa3all bolee
cuibHOE nHruOupoBanue cunteza JJHK B kiieTkax opaigbHOTO
TUIOCKOKJIETOYHOTO PaKa, YeM OTIETIbHBIEC COSANHEHUS], TaKe
KOT/1a KOHIICHTPAIMH WHIMBHUyalbHO BBOJMMOTO KBEpIIe-
THUHA WIN pecBepaTrposia ObUIM BbINIE, YEM KOHIIEHTpALUHU B
cmemanaoM skcTpakte (Elattar, Virji, 1999).

[Ipr3HaHHBIE TOTCHIUPYIOMINE B3aUMOJCHCTBHS MEKIY
KOMITOHEHTaMH B IIPUPOIHOM (PUTOXUMHYECKOM KOMILIEKCE
OKa3bIBAIOT CHIIbHYIO MOAIEPKKY CTOPOHHUKAM «yToTpeoie-
HUS BeeH ((DyHKIMOHAIBHOW) MUY, HE TIOJIarasich TOJIBKO Ha
OJITHOKOMIIOHEHTHBIE SKCTPAKThI WM BBITSDKKU M3 THIIEBBIX
MIPOAYKTOB, KOTOPBIE MPOJAIOTCs B (popMe OHOTOTHYIECKU
akTuBHBIX 100aBok (BA/I). B mociennem ciywae morepst
B3aUMOJICHCTBYIOIIMX (PUTOXMMHKATOB Ha 3Tare pa3padoTKH
MPOAYKTa MOKET MPUBECTH K 3HAUUTEIILHOMY CHIKEHUIO (-
(heKTHBHOCTH 9KCTpaKTa. B mureparype xopomio 3a10KyMeH-
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TUPOBAHO, YTO (DIIABOHOU/IBI O0JIA/IAIOT IIUPOKUM CIIEKTPOM
Omonornaecknx cBoicTB (cm. [IpurokeHne), KOTopsie MOTYT
OOBSICHATH TepareBTHYECKOE JEHCTBHE CMECH B3anMOACH-
CTBYIOIIHMX (PITABOHOMIOB TTOCPEICTBOM HECKOJBKHX ITyTei
BMeEIIATEeNILCTBA OTHOBPEMEHHO.

Takum 06pazom, B HACTOSIIIIEE BPEMsI IIPEICTABIISIIOT OTPOM-
HbBIHI HMHTEPEC HE TOJBKO CaMU aHTOIIMAHOBBLIC NMUTMEHTHI U
UX MOJTB32 JUIS 30POBBs, HO ¥ CO3/IaHHBIE IPHPOJIOH pacTu-
TEJIbHBIE ITPOIYKTHI, COAEPIKAIINe CMECH 3TUX COCITUHEHHH,
JIOJITO€ BpeMsl MIPUMEHSIBIIUECS B HAPOAHON MeauiinHe 0e3
TINATEIBLHOTO U3YYCHUS U HAyYHOTO MOATBEPKICHUS UX JI0-
CTOMHCTB.

3aKno4yeHne

B mipecraBneHHOM 0030pe CyMMUPOBAHEI PE3YIIBTAThI OCHOB-
HBIX HallpaBJIE€HUU MCCJIEOBAHUI aHTOLMAHOB B KaueCTBE
KOMIIOHEHTOB (DYHKITHOHAIBHOTO MUTaHus. [[oTeHIInaIbHbIe
3(h(heKThI, CIIOCOOCTBYIOINE YKPEIUICHUIO 3I0POBbBsI, MHO-
TOrPaHHbI. BBISBICHHBIC MMOJIOKUTEIbHBIC 3(PPEKThI MOJ-
TBEPKI€HbI SKCIIEPUMEHTAIbHBIMU HUCCIIEI0BAaHUSIMU U KIIH-
HUYECKMMU UCIIBITAaHUSIMU. Bee 9TH aHHbIe CBUAETENBCTBY-
IOT O TOM, YTO PETYJIAPHOE YIOTPEOIICHUE B MUY [[BETHBIX
CBheOOHBIX IIIOO0B, OOOTAIICHHBIX aHTOIMAHAMHU, M TIPO-
JTYKTOB UX MIepepabOTKHU CIIOCOOCTBYET YTy UIICHUIO 3I0POBbS
M KadecTBa >kKM3HU Jrofieil. OTaenbHOe BHUMaHUE Y/EJIECHO
pe3yabpTaraM UCCIIENOBAHUN T€HETUYECKOI0 KOHTPOJIS CHH-
Te3a 3TUX MUTMEHTOB y pacTeHU. XapakTepucTuka myTen
OMOCHHTE3a aHTOIMAHOB PA3IMYHBIX BUJOB PACTCHHIA U €T0
TeHeTHYeCKash PeTyJsaius o0eCneunBaloT EHHBIH pecypc,
MO3BOJISIIOLIMI CO37aBaThb HOBBIE OPraHU3MBbl C MOBBILLIEH-
HBIMU (DYHKIIHOHATBHBIMUA KaUueCTBAMH IS YITYUIICHUS TTH-
TaHUs )KUBOTHBIX M YEJIOBEKA.
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Cnenbl oT60pa U reHbI-KaHAMUAATHI afganTalin
K 9KCTpeMaJIbHbIM ()aKTOpaM Ccpelibl B rTeHOMax
TYpPaHO-MOHTOJILCKUX ITOPOJ, KPYITHOT'O POTaTOro CKOTa

H.C. IOA]/IHI, AA. IOp‘{eHKOI, A.M. AapKI/IHl' ’®
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2 KoponeBckuii BeTepriHapHblii Konnea, JIOHOOHCKMI yHuBepcuTeT, JIoHAoH, Benmkobputanus
@ dmlarkin@gmail.com

AHHOTauuA. V3meHeH A, Nponcxofalme B OKpy»Kalolen cpefie, 3aCTaBiAloT NonynALMm opraHn3mMoB afanTupo-
BaTbCA K HOBbIM YCNOBUAM NGO 3a cueT GeHOTUMNMYECKON NNacTUYHOCTI, IGO0 3a CUET FeHETUYECKMX UIIN SMnreHe-
TUYecKknx nsameHeHni. Cnefbl 0T60pPa, TakMe Kak cneunduyeckne N3MeHeHNA YacToT anenen 1 rarnaoTunos, CHU-
»KeHve 1y NoBblLeHrEe FeHETNYECKOro pa3Ho06pa3ns, NOMOratoT BbIABUTb M3MEHEHNA FeHOMa KPYMHOFO poraTtoro
CKOTa B OTBET Ha MCKYCCTBEHHbIN 11 eCTeCTBEHHBbI 0TOOP, a Tak»Ke JIOKYCbl 1 BapraHTbl, HEMOCPEACTBEHHO BAVAIOLLME
Ha afianTBHbIE U SKOHOMUYECKM BaxkKHble NPU3HaKW. JOCTUKEHNA reHETUKN 1 BUOTEXHONOMMN Jal0T BOSMOMXHOCTb
6bICTPOro NMepeHoca YHVKaIbHbIX FEHETUYECKUX BapUAHTOB, BO3HMKLUVX Y MECTHbIX MOPOJ KPYMHOIO poraToro cko-
Ta B MpoLecce ajantauum K nokanbHol cpefe obutaHnaA, B reHOMbl MHTEPHALMOHANbHBIX BbICOKOMPOU3BOANTESb-
HbIX MOPOA C Liesiblo COXPAHEHNA VX BbIAAIOLWMXCA CBOWNCTB B HOBbIX YCJIOBUAX 06UTaHNA. BO3MOXHO 1 Mcronb3o-
BaHWe MeTOA0B reHOMHOW ceneKuMmn Af1A NOBbILWEHUA YacTOT afanTUBHbIX annenein y MHTepHaLMOHabHbIX MOPOA.
B 0630pe paccmoTpeHbl HefaBHUe PaboTbl MO NCTOPUN NPONCXOXKAEHMA U IBOSTIOLMIN TYPaHO-MOHTOIbCKMX MOPOA
KPYMHOro poraToro CKoTa, aganTauum TypaHO-MOHIONIbCKOrO CKOTa K SKCTPeMasibHbIM ycioBuaM cpefbl. CaenaHo
0600LLeHMe MMEIOLUXCA CBEEHNI O NOTEHUMANbHbIX reHax-KaHAnAaTax aganTaummy B reHoOMax TypPaHO-MOHIOMb-
CKUNX MOPOA, BKOYAA FreHbl YCTOMYMBOCTU K XONO4Y, FeHbl MIMMYHHOIO OTBeTa U FeHbl aganTalun K BbICOKOropbio.
ABTOPbI MPUXOAAT K BbIBOAY, YTO MMeIOLLMeCsA faHHbIe NNTepaTypbl He MO3BONAIOT OTAATb MPEANoYTeHNE OLHOMY 13
[BYX BO3MOXHbIX CLieHapreB NPOVCXOXKAEHNA TYPaHO-MOHIOMbCKMX MOPOS — B pe3ynbraTe JOMeCTUKaLMN JUKOro
Typa Ha Tepputopumn BocTouHon A3nmn nnm BcnefcTre MArpaLum TaypPUHHOM npoTtononynAaunm us bnvxkHero Bocto-
Ka. TypaHO-MOHTONbCKMM NMopofamM CBOMCTBEHHA BblCOKasA afanTaumsa K SKCTPEManbHbIM KNMMaTUYECKUM YCIIOBUAM
(xonog, *apa 1 He[oCTaToK KNCIOPOAa B ropax) U napasutam (THyc, Knewy, 6aktepurasnbHble Y BUPYCHble MHbeK-
uuw). B pesynbTaTe BbICOKOMPOU3BOAUTENIBHOIO FEHOTUMMPOBAHMWA U CEKBEHNPOBAHNA FTEHOMOB 1 TPAHCKPVNTOMOB
npeacTaBuTeNei 3TrX NOPOA B NocnefHee BpeMs Oblin BbiABNEHbI NMepPCNeKTVBHbIE FeHbl-KaHAMAATb U reHeTUYe-
CKUWe BapuaHTbl, yuacTByoLMe B ajantaumm K GakTopam BHELLIHeN cpefbl.

KntoueBble cnoBa: KpynHbI poraTblii CKOT; Bos taurus; Bos indicus; TypaHO-MOHFONbCKNIA CKOT; afanTauus; reHoMm;
cnefibl 0T60PA; X0N0f4; UIMMYHUTET; BbICOKOFOpbe.

Ana untuposauus: tOanH H.C., lOpueHko A.A., JTapkuH .M. Cneapbl oT60pa v reHbl-kaHANAATbl adanTauum K SKC-
TpemanbHbIM GakTopam cpefibl B reHOMax TyPaHO-MOHTIONbCKUX MOPOA KPYMHOIo poratoro ckota. Basusnosckuli
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Signatures of selection and candidate genes for adaptation
to extreme environmental factors in the genomes
of Turano-Mongolian cattle breeds
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Abstract. Changes in the environment force populations of organisms to adapt to new conditions, either through
phenotypic plasticity or through genetic or epigenetic changes. Signatures of selection, such as specific changes
in the frequency of alleles and haplotypes, as well as the reduction or increase in genetic diversity, help to identify
changes in the cattle genome in response to natural and artificial selection, as well as loci and genetic variants
directly affecting adaptive and economically important traits. Advances in genetics and biotechnology enable a rapid
transfer of unique genetic variants that have originated in local cattle breeds in the process of adaptation to local
environments into the genomes of cosmopolitan high-performance breeds, in order to preserve their outstanding
performance in new environments. It is also possible to use genomic selection approach to increase the frequency
of already present adaptive alleles in cosmopolitan breeds. The review examines recent work on the origin and
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evolution of Turano-Mongolian cattle breeds, adaptation of Turano-Mongolian cattle to extreme environments, and
summarizes available information on potential candidate genes for climate adaptation of Turano-Mongolian breeds,
including cold resistance genes, immune response genes, and high-altitude adaptation genes. The authors conclude
that the current literature data do not provide preference to one of the two possible scenarios of Turano-Mongolian
breed origins: as a result of the domestication of a wild aurochs at East Asia or as a result of the migration of taurine
proto-population from the Middle East. Turano-Mongolian breeds show a high degree of adaptation to extreme
climatic conditions (cold, heat, lack of oxygen in the highlands) and parasites (mosquitoes, ticks, bacterial and viral
infections). As a result of high-density genotyping and sequencing of genomes and transcriptomes, prospective
candidate genes and genetic variants involved in adaptation to environmental factors have recently been identified.
Key words: cattle; Bos taurus; Bos indicus; Turano-Mongolian cattle; adaptation; genome; selection signatures; cold;
immunity; highlands.
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BBepeHune

JlokanbHble opoasl kpymHoro poraroro ckora (KPC) mo-
T'yT 00nanaTh IICHHBIMH T€HETHUYECKUMH BapuaHTaMH s
MIPOBEJCHUS CEIEKINU M CO3JaHUsI HOBBIX TOPOJ B OTBET
Ha BO3HUKAIOIINE BBI30BBI )KUBOTHOBOJCTBY, BKJIIOUasl U3-
MEHEHHE KJIMMaTa, MOSBUBIINECS WJIN BO3POXKIAIOLINECS
yTpO3bl 3a00JICBaHUH, MHHOBAILIMK B 00JIACTH AUETONIOTHN U
n3MeHuBIIMecs 3arpocsl peiHka (Kantanen et al., 2015). lo-
CTIDKCHHS TEHETHKH M OHMOTEXHOJIOTHH Tar0T BO3MOJKHOCTH
OBICTPOTO NEpPEeHOCa YHUKAIBHBIX TEHETHUECKIX BAPHAHTOB,
BO3HUKIINX Y MecTHbIX opoa KPC B mponecce aganranuu k
JIOKaJIbHOU cpezie OOUTaHUsI, B TEeHOMbI KOMMEPYECKUX HHTEP-
HalMOHAJIBHBIX BBICOKONIPOM3BOANTEIBHBIX TIOPO C EIBIO
COXpPAHEHHUS UX BBLIAIONIUXCS CBONCTB B HOBBIX YCIOBHSAX
obutanus (Stranden et al., 2019). [y MOBBIMICHHUS YaCTOT
a/IalITUBHBIX aJUIeNed Y KOMMEPUYECKHX TOPOJ] BO3MOXKHO H
UCTOJIb30BaHUE METOA0B FeHOMHOI cenekuuu. OnHako s
YCHEUHOTO MPUMEHEHHUS ITHX TEXHOJOTHI HEeIO0CTaTOYHO
3HATh I'€HbI, BOBJICUEHHBIE B a/IaNITAIINIO WM YCTOHYNBOCTD K
0ose3HsIM; HaJI0 3HATh, KAKME UIMEHHO FeHETHYECKIE BapHaH-
TBI BHOCAT BKJIaJ] B TpeOyeMblii mpu3HaK. To ecTh He0OX0I1-
Mo n3y4ats reHombl KPC Ha HyK/I€OTHIHOM YypOBHE U IPH
9TOM YYMTBIBaTh UCTOPHUUECKUE B3aUMOOTHOILICHUS MEXTY
MIOPOaMH M YCIIOBHSI UX (POPMUPOBAHHUSA JJIs TOTO, YTOOBI OT-
JUYUTH (PYHKIMOHAIBHO Ba)KHBIE TEHETHUYECKHUE BAPHAHTHI
OT PE3yNbTaTOB TEHETHUECKOTO Apelia 1 MpoXoxKaeHHs «Oy-
TBUIOYHOTO TOPJIBIIIKAY.

[enbto HacTOsIIIETO 0030pa SABISIICS aHAJIN3 COBPEMEHHO-
TO COCTOSIHUSI TPOOJIEMBI IIPOMCXOXKICHUS ¥ BOJIOLUH Typa-
Ho-MoHTroIbckuX Iopon KPC, a Taxoke 0000111eHre MMEIOTIIX-
Csl CBEZICHUH O TIOTEHIMAIBHBIX TeHaX-KaHAUaTax, KOTOPbIE
BHOCSIT BKJIaJ] B aJaNTallHI0 ATUX TTOPOJ K IKCTPEMaIIbHBIM
YCIIOBHSIM BHEIIIHEH CPeJIbl.

MeToabi

ITouck m oT6Op NMUTEPaTyphl OBUIM BBHIMOIHCHBI B COOTBET-
CTBHHU C OOLICTIPUHATHIMU KPUTEPHUSIMHU, TPEIbIBIIEMBIMH
K cucteMarnueckum ob3opam (Pautasso, 2013). IIpensapu-
TENBbHO HaMHU OBIJI COCTABJICH CIIMCOK TYPaHO-MOHTOJBCKUX
nopon KPC (TIpusoxenue 1)! (Porter et al., 2016; JlazeOnas
u 1p., 2018). [lanee Mbl IPOBEIN CHCTEMaTHYECKUH OUCK
JUTEpaTyphl, OMyOIHMKOBaHHOW B 6a3ax maHHBIX PubMed,
Scopus, Web of Science m Google Scholar ¢ ssHBaps 2010 1.

1 MNpunoxexuna 11 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx6.pdf

(Ha4aJ0 IWMPOKOro NPUMEHEHHS METOJIOB MaCCOBOTO Iapall-
JISIIBHOTO CeKBeHUpoBaHMs) 0 stHBaps 2020 . ¢ UCTHONb-
30BaHUEM CJEIYIOMINX MOMCKOBBIX 3ampocoB: «[Ha3panue
nopoabsl] AND Cattle AND Whole genome genotyping»,
«[Ha3Banme mopoasr] AND Cattle AND Whole genome
sequencingy», «[Hazsanue nopoast] AND Cattle AND Tran-
scriptome sequencing», «[Hazsanue nopoxsi] AND Cattle
AND Selection signatures». Kpurepusamu i BKIIOYSHHUS
IMyOJIMKAINK B 0030 CITY>KHIIH: UCCIIEIOBAHUE XOTSI OBI OJTHOM
TYPaHO-MOHIOJILCKOH MOpobI JINOO0 ee rudpuaa ¢ ApyruMu
MOPOAAMU; ONMCAHUE CEKBEHHPOBAHUS, TTOJTHOTEHOMHOTO
TEHOTHITUPOBAHMS WII TPAHCKPUIITOMA FeHOMa TYPaHO-MOH-
TOJIbCKOM MOPOJIbL; PE3YJbTAThl IOUCKA CJIEJOB [IO3UTUBHOIO
orbopa B reHoMe 00 HASHTH(UKAI ToTUMOpdu3Ma 1o
yueiy xormit THK (CNV).

AnanTame TYPaHO-MOHrOJIbCKUX nopoAa

K 3KCTpeMmMaJibHbIM yCJ1I0OBUAM Cpebl
Typano-MoHroabsckuil ckoT — rpymnmna nopoa KPC, xoropsie
pas3BomAT npeumytiecTBeHHO B A3mn (cMm. [Tpui. 1) (Moncee-
Ba U 1p., 2006; Porter et al., 2016). ITo mopdonornu Typaso-
MOHI'OJILCKUN CKOT OTJIMYAETCs OT EBPONEHCKUX TaypPUHHBIX
mopox, ocobenHo no ¢opme yeperna u poros (Felius et al.,
2011). Yeper nmeeT KIMHOBHIHYIO (DOPMY, Y3KYIO KOPOHY U
yrityOsieHue Ha JJoOHOH kocTH. Pora HanpaBiieHbl BBEpX, a HE
BIEpE], KaK Y OOJBIIMHCTBA TAYPUHHBIX TOPOI.

MHorue nopofs! Typano-MoHronsckoro KPC nposiisitor
GOJBIIYI0 BBIHOCIUBOCTh U YCTOMYMBOCTH K OTPUIIATEIEHBIM
TeMIIepaTypaM B pe3ylbTaTe aialTalii K CypOBOMY a3HaT-
CKOMY KJMMary. B 4acTHOCTH, IOpPOABI a3MaTCKUX CTEIeH
CHOCOOHBI BBIJICPXKHBATh TOJOBBIC KOJIEOAHUsI TEMIIEpaTy-
pet ot —50 o +35 °C (Mowuceesa u np., 2006). Ocobyio
aJIanlTaIuio IEMOHCTPHUPYeET camasi ceBepHast mopona KPC B
MHUpE — SKyTCKHH CKOT, LIEHTP Pa3BEJCHUS KOTOPOro HaXo-
nmutcst Bomm3u CeBepHOTO Tonmoca xonona. Psm mopdomo-
THYECKHUX IPU3HAKOB, TAKUX KaK TOJCTasl 3UMHSISI IIEpCTh,
MaJleHbKHE, IIOKPBITHIE MEXOM BBIMS U MOIIIOHKA, () (heKTHB-
Hast TEPMOPETYIISINS U 3aMeUIEHHbIH MeTa00IU3M ITPpU HU3-
KHX TeMIlepaTypax, MPUBOAAT K YpE3BbIUAHHON yCTOHUNBO-
CTH SIKyTCKOI'O CKOTa K 3KCTpeMaibHOMY xoJiony (Dmitriev,
Ernst, 1989; Tapio et al., 2010). i TypaHO-MOHTOIBCKHIX
MOPOJT XapaKTepHbI (PU3NUECKasT BHIHOCIUBOCTD, MUHIMAaJIb-
HOE€ y4JacTHe 4YelIOBeKa B UX COJEP KAHUU, KPYITIIOTOJUYHOE
npeOBIBaHIE HAa CBOOOIHOM BBITIACE M COXPAHEHHE KU3HE-
CIIOCOOHOCTH NPH HU3KOKAIOPUHHON M CKyIHOWH KOPMOBOM

FEHETUKA YXMUBOTHDbIX / ANIMAL GENETICS 191


http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx6.pdf

N.S. Yudin, A.A. Yurchenko
D.M. Larkin

0ase B OT/IEJbHbIE [IEPHO/IBI T0J1a, YCTOHYMBOCTD K IHYCY, CIO-
COOHOCTB nepeBapuBaTh TpyOble KOpMa M HAXOAUTH UX IO
CHEXXHBIM MTOKpoBOM (JIazeOHas u ap., 2018). Taroke ssKyTCKHit
CKOT, BEPOSITHO, 00JIaIaeT YCTOMYMBOCTHIO K TyOEpKyJie3y,
neiko3y u opyuesmesy (Dmitriev, Ernst, 1989).

Kuraiickuii TypaHO-MOHTOIBbCKHHN CKOT W3/1aBHA UCIOIb30-
BAJICS B KQYECTBE TSIIOBOM CHIIBI M LIGHUTCSI 32 CBOIO YCTOM-
YUBOCTh K Mapa3zuTaM, TOJIEPAHTHOCTh K (PaKTOpaM OKpy-
JKaroliel cpensl U Gpusndeckyro BeiHOCHMBOCTH (Huai et al.,
1993). CunTaercs, 4TO FOKHBINA KUTAWCKUN CKOT YCTONHUYNB K
CBIPOCTH, kape U kiemam. CeBepHBII CKOT, ¢ OoJee TOICTON
KO>KEH ¥ TYCTBIM BOJIOCSIHBIM TIOKPOBOM, YCTOWYHMB K XOJIOIY 1
kiemam. Kpome Toro, BeicokoropHas tberckas nopoga KPC
XOpOIIO aanTHPOBaHA K XOJOLy M HEIOCTaTKy KHCIOpoa
B BBICOKOTOpHBIX paiioHax (Wu D.D. et al., 2018). ITo cpas-
HEHHUIO C YHCTBHIM TaypUHHBIM CKOTOM, HAallpUMEp TOJILITHH-
CKHUM, I)KHO-KUTaNCKask CMEIIaHHast HANINHHO-TAy pUHHAS
nopona Yunnan humped nmeeT BBICOKYIO PE3UCTEHTHOCTh K
Teineprosy, Tyoepkyiesy u kiemam (Chen Y. et al., 2019).

MpoucxoxaeHne n sgontoyns
TYPAHO-MOHIOJIbCKMX NOpoA

I'enerndeckast 060COOIEHHOCTD HEKOTOPBIX TYPAaHO-MOHTOJIb-
ckux nopox KPC, Bkitouast sIKyTCKYI0, KaIMBILKYIO U MOH-
TOJIBCKY10, OBbLTa MOKa3aHa ¢ UCIOJIb30BAaHUEM IOIMIIOKYC-
ubIx ISSR-mapkepos (I'enmxuesa, CynmumoBsa, 2012), a Taxoke
mukpocareuutHeix JJHK-mapkepos (Li M.H. et al., 2007;
Svishcheva et al., 2020). Hanpumep, sikyTckasi moposa Bbl-
JIeNsIach B OTACTBHBIN KiacTep mpu aHamu3e 48 eBporeii-
ckux ropox no 19 mukpocaremmtaeiM Mapkepam (Li M.H.,
Kantanen, 2010). Ipyrumu aBTropaMu Tak:xe Obljia BbISIBIICHA
BBICOKasi 000COOIEHHOCTH SIKYTCKOTO CKOTA TI0 CPaBHEHHUIO
¢ neBsThio pyruMu nopogamu KPC no paHHBIM mosHOTe-
HOMHOT'O T€HOTUNHPOBaHus. [Ipy 3TOM KajMbIlKas mopoja
OKa3aylach POJCTBEHHOU cepOckoii mopozne Oyma (Iso-Touru
et al., 2016), 94T0 COOTBETCTBYET MOIYYECHHBIM paHee ITOH
IPYIIION IaHHBIM 110 TeHeTHUeCKoMY pazHooOpasuto MTIHK,
Y-xpomocombl 1 MukpocareunTHeix JIHK-mapkepoB y aTux
mopoy (Kantanen et al., 2009; Li M.H., Kantanen, 2010).
CormacHO pe3ynbTaTaM IMOJTHOT€HOMHOTO aHaJIN3a OJJHOHYK-
neotuaHbIX noauMmopdusMoB (OHII) meBatn poccuiflcKux
nopon u 45 nopox EBpasum, sikyTckasi ¥ KaJIMbIIKas 1opo-
Jibl POPMHUPOBAIIN OTACIBHBIN OTIAJICHHBIN KJIacTep Ha JIeH-
JIporpaMMe TOJBKO POCCUHCKHMX MOPOJ, MOCTPOEHHOH IO
anropuTMy «ceth cocenei» (Neighbor-Net) (Sermyagin et al.,
2018), a Ha neHApOorpaMMe BCeX €BPa3UNCKUX MOPOJI BXOIU-
T B KJIACTEpP MOPOJ] TyPAHO-MOHTOJICKOTO KOPHSL.

BrionHe BeposiTHO, YTO MHOTHE TypaHO-MOHTOJIBCKHUE I10-
POJIBI B IOMCTOPUYECKUE U UCTOPUYECKHE BPEMEHA CKPELIH-
BaymCh ¢ 3¢0y (Bos indicus) (Peilieu, 1984; Huai et al., 1993;
Kantanen et al., 2009), 6anrenrom (Bos javanicus) (Chen N.
et al., 2018b; Zhang W. et al., 2018) u sikom (Bos grunniens)
(Xiaetal., 2019). MccenoBanust CTPYKTYPBI MOMYIISIAN Typa-
HO-MOHTOoNbCKoro ckota B Kurae no mt/IHK nokassiBarot, uto
rariorpysl Bos taurus 6onee pactipoctpaneHbl B CeBepHOM
Kurae, ramuorpynmst Bos indicus — B FOxHOM, a TOpOIBI
KPC B llenTpansHom Kurae 1eMOHCTpUPYIOT IPOMEKYTOU-
uble yactoTbl MT/IHK 3e0y (Lai et al., 2006). [Tpu nzyuenun
JIHK Y-xpomocoms! B momymsiusix kuraiickoro KPC moiy-
YeHa aHaJIOTMYHAs reorpaduyeckas KapTHHA: raruiorpyna
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Bos taurus Y2 npeobianaer Ha ceBepe, a rariorpymia Bos
indicus Y3 — na tore Kuras (Lu et al., 2017). B Hactosmee
BpeMSI MHOTHE TypaHO-MOHTOJIGCKHE TOPO/BI MPAKTHUECKH
WCYE3IIH, IPYTHE TS TIOBBIIIECHHS IIPOyKTUBHOCTH OBUTH pa3-
0aBJIEHBI BIMBAHIEM KPOBH UMIIOPTHBIX TayPHHHBIX OPOJ 1
4acTO HAXOMATCS T0J] YIPO30H JanbHEeHIIel TnOpuIr3anni
(Peilieu, 1984; Huai et al., 1993; Kantanen et al., 2009; Gotoh
etal., 2018). Y TobKO HECKOIBKO TyPaHO-MOHTOJIBCKHX ITOPOJT
pa3BOIATCA «B YUCTOTEY, HanpuMep, B 2010 . uncieHHOCTh
SIKYTCKOTO CKOTa cocTaBisuia okojio 1200 sxxuBotHbIX (Tapio
etal., 2010).

UToOBI OIIEHUTH CTETICHb TEHETHYECKOTO POJICTBA M YHCTO-
MOPOTHOCTH COBPEMEHHBIX TYPaHO-MOHTOJIBCKUX ITOPOJI, MBI
coOpaH KOJIEKITHIO OmyomnkoBaHHBIX reHoTHoB OHII pas-
nmaHBIX mopoy ckota (Iso-Touru et al., 2016; Gao et al., 2017;
Yurchenko et al., 2018b; Zhang Y. et al., 2020), HacuuThIBatO-
1ryro 2676 xuBoTHBIX U3 198 mopox (BKutrodas 513 sKUBOTHBIX
n3 23 TypaHO-MOHTOJIbCKHX Topon, [Tpunoxenwue 2).

[Tocne oObenuHeHus 1 GUIBTPaLUK Beex (aiyioB ¢ reHo-
TUIgeckoi nHpopMmanuei Mel momydunn 18250 BeICOKO-
kauectBeHHbIX OHII s nansueimux uccnenosanuii. C uc-
MOJIb30BaHUeM nporpammsbl rapidNJ st HHAMBUIYaTbHBIX
ocobeii (Simonsen et al., 2010) 6pu1a TOCTPOEHA ICHAPOTPAM-
Ma Ha OCHOBE MeToy1a Onvkaiiero cocencTsa. bombImHCTBO
’KMBOTHBIX IPYNITUPOBAIOCH B COOTBETCTBUH CO CBOUMH TO-
ponamu, GOpMHUPYS OTAEIbHBIE KIACTEPHI, OTHOCSAIINECS K
Bos indicus, Bos taurus n appuKaHCKUM TaypuHaM (CM. pH-
CYHOK, @). [1oposibl TypaHO-MOHTOJILCKOTO MPOUCXOKICHUS
KOMITaKTHO TPYIIIHPOBAINCH B CTBOJIE TaypHHOBOM KIIasbl,
YTO, BEPOSITHO, OTPAKAET MX JpPEBHEE OOIIee MPOUCXOKIE-
nue. Knacrepusamnus xxuBotHbix Metonom ADMIXTURE
(Alexander, Lange, 2011) mo3Bonmiia BEISIBUTH NPH YETHI-
PEX-TISATH KJIacTepax OTAEIbHYIO MPEIKOBYI0 KOMIIOHEHTY,
BBIJICTISIONIYO TYpaHO-MOHIOJIbCKHE TTOPOJIBI (CM. PUCYHOK, O,
(hromeToBEIi 1BET). DTa KOMIIOHEHTA IMOYTH MOJIHOCTHIO
orpeziessiia SIKyTCKyI0 OPOIY M NMPHUCYTCTBOBaIA B 3HAYH-
TEJILHOM KOJIMUECTBE B OCTAIBLHBIX TYPAHO-MOHIOJILCKHX YKH-
BOTHBIX (CM. PHCYHOK, 8), 0COO€HHO B KHTaWCKUX, SITIOHCKIX
1 KOpeHCcKHX nopojax. bikaiimelt k sikyTckoi o gppakunu
TypaHO-MOHTOJILCKOTO ckoTa (>90 %) mopoaoi okasanack
AMOHCKAsl TIOPOJa MUIINMA, KOTOpasi HUKOTJa HE CMEIINBa-
Jach C €BPONEHCKUMH TaypHHAMH U Pa3BOIAMTCS M30JIUPO-
BAaHHO B YHCTOTE Ha ocTpoBe Mumuma B SnoHun (cM.
[pun. 1). B octanpHBIX mopoaax (Gpakmus TypaHO-MOHTOJTb-
cKoro ckoTa Oblia HIke 75 %. Takum 00pazom, HeCMOTps Ha
AKTHBHOE CMELICHUE C KOMMEPUYECKUMHU ITOPOJIaMH, APEBHUI
IIPEIKOBBIN TCHETHUECKUH KOMIIOHEHT TypPaHO-MOHTOJIbCKO-
TO CKOTa BCE ellle MPUCYTCTBYET BO MHOTUX PAa3BOANMBIX B
A3suu mopopax.

BonmemmaCcTBO Hccnenoareneii cunrarot, uto KPC mpomso-
IIeJT OT BBIMEPIIEro AUKOro Typa (Bos primigenius) B Xofe
JIBYX HE3aBUCHMBIX COOBITHH JIOMECTHUKAIIMU: OJJHO U3 HHUX
cyunnochk Ha bmmkaem Boctoke okxomo 8000-10000 et
JIO H. 3. ¥ TIPUBEJIO K BOSHUKHOBEHHIO 0€3rop0oro TaypHHHOTO
ckota (Bos taurus), npyroe — B IOxHOI A3uu nmpumepHO B
6000-8000 et 10 H.3., B pe3yJbTaTe Yero MosBUIICA ropOa-
TBHIH MHANIMHHBIN cKoT 3e0y (Bos indicus) (Bradley, Magee,
2006; Bollongino et al., 2012). Onnako Jlapcon n Broprep
(Larson, Burger, 2013) oTmMe4aroT, 9T0 XapaKkTep BETBICHHUS
¢unorenernueckux nepesbeB MTAHK u Y-xpomocomuo#
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Thoroughbredness and genetic relations of modern Turano-Mongolian breeds.

a - Dendrogram based on 18,250 single-nucleotide polymorphisms (SNPs), built by the neighbour-joining method. The dendrogram is
rooted by the yak (Bos grunniens (*)) and the banteng (Bos javanicus (**)). Purple color marks Turano-Mongolian cattle; blue, taurine breeds;
red, indicine cattle; green, African breeds; gray, taurine-indicine hybrid cattle. b - Clustering of samples by ADMIXTURE for K=2 to 5 based
on ancestral allele frequencies. ¢ — The proportion of the purple (Turano-Mongolian) generics for K = 5 (by the ADMIXTURE method) in
different cattle breeds.
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JIHK, Ha KOTOpOM OCHOBaHa TUIOTE3a O CYIIECTBOBAHUU
JIBYX IIEHTPOB JIOMECTHKAINHU, TOK€ MOT c(hOpMHUPOBATHCS B
pesyabrare [eoro psiaa CleHapueB, BKIIOYas reorpadude-
CKYI0 N30JISILIUIO TIOMYJISILN, TeHeTHYeCKUi peid mitu ruo-
puau3ario. [To MEEHHIO 3 THX aBTOPOB, HEOOXOANMBI JIOTION-
HUTEJIbHBIC TeHETHIECKHIE CBE/ICHUS, TIPEXK/IE YEM MBI CMOXKEM
UCKJIIOUUTH BO3MOXKHOCTH TOTO, YTO MHAMIMHHBIN CKOT IIPO-
M301IET B pe3yabTare THOPUIAN3ALUN MIPEIKOB TaypHHHOTO
CKOTa ¢ MOP(MOJIOTNIECKN PA3THIAIOIINMICS MOMYIISIHIMHI
JUKUX TypoB B FOxHOIT A3un.

Texymue nanuele 1o MTIHK cBHIETENBCTBYIOT O TOM,
YTO EBPOICHCKNI JOMAIIHUHA CKOT MPOM3O0IIEI OT OJIMKHE-
BOCTOUHBIX Pa3HOBUAHOCTEH Bos taurus (Bradley, Magee,
20006). ITpoucxoxkaenne appukaHCKuX Bos faurus Bce ere
obcyxnaercs (Bradley, Magee, 2006), HO TecHast CBSI3b rari-
norpynmsl T1 ¢ rammorpynnamu T2 u T3 no3BossieT gymaTb,
YTO OHA Takke Bo3HWKIA Ha bimkHem Bocrtoke (Achilli et
al., 2008). Panee OBbUIO yCTAHOBIICHO, YTO TEHOM SIKYTCKOM
[IOPOJBI CONEPKUT raiorpymnmy T, a IMEHHO €€ YHUKaJIbHbII
BapuaHT T4, KOTOPBIH XapaKTEePeH TONBKO IS TYPaHO-MOH-
ronbsekux nopox (Kantanen et al., 2009). Hamane T4 muro-
XOHJIPHAJIbHOW raruiorpymniisl y Bary, xauBy (Mannen et al.,
2004) u sxytckoro ckora (Kantanen et al., 2009) mo3Boimio
MIPEIIOJIOKNTD, UTO BCE TYPAHO-MOHTOJIECKHE TIOPOIBI MOTYT
SIBIIATHCSI IOTOMKAaMHU TaypUHHOTO CKOTA, HE3aBUCUMO JI0-
MecTHIHupoBaHHOTO B A3un (Mannen et al., 2004; Lai et al.,
2006). OgHako Goyee MO3THIE HCCIECOBAHMUS TTOKA3hIBAOT,
4TO ramiorpynna T4, BeposSTHO, MPOU30IIIa OT TarIorpy-
sl T3 (Achilli et al., 2009).

HenaBHo HaMu OBLIO ITPOBECHO MTOJTHOTCHOMHOE T€HOTH-
nupoBaHue npeacrasuteneil 18 nopox KPC, pa3Boaumeix B
Poccun, 1 0CyIIECTBIEHO UX CPABHEHHE C paHee TeHOTHUIIN-
poBauubiMH 135 MuposeiMu noponamu KPC (Yurchenko et
al., 2018b). [Toy4deHHbIe pe3yIbTaThl aHATN3a PHIIOTCHUN U
OOIIMX TaIIOTHITOB BEISIBIUTH OJTM3KOE POACTBO OypATCKOI 1
0COOCHHO SKYTCKOH TOpPOA ¢ APYTUMH a3UaTCKUMH TypaHO-
MOHTOJILCKHMHU MTOPOAaMH (Bary, XaHBY, MOHTOJIbCKUH CKOT),
YTO MOKET O3HA4aTh WX PAHHEE OTIEJICHHUE OT OCTAIbHOH
4acTH TaypUHHOTO reHO(OHA U, BO3MOXKHO, HE3aBHCUMYIO
nomectukanuio B Asun. Zhang H. ¢ xoyuteramu (Zhang H.
et al., 2013), mpoananm3upoBas HaiaeHHyI0 B CeBepo-Boc-
touHoM Kurae B paiione XapOuna HikHroro yemocts KPC,
natupyemyro 10600 rogamu 10 H. 3., TPEANOIOKUIN, YTO
JIPEBHHUE JTFOIN MOTVIH SKCIIEPUMEHTHPOBATH C COJECPIKaHUEM
JIUKUX KUBOTHBIX B HeBoje. CpaBHenue mexay Mt/IHK u3
HUKHEH 4YeTIOCTH M MHUTOI€HOMAaMH COBPEMEHHBIX BHIOB
KPC mokaszano, gto apesuss Mt IHK npuHamiexuT Kk HOBOH
1 YHUKaJIbHOMW ramtorpynmne tuna C. Tem He MeHee psijt aB-
TOPOB CUUTAET, YTO TAKHE YTBEPKACHUS MPEkKAECBPEMEHHBI
(Lu et al., 2017). 1o ux MHEHHIO, HaliIEHHASI YEITIOCTH TIPH-
HaJUIC)KNT HBIHE BBIMEPILIEH BOCTOUHOA3HaTCKol hopme Bos
primigenius, KOTOpasi HE BHECJA T€HETUYECKOIO BKJIaJa B
BO3HMKIINH MTO3HEE TOMAIIHUI CKOT.

Takum 00pa3oM, CyIIECTBYIOT /1Ba BOBMOXKHBIX CIICHApHs
JIOMECTHKAIIMK TYPaHO-MOHTOJIBCKOTO CKOTa: 1) momamHui
CKOT OBUT HE3aBHCUMO OZIOMAIIIHEH KOPEHHBIM HACEJICHUEM B
Boctounoii Azuu ot aukux TypoB (Bos primigenius); 2) Tay-
PHMHHBII IoMalHUi cKOT ObLT offoMalHeH Ha biimokHem Boc-
TOKE U 3aTeM 3aBe3eH B BocTtounyio A3mio, a HabIromaeMele
pa3inuuus SBISIOTCS PE3yIbTaTOM JIOKAJIBHOW ajanTannuu
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n/vin tudpuau3anun. CyIecTBYOIINX 300apXEOTOTHUECKIX
Y TeHETUYECKUX JIAHHBIX HEZI0CTATOUHO, YTOOBI ClIeIaTh OIHO-
3HAYHBINA BBIBOJI O JIOMECTHKAIHHU TyPaHO-MOHTOJIBCKHAX TTOPOT
Ha TEPPUTOPUHU COBpeMeHHOro Kuras.

leHbI-KaHAMAaTbl aganTaymun

B reHOMaXx TYpaHO-MOHIoJibCKUX nopoAa

Jlanee MbI COCPEIOTOIMMCSI Ha aHAJIN3E TOTCHIIHABHBIX I'e-
HOB-KaH/M/JIaTOB, YY9acTBYIOIINX B (hOPMHUPOBAHUH T'€HETH-
YECKOM ajanTaluu K 3KCTPEMAJIbHBIM YCJIOBUSAM CPENbl y
TypaHO-MOHTosbCKuX nopoa KPC, B ToMm umcie 1o JaHHbBIM
MIOJTHOTEHOMHOTO CeKBeHUpOoBaHMs (cM. Tabnuity). [To cpas-
HEHHUIO C JaHHBIMU IMOJHOTCHOMHOI'O I'CHOTUIIMPOBAHUA
OHII, pe3ynbTaTsl MOJTHOT€HOMHOTO CEKBEHHPOBAHUS JAI0OT
OOJIBIIYIO CTAaTHCTHYECKYIO MOIHOCTH TIPH BBISIBIICHHUH ClIe-
JIOB 0TOOpA U JIydlllee pa3pelieHne sl JIOKaIU3aliH TOTeH-
[IUATBHBIX T€HOB-KAHANWIATOB U TCHETHUECKUX BapHAHTOB,
HEMOCPEICTBEHHO BIUSIOIINX Ha aJalTallUIO, IIOCKOIBKY OHU
HE IMPUBA3aHbI K aJIJICJIAM, pa3MEIICHHBIM Ha YHIIaX, KOTOPBLIC
HEPEJIKO MTPE/ICTABIECHBI TOJIBKO B MOMYIISIIUSX, UCTIONb30BaH-
HBIX 71 co3manus yumna (Boitard et al., 2016).

leHbl ycTOMuMBOCTN K XONoAay

[MonrorenomHoe reHotunupoanue (6omee 100 Toicsta OHIT)
MO3BOJIMJIO BBISIBUTH YHHKAJIbHBIE CJIEJbI OTOOpa B reHOME
SKYyTCKOH MOPOJIbI, KOTOPBIE MOTYT OBITh HEMOCPEICTBEHHO
CBSI3aHBI C aJaNTaIyen K XoJIonHoMy kinumMary. [Ipencrasis-
eT UHTepec OOHAPYKEHHUE CIIE/IOB CEJICKIIMU B palioHe reHa
RETREGI (Yurchenko, 2018a). Y uenoseka 6erok RETREG1
Y4YacTBYET B BOCIIPUSTHN HEHPOHAMHU CUT'HAJIOB OOJIM U XOJIO-
na (Islam et al., 2018). Myraiiuu B 3TOM IeHE Y JFOICH BbI3bI-
BAIOT HACJICICTBEHHYIO HEBPOIIATHIO, COMPOBOXK JAIOITYIOCS
HECIIOCOOHOCTBIO OLIYIIATh 0OJb M TEMIIEpaTypy OKpYKaro-
mieit cpexasl (Kurth et al., 2009). Pubocomanbublit res RPL7
B PaliOHE CENEKINHN Yy SIKyTCKOM ITOPOIbI TOKA3bIBAET pa3/iny-
HYIO 9KCTIPECCHIO Y YCTOWYHBBIX M UyBCTBUTEIBHBIX K 3aMO-
paxxuanuro jsirymek (Wu S. et al., 2008). Crezpl cenekiyu
ObpUTH 3a()UKCHUPOBAHBI Y SIKYTCKOTO CKOTa Takke B palioHE
rena HDAC3, 6enoK KOTOPOTO CTUMYJIHPYET TEPMOTECHE3 B
Oypoii )KHUPOBOI TKAHH ITyTEM aKTHBAIIH YHXaHCEPOB, ¥ TCHA
TNKS, y4acTByIOIIETO B 3HEproooMeHe u (HOpMUPOBAHHIH
JKpoBOH TkaHu y Mblueit (Yeh et al., 2009).

JlaHHBIE TOJIHOTEHOMHOTO CEKBEHMPOBAaHUS YKMBOTHBIX
SIKyTCKOH ITOPOJIBI TO3BOJIHIIN BRISIBUTE B ee TeHoMe 1442 reHa,
KOTOpbIE cofepkain Oonee msaTH HecMHOHMMHUYHBIX OHIT
(Weldenegodguad et al., 2019). beutu HaiineHsI ciieibl 0TO0pa
B psine reHoB (DNAJCY, SOCS3, TRPC7, SLC8A41, GLPIR,
PKLRw TCF7L2), koTOpBIE, BEPOSTHO, CBS3aHBI C aanTanuei
K XoJioly y KopeHHoro Hacenenusi Cubupu (Cardona et al.,
2014). Ipuuem ren SLCS8A I, 6enKOBBIN TPOIYKT KOTOPOTO
Y4acTBYET B OTBETE KJICTKH Ha OKCHJIATHUBHBIN CTpecc, BEpo-
SITHO, TIO/IBEPraJIiCsi OTOOPY HE TOJIBKO Y SIKYTCKOT'O CKOTa M KO-
penHoro HaceneHust CHOMPH, HO TaKKe Y MECTHBIX SIKYTCKHX
nmomaneit (Librado et al., 2015). XpoHu4eckuil X0I0T0BOM
crpecc yBenuuupan skcnpeccuto MPHK rena SOCS3 B ru-
roTanamyce U nepudepruiecKiux MOHOHYKIICAPHBIX KIETKAX
KpoBHU Yy KpbIC 1 XopbkoB (Reynés et al., 2017). Tpu rena
(PFKM, ADAM17 n SIRPA), noaBepraBIINXCsl CENEeKINU Y
SKyTCKOTO CKOTa, OKa3aJIUCh ACCOI[MMPOBAHBI C YCTOWUNBO-
cThio K 3a0oneBanmsiM (Weldenegodguad et al., 2019). Tax,
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Candidate adaptation genes in the genomes of Turano-Mongolian cattle breeds

Breed(s) Method No.
animals

Yakut Genotyping the GGP HD150K array 26
Whole genome resequencing 5

Yanbian Whole genome resequencing 9

Yakut Genotyping on the BovineSNP50 array 40

Kalmyk Genotyping on the BovineSNP50 array 22

Yakut Sequencing of the white blood cell 3
transcriptome

Hanwoo Whole genome resequencing 12
Genotyping on the BovineHD array 217

Wagyu, Leigiong,  Whole genome resequencing 57

Nanyang, Luxi,

Yunnan, Qinchuan,

Yanbian

Yunnan humped  Sequencing of the transcriptome 5
of liver and spleen cells

Wagyu x Fuzhou Genotyping on the BovineHD array 364

Tibetan Whole genome resequencing 20

9

Genotyping on the BovineHD array 15

6emoxk ADAMI17 perynupyer BocnpusiTie OOJIEBBIX CTUMY-
JI0B, B TOM ymcie u xonona (Quarta et al., 2019).
CpaBHUTENBHBII aHAJIN3 JaHHBIX TTOTHOT€HOMHOTO CEKBE-
HUPOBAHUSI KUTANHCKON TyPaHO-MOHIOJIBCKON MOpOABI Yan-
bian u adpukanckoit TaypuHHoi nmopoasl N’Dama moka-
3aJ1 HAJIMYUE Y JKUBOTHBIX O0EMX IMOpOJ CIEIOB oTOOpa B
rene CD36 (Shen et al., 2020). Beinok CD36 urpaet BaxxHyI0
pOJIb B MEMOPAHHOM TPAHCIIOPTE )KUPHBIX KUCIIOT B CEPILIE,
CKeTIeTHOM MycKymaType u xupoBoii Tkauu (Glatz et al., 2010).
Oxcnpeccust CD36 yBenuuuBaeTcs Mpu X0JI040BOM BO3/IEH-
CTBHH, YTO [TOBBIIIACT MOIIOIICHUE OypOii JKUPOBOI TKAHBIO
TpUrIHIEepuI-0oraTeix mumonpoTtenHos (Bartelt et al., 2011).
V ronoparomux Mblei, HokayTHbIX 10 reny CD36, Bckope
Mociie BO3/ICHCTBUSA X0JI0/1a TEMIIEpaTypa Tejla Pe3Ko CHUXKa-
Jach, MPUUYEM 3Ta TUIIOTEPMHSI COTIPOBOXKATIACH 3aMETHBIM
CHIDKEHHEM KaK YPOBHS INIIOKO3bl B KPOBHM, TaK U 3alacoB
TPHUALMIIIIMLIEPUHOB B Oypoil KUPOBOW TKAaHWU M IVIMKOT'€HA
B cKkeseTHOU Myckynarype (Putri et al., 2015). MI3BecTHO, 9TO
y ’KHBOTHBIX ITOpO/IbI Yanbian akcnpeccust rena CD36 moino-
JKUTETIBHO KOPPEIUPYET C COAEPKaHNEM BHYTPUMBIIIEUHOTO
Kupa (MpamopHOCTBIO) (Jeong et al., 2012). [To-Buanmomy,
MMEHHO OOIIMPHEIE 3aMackl )KMpa CIOCOOCTBYIOT PE3UCTEHT-

Candidate genes Reference

Yurchenko et al.,

2018a
DNAJC9, SOCS3, TRPC7, SLC8AT, GLP1R, PKLR, Weldenegodguad
TCF7L2, PFKM, ADAM17, SIRPA etal, 2019
CD36, FGF5 Shen et al.,, 2020

(ClL@, CHST@, CXCR@, GAS@, GZM@,

IGFBP@, NCR@

RCN2 LeeT. etal., 2013
CD14,CD28, RFX5, TNFAIP8L2, TMEM173, Porto-Neto et al.,
IL17D, TGFB1, NFKBIA 2014

BOLA-DQA2, AUH, CXCL14, ILTRL2, EPB42, Mei et al., 2019
A2M, BLA-DQB, HSPA9, IFNA16, IL15, IL2,

PROCR, SP3, VAMP7, TLR4, EGLN2, SOX5, CD59,

GPR50, TAS2R16, NFIB, FZD10, KIF2B, ROBO1

C1QB, CD55, MASP2, C4BPA, MAVS, NOD2, ChenY.etal, 2019
CD46, C2, SERPING1, SERPINET, TIRAP, TLR2,

TLR6

TLR9, TAFA1, GPX8, IL5, PRDM9, GRIK2 Wang Z. et al., 2019

HOCTH K XOJIOZY Y KUBOTHBIX. DTH € aBTOPHI BBISIBHIIH J10-
CTOBEpHBIH cUrHai B rene FGF5 1o TaHHBIM [TOKCKa pailoHOB
otbopa y mopoas! Yanbian (Shen et al., 2020). bemox FGF5
PETYIUPYET POCT BOJIOCSHOTO (DOIUTUKYJIA U JUTHHY BOJIOCA y
KoIku, cobaku u yenoseka (Higgins et al., 2014). TTopona
Yanbian xapakTepusyeTcs AJIMHHBIM U TYCTBIM BOJIOCSHBIM
MTOKPOBOM, KOTOPBII TIOMOTAET €i a1anTHpoBaThCsl K 3SMMHUAM
temrieparypam a0 —37 °C.

[eHbl NUMMYHHOrO OoTBeTa

OpHa u3 nepBbIX paboT 10 NOUCKY CJIEH0B CEIEKLUH Y JABYX
TypaHO-MOHTOJILCKUX MTOPOJ — SAKYTCKOH M KaJIMBILKOW —
Obu1a BBIMONMHEHA ITyTeM reHotunupoBanust OHIT mapkepos
Ha yure [llumina BovineSNP50 (Iso-Touru et al., 2016). Y kai-
MBIIKOH TIOPOJBI U YETHIPEX APYTHX MOPOJ aBTOPHI HAILIH
cienpl cenekuuu B pailone 4116037-4616037 0. H. Ha Xpo-
MocoMe 16, KOTOPBIH COIEPHKUT ECTh TeHOB IMMYHHOI CH-
cremsl (IL10,IL19,1L20, PIGR, FCAMR n IL24). Y TypaHo-
MOHTOJILCKOM SIKYTCKOH M TaypUHOBOM CEPOM YKPaHHCKOM 10-
POJIBI CIIeJTbl CEIeKIIMK ObUTH BBISBICHBI Ha XpoMocoMe 21 B
paiione 33802673-35302673 1. H., KOTOPHIi CONEPIKUT YEThI-
pe rena umMmyHHO# cuctemsl (CSK, GZMB, PML v SEMA7A).
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CekBeHHpPOBaHNE TPAHCKPUIITOMA KPOBU IOKA3ajo, YTO
y ’KHUBOTHBIX SKyTCKOH MOPOJBI 10 CPABHEHMIO C TOJIITHH-
ckoit moBkImeHa sKkcnpeccrst 89 reHos (Pokharel et al., 2019).
K uncity cemeicTB, B KOTOPBIX MOBBIIIEHA DKCIIPECCHST ABYX
u Oonee reHoB, oTHOCATCS XeMoKuHBI (CCL4, CCLY), yrme-
BoaHbIe cynbdorpanchepassl (CHSTI, CHSTI2), xeMoKku-
HoBble perentopbl (CX3CRI, CXCRG6), GIOKUPYOLIUE POCT
cnernpuyeckue oenku (GAS6, GAS7), rpanzumsl (GZMB,
GZMM, GZMH), Genku, CBSA3BIBAIOIINEC WHCYINHOIOL00-
Hbll akrop pocra (/IGFBP4, IGFBP7), a Takxke penento-
pBI ecTecTBeHHON TUTOTOKCHIHOCTH (NCR1, NCR3). Tak, y
SIKyTCKOTO CKOTa aBTOPHI BBISIBUJIN TTOBBIIICHNE SKCIIPECCUH
YeThIPeX TPAHCKPUIITOB IPAH3UMOB U IiepdoprHa. [ paH3uMeI
SIBIISIOTCS] CEPUHOBBIMHU MIPOTEA3aMH1, KOTOPBIE HCHONIB3YIOTCS
IIUTOTOKCHYECKUMH JTMM(OLIUTAMH JUIsl YHHUTOXKEHUS 3710~
KaueCTBEHHBIX U 3apaKCHHBIX BUPYCOM KJIETOK. [ paH3UMBI
TPAHCIIOPTUPYIOTCS B IUTOILIA3My KJICTKH-MHIIEHH repdo-
puroM | (PRF1), mocie yero oHn pacmiemisitor cruenudu-
yeckue Oenku u 3amyckaroT arnonrto3 (Johnson et al., 2003).
[TomyueHHBIE HaHHBIE CBUACTEIBCTBYIOT O HAJIWIHU OYEHb
CHIIBHOM OITOCPE/I0BAHHON I'paH3MMaMi IMMYHHOH peaknnu
y SKyTCKOTO CKOTa.

IlosHOreHOMHOE CEKBEHMPOBAHME NIPEACTABUTENEH IOPO-
JIbl XaHBY ITO3BOJIHIIO BBISIBUTD IIPOTSDKCHHBIN PaifOH TOMO3H-
rorHocty BOim3u rena RCN2 (Lee T. et al., 2013). [To MHeHUIO
aBTOPOB, IMEHHO 0TOOp 10 TeHy RCN2 mpusen k GopmMupo-
BaHUIO y XaHBY YCTOMYMBOCTH K BHpycy nanumiomsl KPC.
Jlpyrue aBTOpBI MCIIOJIb30BAIN JJaHHBIE TTOJHOTEHOMHOTO
CEKBEHMPOBAHUSI TS HTOMCKA TOPOAOCTICIIN()NIECKUX TEHOB
y XaHBY ITyTeM aHaJIK3a MPOYTEHHH, KOTOPBIC HE BRIPABHUBA-
nmck Ha pedepencHblil renoM (Caetano-Anolles et al., 2018).
Oxa3anoch, YTO 3HAYUTEIBHOE YUCIO OCIKOBBIX JOMEHOB
9THX TEHOB ACCOLMHMPOBAHO ¢ (YHKIHEH MMMYHOIIOOYIH-
HOB M OHM IOTEHIMAILHO MOTYT B3aUMOJICHCTBOBATH C J0-
MEHaMH JAPYTUX OEIKOB UMMYHHON CHCTEMBI.

[eHOTHIIMPOBaHNE KUBOTHBIX ITOPOABI XaHBY ITPUMEPHO
mo 680 Teicsiuam OHIT mo3BosMIIO HAWTH Clieabl OTOOpa B
JIOKyCaX, COZIEPKABIINX LIENbIH PsJ TeHOB IMMYHHOH CHCTE-
Mbl, Hanipumep CD14, CD28, RFX5, TNFAIPSL2, TMEM173,
IL17D, TGFBI1 u NFKBIA (Porto-Neto et al., 2014). Benox,
Komupyemblii reHoM CD 14, SiBrsieTcst HOBEPXHOCTHBIM aHTH-
TEHOM, KOTOPBIH SKCIIPECCHPYEeTCsl IPEUMYIIIECTBEHHO Ha MO-
HoLMTax/Makpodarax u yyactByer B ((OPMUPOBAHUH BPOXK-
JICHHOTO IMMYHHUTETa Ha OaKTepHaIbHBIC JINTIOTIOJIUCAXAPH-
1wl (Tsukamoto et al., 2018). Perrenirop CD28 cBs3bIBacTes
C TOKCUHAMH CTa(pUIIOKOKKOB U CTPETITOKOKKOB M 3aITyCKaeT
BBIJIEJIEHNE LIUTOKUHOB U T-KJIE€TOUHBIM UMMYHHBIA OTBET
(Kaempfer et al., 2013). Uatepneiikun-17D (IL17D) ctumy-
JHMPYeT MHPHUIBTPALIMIO HEUTPO(DUIIOB, €CTECTBEHHBIX KHILJIE-
POB 1 MOHOITUTOB B OTBET Ha MH(EKIIHIO INTOMETraJOBUpYyca
y mbrei (Seelige et al., 2018). TpanckpuniuoHHsIi hakTop
RFXS onocpenyet sxcnpeccuto renos MHC-II u, Takum 06-
pa3oM, UTpaeT 3HAYUTEIBHYIO POJIb B 4IaIITHBHOM IMMYHHOM
otsere (Garvie et al., 2007). benmox TNFAIPSL2 cunraercs
perpeccopoM BPOXJICHHOTO U aalNTHBHOIO UMMYHHUTETA U
y4acTByeT B MOAJIEPKAHUNU HMMYHHOTO romeocTasa (Niture
etal., 2019). benok STING, xonupyemsiit renom TMEM 173,
BXOJIUT B COCTAB OEIKOBOTO KOMITJIEKCA, KOTOPBI PAaCO3HAET
HYKJIEHHOBBIE KHCJIOTHI BUPYCOB M OaKTepuil B IIUTO30JI€ U
AKTHBHPYET TPAHCKPHUIIIHIO HHTEPHEPOHOB MEPBOTO THUIIA
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(Motwani et al., 2019). Dkcnpeccuss MPHK NFKBIA B tuxnu
KJIETOK MOYKU CBHHBH M3MEHSIACh NPU WHOUIMPOBAHUHU
BUpycoM siurypa (Zhang T. et al., 2018).

AHanu3 pernoHoB ¢ Bapuanueil mo unciy xornuit JJHK
(CNV) 1o maHHBIM MMOJTHOTEHOMHOTO CEKBEHHPOBAHUS K-
BOTHBIX, TPE/ICTABIISIONINX IECTh A0OPUTCHHBIX KUTAHCKUX
nopox ckora (Leiqiong, Nanyang, Luxi, Yunnan, Qinchuan,
Yanbian) 1 1Be HHTEpHAIIMOHAIBHBIE CIICITHATH3UPOBAHHEIC
MSICHBIE TTIOPOAIbI (Bary, KpacHbIH aHTyC), TO3BOJIHI BEISIBUTD
11486 CNV peruoHos, nmokpbsiBaromux 52.04 MiH 1. H.
(1.96 %) ot pedepencuoro renoma (Mei et al., 2019). V ku-
Ta{CKOTo CKOTa aBTOPaMH ObLIN UICHTU(HUIIMPOBAHEI MHOTO-
YHUCJIeHHBIE JToKanu3oBaHHbie B CNV pernoHax reHsl, KOTO-
pBIE CBSI3aHBI C UMMYHHBIM OTBeTOM. Tak, reH BOLA-DQA?2
MOXKET OBITh KPUTHYECKHM (haKTOPOM B PE3UCTEHTHOCTH K
Mactuty y mosouHoro ckora (Hou et al., 2012). CNV B atom
TEeHE aCCOIMUPOBaHA C UMMYHHBIM OTBETOM Y sika (Zhang X. et
al.,2016). Coobmanocs, uto reast AUH, CXCL14,ILIRL2 n
EPB42 BIuAI0T Ha TOJIEPAHTHOCTH K MApa3sUTaM y pa3iIudHbIX
mopox ckorta (Mustafa et al., 2018). Psix reHoB, B TOM dncie
A2M, BLA-DQOB, HSPAY, IFNA16, IL15, IL2, PROCR, SP3,
VAMP7 v TLR4, cBsi3aHBbl, 110 JAHHBIM MHOTOYUCJICHHBIX MC-
CIIeZI0BaHMA, ¢ UMMYHHBIM oTBeToM (Mei et al., 2016; Rand-
hawa et al., 2016). Heckoiabko reHOB HMMYHHOM CHCTEMBI
AKTHBUPYIOTCS B OTBET Ha BHEIIIHEE BO3/JICUCTBHE, HAIPUMED
EGLN2 (WuD.D. et al., 2018), SOX5 (Liu, Bickhart, 2012),
CD59 (Chan et al., 2010), GPR50, TAS2R16 (Gautier et al.,
2016), NFIB (Zhao et al., 2017), a taxxe FZD10, KIF2B u
ROBOI (Aietal., 2015).

Cpasuenne nytem cexBennpoBanusi PHK muddepenmm-
aJbHO HKCIPECCUPYIOIINXCS T€HOB B IIEUYCHHU U CENIe3EHKE
MIOKA3aJ10, YTO KCIPECCHsI HEKOTOPBIX T€HOB, CBSI3aHHBIX C
nMmyHHOU Qyakuueit (C1OB, CD55, MASP2, C4BPA, MAV'S,
NOD2 u CD46), Oblia NOBBIIIEHA Yy KUBOTHBIX HOPOABI
Yunnan humped 1o cpaBHEHHIO C TOIIMITHHAMH, B TO BpeMs
Kak skcnpeccust apyrux renos (C2, SERPING1, SERPINE ],
TIRAP, TLR2 v TLR6) 6buta nonmxkena (Chen Y. et al., 2019).
I'ern C10B xogupyeT B-11ens KOMITOHEHTa KOMITJIEeMeHTa 1q,
y4acTBys B (POPMHUPOBAHUH BPOXKJICHHOTO MMMYHHUTETA, a
TAK)KE CYMTACTCS OJAHUM M3 XaDOB peakiMu OpraHu3ma Ha
nHpunmuposanue Mycobacterium tuberculosis (Sambarey et
al., 2017). I'en CD46 xopupyet O€IIOK, KOTOPBIA SBISIETCS
KOMITOHEHTOM CHCTEMbl KOMIUIEMEHTA U MOXET CIIy)KHTh B
KaueCcTBE PELENTOpPa Uil BUpyca KOPH, TepIiec-Bupyca 4emo-
Beka 6-ro Trma u 6akrepuu Neisseria (Yamamoto et al., 2013).
Jpyroii 6enok kommementa, CDSS5, accounupoBaH ¢ Mas-
pueii n ayTomMMyHHBIME 3a00eBanmsiMu (Dho et al., 2018).
Kommnonent komiiementa C2 yyacTByeT B OUUILIEHUH TKaHEH
OT aIONTOTHYECKHUX KIIETOK, M TeHETUUECKHE BAPHAHTHI 3TOTO
TeHa acCOMUPOBAHBI ¢ KpacHOi Bomyankoii (Chen H.H. etal.,
2015). I'en MASP2 xonupyeT OeJoK, KOTOPbI OTHOCUTCS K ce-
MelcTBy cepuHOBBIX nentuaas Sl. B uccnenosanun (Kasan-
moentalib et al., 2017) MpIIIIT ¢ HOKayTOM IO TOMY T€HY JaIle
THOJH, 110 CPAaBHEHHUIO C KOHTPOJIEM, TPH ITHEBMOKOKKOBOM
MenuHrure. benok C4BPA BX0OIUT B COCTaB MyIBTUMEPHOTO
6emka C4BP, KOHTpONMPYIOMIEro aKTUBAIINIO KOMILIEMEHTA
no kyaccuueckomy nytu. C4BP cBsi3bIBaeTcst HEKOTOPBIMU
[aToreHaMu, B 4aCTHOCTH Streptococcus pyogenes, 4To obec-
MEYUBACT 3TUM OAKTEpPHSIM BBIKUBAHUE B OPTAaHU3ME XO35IMHA
(Ermert, Blom, 2016). betoxk MAVS HeoOXomuM sl aKTH-
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BallMU TPAHCKPUIIIIMOHHBIX (DAaKTOPOB, KOTOPHIE PETYIUPYIOT
IKCcTIpeccHio OeTa-uHTepdepoHa i, TAKUM 00pa3oM, 3aIrycKa-
10T peakuy MPOTUBOBUpPYCcHOro nMMyHHTeTa (Belgnaoui et
al., 2011). I'en NOD2 sxcripeccupyercsi NpeMMYIeCTBEHHO
B JIeiikoruTax. Ero GemKoBEIi MPOITYKT yU4acTBYeT B IMMYH-
HOM OTBETE Ha OaKTepHalIbHBIC JINIONOINCAXAPH/IBI TyTEM
pacro3HaBaHusi MypaMUJIIUIIENITHA U aKTUBALMK OeiKa
NFkB (Kuss-Duerkop, Keestra-Gounder, 2020). Y genoeka
OHII mapxkeps! B rene SERPINE] acconnupoBaHbl C TOBBI-
IIICHHOW CMEPTHOCTHIO OT cercuca (Shi et al., 2015). Toi-
nmono6uEIH perienitop TLR6 06pazyer reTepoamMepHbIil KoM-
miekc ¢ TLR2, koTopblil pacrio3HaéT Hemnbli psij 1aTOreH-CBsI-
3aHHBIX MOJEKYJISIpHBIX cTpykTyp. OHII Mapkeps! B renax
TLR2 wn TLR6 accommmpoBaHbl ¢ 9yBCTBUTENbHOCTEI0O KPC
K Mycobacterium avium spp. paratuberculosis, a Takxe K Ty-
oepkyiesy u puisiprosy y uenoseka (Mukherjee et al., 2019).
I'eHOTHIIMPOBAaHNE HA YUIAX BBICOKON TNIOTHOCTH THOPH-
JoB Bary ¢ nopogoir Fuzhou no3Bonmno naentndunmpo-
BaTh cnenbl 0Toopa B psane reHoB (TLRY, TAFAI, GPXS, ILS,
PRDM9 n GRIK?), accomMUpOBaHHBIX C UMMYHHOH (QyHK-
el (Wang Z. et al., 2019). BHyTprKkieTOUHBIH TOII-110100-
Hbli perientop TLRY 00b14HO pacio3HaeT naToreHsl, poOHHU-
Katore BHyTpb kieTk (Mukherjee et al., 2019). OHII map-
Kepbl B reHe TLRY y uenoBeka acCOIMUPOBAHbI C UMMYHHBIM
otBeToM mipu TyOepkynese (Bharti et al., 2014). I'en TAFAI
KOAMPYET HEOOMBIIION, CXOAHBIA ¢ XeMOKHHAMH OEIIOK, KOTO-
PBIil SKCTIpecCHpyeTest MPEUMYIIECTBEHHO B OIPEICIICHHBIX
obnactsix Mo3ra u (yHKIIMOHUPYET B Ka4eCTBE peryisiropa
MMMYHHBIX W HEpBHBIX KiIeTok (Heipoxmna) (Tom Tang et
al., 2004). Lurokun ILS sBasiercst pakropom pocra U anud-
(epenuunpoBku B-kietok u s03unoduios (Takatsu, 2011).

leHbl aganTaLun K BbICOKOropblo

Kak momararot, sik ooutraer Ha THOSTCKOM IUIaTO HA MPO-
TSODKEHUH MUJUTHOHOB JIET | 32 9TO BpeMs IIpHoOpesr MHOTO-
YHCJICHHBIC 41alTAIlMN K YCIOBHSIM BBICOKOTOPBSI, HAITPUMEDP
YBEJIMYEHHBIN pa3Mep JIETKUX U cepala. B orinuuue ot sika,
JIOMAIITHUH TaypUHHBIN CKOT MOSBIIICS Ha THOETCKOM IIIaTo
BMECTE C JIFO/IbMHU BCET0 HECKOJIBKO THICSY JIET Ha3a 1. beicTpoit
aJlanTanyy THOETCKOrO CKOTa K YCIIOBHSIM BBICOKOTOPbSI, Be-
POSITHO, CITOCOOCTBOBAJIA HHTPOTPECCHS TEHOB CUTHAIBHOTO
MyTH OTBeTa Ha runokcuio (Hanpumep, EGLNI, EGLN2 u
HIF3a) (WuD.D. etal., 2018). Dtu sxe aBTOpBI II0Ka3aJIH, 4TO
THOETCKHUH CKOT, Meromuii rartotunt EGLNI ot sika, ToXe
MMEET CHIKEHHYIO KOHIICHTPAIMIO TeMOIJIOOMHA U YUCIIO
SPUTPOLIUTOB B KPOBH, YTO PACLIEHUBAETCS KaK aJallTUBHbBIN
MPU3HAK.

Jpyras rpynrma uccieaoBarelieii Ha OCHOBAaHWHU JaHHBIX
TMOJTHOT€HOMHOTI'O CCKBEHUPOBAHUA YCTaHOBHUJIA, YTO B CPpE€A-
HeM 1.22 % reHoMa THOETCKOTO CKOTa IMTPOM30IILIN B PE3Yilb-
TaTe MHTPOTPECCUH OT KA TPUMEPHO JIBE THICSUH JICT Ha3a]]
(Chen N. et al., 2018a). AHanu3 cnucka HHTPOAYLMPOBAH-
HBIX TEHOB BBISIBUJ JIOCTOBEPHOE OOOTalIeHne TpeMs Tep-
MHUHaMH T€HHOH OHTOJIOTMH: CEHCOPHOE BOCIIPUSATHE 3araxa
(GO:0007608), TpancMeMOpaHHbI TpaHCTIOpT L-opHUTHHA
(GO:1903352), a Tarxke MPOIIECCHHT aHTUTEHA M IPE3eHTa-
U] TIENTHIHBIX WIN MTOJUCAaXapHUIHBIX aHTHTCHOB C TI0-
MOIIIBIO OEJIKOB TIIABHOTO KOMIUIEKCA THCTOCOBMECTUMOCTH
kiacca II (GO:0002504). ITouck no 6a3e manubix KEGG
MoKa3ajl, YTO HanOOJIbINasl I'PyINIa HHTPOAYLUPOBAHHBIX
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Cnefbl 0T6OPa 1 reHbl-KaHAVAATbI aganTaLumy B reHomax
TYPaHO-MOHIO/IbCKUX MOPOA KPYMHOIo poraToro ckoTa

reHOB ObljIa BOBJIEUEHA B PEAKIMIO «TPAHCIUIAHTAT IPOTHB
x03s1Ha». B reHomMe THOETCKOro ckoTa B paiOHaxX MHTPO-
rpeccuy ObIIO HalJEHO HECKOJIBKO TeHOB, KOTOPBIE MOIIIN
Y4aCTBOBAaTh B aJallTallii K T'UIIOKCHU. K #Hum oTtHOCATCSA
TeHbl METa0OJIMUYECKOTO MyTH WHAYIHPYEMOTO T'MIIOKCHEH
taxropa — COPSS5, ILIA, ILIB, MMP3 u EGLN1, xoTopsie
HCOAHOKPATHO 6])1.]'[1/1 H}IeHTH(i)I/ILlI/lpOBaH])l B KQYE€CTBE MHUIIIC-
HEl s oTOopa Ha alanTannio K BEICOKOTOPBIO Y KHUTEIEeH
Anp, Tubera n y sixa (Bigham et al., 2010; Qiu et al., 2012).
JBa rena, RYR2 u SDHD, y4acTBYIOT B PETyJISIIMH FOMEO-
CTa3a KaJIbIHs, KOTOPBII OMOCPELyeT PEaKknio Ha THIIOKCHIO
(Wang M.S. et al., 2015).

CpaBHUTENbHBIN aHaIU3 paiioHOB CNV y BEICOKOTOPHOTO
THOETCKOTO CKOTa M PaBHUHHOTO MOHTOJBCKOTO (Menggu)
IO JAHHBIM ITOJTHOTCHOMHOTO TeHOTUITMPOBAHUSI HA ONoYnTIe
[llumina BovineHD Genotyping BeadChip no3sosu uaeHTu-
(hUIIpPOBAaTh TPU MOTEHITNATBHBIX TeHa-Kanauaara (LETM 1,
TXNRD2 w STUBI) agantanmu k runokcuu (Zhang Y. et al.,
2020). I'en LETM I xonupyet 010K, BCTPOSHHBII BO BHYTPEH-
HIOIO MeMOpaHy MUTOXOHJPHi, KOTOPBII UTPAET CYIIECTBEH-
HYIO pOJIb B OICPKaHUU HOPMaJIbHOH MOP(OIOrHN 3THX
opraseu1 u xuzHecrnocoonoctu kiretok (Li Y. et al., 2019).
OmnocpenoBaHHas aJleHOBUPYCOM CBEPXIKCIIPECCHUsSI TeHA
LETM1 MOXeT NMPUBOANTH K CHIDKCHUIO BBIPaOOTKH AT,
MOTpeOIeHHs KUCIIOPO/Ia U MacChl MUTOXOH/IPHH, a TaKKe K
HekpoTraeckoit rnoemn kietok HeLa (Piao et al., 2009). B re-
HOME THOETCKOTO CKOTa OBIJIO BBISIBIICHO MOHIKEHHOE YHCIIO
konuii rena LETM 1, 94T0 MOKeT criocoOCTBOBATE afanTalliu
9THUX JXKMBOTHBIX K TMIIOKCHH ITyTEM COXPaHEHHUsS] HOPMab-
HOH MOP(]OJIOTHH 1 KHU3HENESATEIbHOCTH MUTOXOHIpHH. ['eH
TXNRD?2 xonupyeT MUTOXOHIPHATIBHYIO THOPETOKCHH-PETYK-
Tazy Tuna 2. Y Mplei co creruduyecKuM HOKayTOM 3TOTO
TeHa B Cep/le HAOIIOIAIOTCS IeTeHEePALsl MUTOXOHIPUH 1
crabunu3aius pakropa HIF-1aneda (Kiermayer et al., 2015).
Benox STUBI npeacrasnser coboit E3 yOukBuTHHINTA3y U
UTPaeT CYIIECTBEHHYIO POJIb B YOUKBUTHHUPOBAHHH U JIeTPa-
nmarmu dakropa HIF-1ansga (Ferreira et al., 2013).

3aknioyeHune

[IpoBeaeHHBIN HAMU aHAIIN3 JINTEPATYPbI IO3BOJISIET C/AEIIATh

CIIEIYIOUINE BBIBOJIBI:

* TypaHO-MOHIOJIbCKHM MOPOAAM CBONCTBEHHA BBICOKAs
aganTanysa K 9KCTpEMaJIbHBIM KIIMMAaTUYCCKUM YCIIOBUAM
1 mapasuTam, 00yCIIOBIICHHAS CeJIEKIIHeH B paifloHaX TeHOB
MMMYHHOTO OTBETA U TEPMOPETYIISALHH;

* HECMOTpS Ha aKTUBHOE CMELICHHE ¢ KOMMEPUECKUMH TO-
pollamMu, IpeBHUM NPEAKOBBIM I'€HETUYECKUN KOMIIOHEHT
TypaHO-MOHTOJIbCKOTO CKOTa BCE €Ile NMPUCYTCTBYET BO
MHOT'HX pa3BoAuMbIX B Asun nopogax KPC, a skytckuii
CKOT OCTaJICs, TI0-BUIUMOMY, EIMHCTBEHHBIM YHCTOKPOB-
HBIM HOCHUTEJIEM 3TOH KOMIIOHEHTHI;

¢ UMCIOIHECA B HACTOALICEC BPEMA JAHHBIC JIMTEPATYPhI HE
MIO3BOJIAIOT OTJATh MPEINOYTEHHE OJHOMY M3 JIByX BO3-
MOYKHBIX CLIEHAPUEB TPOUCXOXKAECHHS TYPAHO-MOHTOJbCKUX
MOpoJ — B pe3yibTare JOMECTHUKALMU TUKOTO Typa Ha
TeppUTOpHH BOCTOUHON A3HH WM BCIISICTBIE MUTPAITIH
TaypUHHOU IpoTononyasiiuuu u3 binmxaero Bocroka;

* B pe3y/ibTare BHICOKONIPOU3BOIUTEIHLHOIO T€HOTUIIMPOBA-
HHS U CEKBEHHUPOBAHHS F€HOMOB M TPAHCKPUIITOMOB
MIpeACTaBUTENEN TyPaHO-MOHIOJILCKHX IIOPO/] B IOCIIETHEE
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BpEMs 6bIJ'II/I Haﬁ}leHbI MEPCICKTUBHBIC I'CHbI-KaHAWJAaThI,

y4YacTBYIOIINE B aJjalTalluK K (pakTOpam BHELTHEH CPEbl.

JanpHeiimme nccaeaoBaHus B 3TOH 00IACTH IOIDKHBI OBITh
HanpaBJIeHbI Ha: |) HAaKOIUIEHHE TeHeTUYECKUX U NaJeoreHe-
THUYECKHUX JIAaHHBIX, KOTOPBIE TTO3BOJISIT CAETATh OKOHYATEIb-
HBII BBIBOJ] O MTPOUCXOXKIACHUH TYPAaHO-MOHTOJIBCKON TpyTI-
Il TOPOJL; 2) co3/iaHue pedepeHCHOro TypaHO-MOHTOJIbCKO-
TO T€HOMa M €T0 He3aBUCHMOHN aHHOTAIMU VISl JIETaIbHOTO
CPaBHEHUS TYPAaHO-MOHTOJIBCKHX TTOPOJ, TTOCKOJIBKY 3HAYH-
TEIbHBIC OTIINYMA OT CYIIECTBYIOIIErO pe)epeHCHOro reHo-
Ma (repedopsa) MOTYT IPUBOANTE K HEBBISBICHUIO TCHETH-
YECKHUX Pa3IM4YMi, XapaKTepPHBIX TOJBKO ISl TYpaHO-MOH-
TOJIbCKUX MOPOJA B CUJIBHO AMBCPTUPOBAHHBIX YHACTKaX HUX
TEeHOMOB; 3) OmpeeNeHHe POIM BBICOKOYACTOTHBIX 3aMeEH,
XapaKTEePHBIX /ISl TypaHO-MOHTOJILCKHX TOPOJI, U UX BBE-
JICHUE B CEJIEKLHOHHO-IIEMEHHYIO PadoTy KOMMEPUECKHX
TIOPOJI ITyTE€M F'EHHOT'O PEAAKTHPOBAHMSI.
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Monitoring for the genetic structure
of Mezen breed of horses in terms of DNA microsatellites
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Abstract. Mezenskaya horse (Mezenka) is Russia’s aboriginal breed. It is a domestic selection in the northern ter-
ritories of Arkhangelsk region. The breed is perfectly adapted to the conditions of the Far North, and has a number
of valuable economic and biological qualities. At present, it has a limited gene pool and is bred only in the Mezen-
sky district, where one gene pool-breeding farm is operating and so is a number of basic farms, where selection
and breeding activities take place with the breed. Due to a small population of Mezen horses, the challenge of
preserving its intra-breed diversity is very urgent. To determine the degree of genetic variability in the Mezen
population, the alleles-fond was monitored. A comparative analysis of the genetic structure of the breed was
done on DNA microsatellites at time-intervals of 10 years (2000, 2010 and 2020). Crista samples of 198 horses were
studied in specialized laboratories. It was established that the breed has wide genetic diversity in 17 loci of nuclear
DNA. The population’s alleles-fond includes from 128, 139, and 133 alleles respectively (with an average value of
7.53,8.18,and 7.82 alleles per locus). The most common alleles are AHT40, AHT5N, ASB2K, ASB23S, CA425N, HMS1J,
HMS 1M, HMS2H, HMS3M, HMS7L, HTG4M, HTG60, HTG7K, HTG70 and LEX3M. Mezen horses revealed 6 rare, low-
frequency (0.004-0.056) alleles not found in the horse populations of domestic selection. The average value of the
polymorphic level (Ae) in the breed over the years is 4.16, 4.21 and 4.06, respectively. The highest polymorphism
is found in locus ASB17 (6.49-6.90-6.76); the lowest, in locus HTG6 (1.71-1.66-1.67) and HMS7 (1.77-1.95-1.77).
A slight deficit of heterozygous genotypes (Fis = 0.003) was observed in Mezen horses in 2010. In 2000 and 2020,
the observed heterozygosity (Ho) exceeds the expected value (He), which indicates the absence of intra-popula-
tion inbreeding (Fis = —0.014 and —0.011, respectively). The results obtained testify to the effectiveness of breed-
ing activities carried out to preserve, improve and maintain genetic diversity in the population.

Key words: Mezenskaya breed of horses; monitoring; genetic diversity; microsatellite DNA; allele; genotype.
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MOHUTOPUHT reHETUYECKOM CTPYKTYPHI
Me3eHCKOI IIOpOokl JolIaaein 1o Mukpocare/ummrtam JTHK

H.B. Baosuna, U.B. IOpbepa @

DepiepanbHblii NCCNEROBATENBCKUI LIEHTP KOMMIEKCHOTO 13yyeHuns ApKTUKK M. akagemuka H.IM. Jlaéposa Ypanbckoro otaeneHns
Poccumiickon akapemnm Hayk, ApxaHrenbck, Poccunsa
® arhsel@mail.ru

AHHOTauuA. Me3seHcKasa nowapb (Me3eHKka) — abopureHHaa nopoga Poccuu. bbina BbiBefeHa METOAOM Hapoa-
HOW ceneKkunn B CeBepHbIX paioHax ApxaHrenbckoi obnacTu. MNopoga npekpacHo nprcnocobneHa K ycnoBmam
KpaiiHero CeBepa 1 obnafaeT pafoMm LieHHbIX XO3ANCTBEHHO-6MONOrMyecknx KauecTs. B HacToALlee Bpema nme-
€T orpaHmMyeHHbIN reHoPOoHS 1 Pa3BOAUTCA B UNCTOTE TONbKO B Me3eHCKOM paiioHe, rae GyHKLMOHMPYIOT ofHa
reHodpoHAHO-NNeMeHHan pepma 1 pag 6a30BbIX XO3ANCTB, B KOTOPbIX OCYLLECTBAAETCA CeNeKLOHHO-NIeMeHHas
paboTta c nopofoi. B cBA3M ¢ ManouncieHHOCTbIO NOMYNALMN Me3eHCKMX Nolagel npobnema coxpaHeHus ee
BHYTPUMOPOLHOro pa3sHoobpasna oyeHb akTyasbHa. [1nAa onpefeneHnsa ypoOBHA reHeTUUYECKON M3MEHYMBOCTA
B nopofe npoBefjeH MOHUTOPUHT ee annenopoHaa. CpaBHUTESNbHbIN aHaNIN3 reHeTUYECKOW CTPYKTYPbl MOPOAbI
BbIMOMIHEH No Mukpocatennutam JHK ¢ nepuoguuHoctbio B 10 net (2000, 2010 1 2020 rr.). B cneunanusmpo-
BaHHbIX nabopatopurax 6bIn nccnefoBaHbl obpasubl Bonoc 198 nowapeit. YctaHoBneHo, YTo nopofa obnapa-
€T WMPOKNM reHeTnyeckum pasHoobpasrem no 17 nokycam agepHoi [HK. B uccnegyembie roapbl annenodoHs
nonynauuy Bktoyan 128, 139 n 133 annena cooTBeTCTBEHHO (Npy cpefHem 3HaveHnn 7.53, 8.18 n 7.82 annensa
Ha Nokyc). Hanbonee pacnpoctpaHeHHbIMM B Nopoae senatoTca annenu AHT40, AHT5N, ASB2K, ASB23S, CA425N,
HMS 1J, HMS 1M, HMS2H, HMS3M, HMS7L, HTG4M, HTG60, HTG7K, HTG70, LEX3M. C manoii yactoToii (0.004-0.056) y
Me3eHOK 6bl1o 06HapyKeHO 6 peAKKX annenei, KoTopble He BbiAB/IEHbI B MONYNALMUAX IOWaAeN OTeYeCTBEeHHO
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cenekumn. CpegHee 3HayeHne ypoBHA nonumopdHoctn (Ae) B nopoge no rogam coctasnset 4.16, 4.21 n 4.06
COOTBETCTBEHHO. HamBbICLINI ero nokasaTtesib NpUxXoanTca Ha NoKyc ASB17 (6.49-6.90-6.76), HAMMEHbLIWIA — Ha
nokycbl HTG6 (1.71-1.66-1.67) n HMS7 (1.77-1.95-1.77). He3HaunTenbHbIn AedpuLnT reTepo3nroTHbIX reHOTUNOB
(Fis = 0.003) oTMeueH y Me3eHcKux nowagen B 2010 r. B 2000 1 2020 rr. Habntogaemas retepo3nroTHocTb (Ho)
NpeBbIIAeT BeNNUMHY oXrpaaemMoin (He), UuTo yKasbliBaeT Ha OTCYTCTBUE BHYTPUMOMYNALMOHHOTO MHOPUAVHTA
(Fis =—0.014 n -0.011 cooTBeTCTBEHHO). [onyyeHHble pe3ynbTaThl CBUAETENLCTBYIOT 06 3GPEKTUBHOCTU NPOBO-
AVMbIX CEeNEKLUMOHHBIX MEPONPUATAN MO COXPAHEHMIO, COBEPLLUEHCTBOBAHMIO Y NOAAEPKAHNIO FeHeTUYEeCKOro

pa3Hoo6pa3us B Nonynayum.

KnioueBble cnioBa: Me3eHcKas nopopda nowagewn; MOHUTOPWHT; reHeTn4yecKoe pa3Hoo6pa3V|e; MUKpPOCaTeJInTbl

[HK; annenodorg; reHoTmn.

Introduction
Presently, considerable attention is paid to the preserva-
tion of biological diversity, as the “creative effort” of hu-
mans has brought many animal species onto the brink of
extinction. Populations of local breeds that bear in their
genome valuable qualities adapting them to the condi-
tions of the area where they had been developed have
reduced significantly. The main cause for the decline of
populations and extinction of aboriginal breeds is their
inability to compete with modern farm breeds and global
breeds in terms of productivity (Fewson, 1979; Simon,
Schulte-Coerne, 1979; Lehane Leigh, 1981; Avon Lau-
rent, 1983; Minchev, Dzhurbineva, 1983). The depletion
of genetic resources leads to dramatic changes in the gene
pool and, above all, to reduction of genetic variability
(Altukhov, 2004; Moiseeva et al., 2006; Gendzhieva, Su-
limova, 2009; Stolpovskiy, Zakharov-Gezekhus, 2017).

Investigation of genetic characteristics of several local
horse breeds in Russia demonstrates that at the present
stage of their development these breeds have high levels
of genetic diversity and allele pools characteristic of the
breeds. For instance, 145 alleles for 17 microsatellite
DNA loci were identified in the genotypes of horses
of the Yakut breed, that is, 8.53 alleles per locus on the
average (Kalinkova et al., 2015). The population of Kyr-
gyz horses has a vast set of alleles, 135 (Isakova et al.,
2018). In Bashkir horses, 130 alleles, or 9.29 alleles per
locus, were identified in 14 short tandem repeat (STR)
loci (Kalinkova et al., 2016). The population of Trans-
Baikal horses has high genetic diversity indices. With
116 alleles in 14 satellite DNA loci, the level of poly-
morphism (4e) of the breed amounts to 5.29, and the
observed heterozygosity (Ho) amounts to 0.786 (Kalash-
nikov etal., 2017a). A characteristic feature of aboriginal
horse breeds is that their genotypes bear rare and unique
alleles not found in farm breeds. Unique alleles were
identified in the Buryat, Khakassian (Kalashnikov et al.,
2010), Trans-Baikal (Kalashnikov et al., 2017a), Altai,
Bashkir, Yakut (Khrabrova, 2015), and Tuvan (Chysima
et al., 2017) horse breeds.

The Mezen horse (Mezenka) is one of the local Rus-
sian breeds. The area of its origin and present distribu-

tion is the Mezensky district, situated in the northeast of
Arkhangelsk Oblast. The breed was developed by local
inhabitants, and it was perfectly adapted to the harsh
conditions of the Far North during its historical forma-
tion. The Mezen horse is easy to keep, feed, and manage.
It shows good disease resistance, retains its nutritional
status in winter, has universal working abilities, and can
walk through deep snow and sticky clayey soil. In the
17-19 centuries, Mezen horses were widespread in the
Arkhangelsk region. The mechanization of agriculture
and termination of the state support of horse breeding in
the second half of the 20th century led to a decline in the
populations of native horse breeds in Russia, including
the Mezen horse breed. By the early 1990s, the breed
was preserved only in the Mezensky district.

At present, the population of Mezen horses has a
limited gene pool; it is an intrabreeding population of
small size (187 mares as of 01.01.2020). According to
the classification of breeds by the degree of risk pre-
sented in the Food and Agriculture Organization of the
United Nations (FAO) report of 2015, it is included in
the “critical status” category (with less than 200 female
animals) (FAO, 2015).

Activities on the restoration and preservation of the
genetic diversity of the Mezen horse breed have been
conducted since 1993. A specialized breeding farm has
been operating in the region since 1994, and its main
aim is to preserve the intrabreed diversity of the popu-
lation. The stallions and the mares at the farm include
representatives of the breed from various communities of
the Mezensky district, characterized by a certain genetic
pattern. Important stages of breeding are the exchange
of breeding material among the farms raising Mezen
horses and the identification of new genetic resources of
the breed. The assessment of the genetic situation in the
population conducted earlier on the base of polymorphic
proteins and blood types revealed the presence of con-
siderable intrabreed diversity (Khrabrova et al., 2005;
Yuryeva et al., 2005). However, over the past twenty
years, the number of farms and horses in the Mezensky
district decreased significantly, and therefore breeding
activities engage a small number of stallions and mares.
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With the increasing likelihood of inbreeding, it may lead
to the loss of individual genes and decrease in genetic
variability in the breed.

The aim of this study was to monitor the genetic struc-
ture of the Mezen horse breed by microsatellite DNA
loci and to assess the genetic diversity of the population.

Materials and methods

The material for the study comprised genetic certifi-
cates with test results for 17 microsatellite DNA loci
from Mezen breed horses. Only data for the animals
included in the breed at the beginning of 2000 (n = 62),
2010 (n = 163), and 2020 (n = 143) were processed.
DNA samples obtained from the biological material of
horses were genotyped at the Laboratory of Genetics of
the All-Russia Research Institute of Horse Breeding and
at the Molecular Certification Laboratory of the Gordiz
company in 2007-2019. DNA was isolated from hair fol-
licles with Diatom™ DNA Prep, ExtraGene™ DNA Prep
(both from Isogen Laboratory, Moscow), and COrDIS
SPRINT kits (Gordiz, Moscow).

The samples were analyzed by PCR with multiplex
kits for genotyping horses from the Stock Marks and
COrDIS Reindeer companies for 17 microsatellite loci:
VHL20, HTG4, AHT4, HMS7, HTG6, AHTS, HMS6,
ASB23, ASB2, HTG10, HTG7, HMS3, HMS2, ASB17,
LEX3, HMS1, and CA425 (van de Goor et al., 2010).
PCR was carried out in a 2720 Thermal Cycler. The am-
plificates were resolved by capillary electrophoresis in an
ABI 3130 automatic genetic analyzer (Applied Biosys-
tems). The results were identified using a standard DNA
profile and data from international comparison tests
(Horse Comparison Tests) (van de Goor et al., 2010).

The genetic analysis of the population was per-
formed as in (Khrabrova et al., 2011). The following
indicators were calculated: frequencies of alleles and
genotypes, polymorphism level (4e), expected (He)
and observed (Ho) heterozygosity levels, and fixation
index (Fis). Statistical analysis was conducted on a
PENTIUM-MMX-166 PC with Excel 7.0 software.

Results and discussion

The time variation of the Mezen horse genetic structure
traced by 17 microsatellite DNA loci demonstrates its
broad allelic diversity. In 2000, 128 alleles were identi-
fied in the Mezen horses. The horses included in this
research were born in six communities of the Mezen
district, and they had a certain set of alleles in their
genotypes. A more than twofold increase in the number
of'examined horses and expansion of their range of origin
to 11 communities permitted us to identify 139 alleles in
2010. The new alleles were identified with frequencies
of occurrence from 0.003 to 0.031. In 2020, 133 alleles
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Table 1. Alleles identified in Mezen breed horses (n = 165)

Locus Alleles
. AHT4 ................. H | J K L *N* . O P* ........................................................
AHT5 ................ H* | * J K L* M*NO Q* ..............................................
. ASBz ................. B* |* K M N O P . Q U s
ASBI7 FGYHTINK LY MY N, O,RQNR ST XY
A5323 ............... G*HK LN**MQ*R*SU .......................................
. CA425 ............... |* J K* L . M . N O* ...........................................................
HMS, ................ |JK*LMN* .................................................................
. HMS 2 ................ H | J K L M* O R* Y** .................................................
. HMS 3 ................ | M N* O* P Q* R ..........................................................
HM56 ................ KL MNOP ..................................................................
HM57 ................ J*LMNOQ* ...............................................................
. HT G4 ................ K L M N X O P* Q e
HTGé ................ G*HOP* ......................................................................
HTG7 ................ KMNO ..........................................................................
HT G 10 .............. | KL* . M N* OP* Q* R S T* ......................................
VHL20 ............... U* MNOP*Q*RS ..................................................
LEX3 .................. F*H*I*K*LMNOPR**S** ..................................

* Alleles rare in the breed: frequencies below 0.05.
** Unique alleles.

were identified in the examined horses. The number of
alleles decreased over the past decade due to the disap-
pearance of rare (p < 0.05) variants from the population:
AHT4L and AHT4N, ASB23Q and ASB23R, CA4250,
HMS2Y, HMS3N, and HTG6P. At the same time, in
2020, two new alleles (HTG6G and HTG10T) were
discovered; they were absent from the horses examined
in the first two rounds of the study. The alleles identified
in the Mezen breed are shown in Table 1.

As for the loci, the minimum number of alleles was
detected at HTG6 and HTG?7 (4 alleles in each throughout
the years of the study), the maximum number was at the
ASB17 locus (13 alleles in 2000 and 16 alleles in each
of 2010 and 2020). The numbers of identified alleles
per locus averaged over each year were 7.53, 8.18, and
7.82, respectively.

The commonest alleles in the breed are AHT40,
AHTS5N, ASB2K, ASB23S, CA425N, HMS1J, HMSIM,
HMS2H, HMS3M, HMS3R, HTG4M, HTG7K, HTG7O,
LEX3M, and VHL20N. The frequencies of their occur-
rence range from 0.258 to 0.569. More than 70 % in
the structure of their loci is made up by the HMS7L and
HTG6O alleles. The frequencies of rare alleles in the
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Table 2. Genetic and population characteristics of the Mezen breed of horses

in terms of DNA microsatellites, 17 loci, by years

Indicator

Year 2000

Year 2010 Year 2020

population vary from 0.003 to 0.048. Low frequencies
(0.003-0.041) are characteristic of six unique alleles
found in the Mezen genotype that had not been detected
in other domestic horse breeds (van de Goor et al., 2010).
In all the analyzed years, the allele pool of Mezen horses
contained unique alleles ASB/7X and LEX3S. In 2000
and 2010, the HMS?2Y allele was detected, and in 2010
and 2020, alleles ASB2U, ASB23N, and LEX3R.

Comparative analysis of the genetic structure of
Mezen horses over the time span of the study revealed
significant (p < 0.001) differences in the frequency of
occurrence of individual allelic variants. New alleles
appeared at several loci; as a result, allele frequencies
increased or decreased. In particular, alleles AHTSJ,
ASBI7K, CA4251, CA425M, HMSIL, HMS6K, and
HTG100, identified in 2000 at frequencies 0.121-0.213,
were 1.2 times less frequent in the population in 2010 and
1.5 to 2.2 times less frequent in 2020. Inversely, alleles
AHT5K, ASB2M, ASB17R, ASB231, CA425L, CA425N,
HMS1J, HMS3M, and HTG10I at the second and the
third steps of the study occurred at frequencies higher
than at the first step by factors 1.1-1.2 and 1.3-1.5,
respectively. Over twenty years, the frequencies of the
typical HTG70 (38.0 to 49.0 %) and HMS3M (27.5 to
38.7 %) alleles increased significantly, while the fre-
quencies of HTG7K and LEX3M decreased by 9.6 and
13.6 %, respectively.

A significant difference (p < 0.05) between the exam-
ined groups was also noted in the number of genotypes
(allelic variants). In 2000, 278 variants were tested at
17 microsatellite DNA loci in the Mezen horses, the
numbers of which in the loci varied from 6 (HTG6)
to 30 (4SB17). By 2010, the number of genotypes in-
creased to 387. The number of genotypes identified in
2020 was 345. At the same time, the analyzed popula-
tion lacked 44 variants present in the horses examined
in 2000, but 111 new ones were discovered. The most
significant increase over the past 20 years was noted in
loci HTG10 (from 20 to 29), ASB17 (from 30 to 46), and
LEX3 (from 8 to 27).

The conducted genetic analysis of the population
demonstrated that due to the wide genetic diversity in
the population of the Mezen horses the level of poly-
morphism, characterizing the number of effective alleles,
remained high throughout the study (Table 2).

The maximum number of effective alleles (4e) over
years was observed in the highly polymorphic locus
ASB17 (6.49, 6.90, and 6.76), in which homozygous
genotypes constituted 11.3 to 16.7 %. In loci HTG6 and
HMS?7, alleles O (0.742—0.754) and L (0.697-0.738),
respectively, were predominant, thus accounting for their
low polymorphism (1.66—1.95). Since the homozygous
genotypes HTG600 and HMS7LL dominate in these loci
with frequencies above 50 %, their levels of observed
heterozygosity (Ho) were low, 37.4 to 47.5 %, respec-
tively. In other loci, the levels of polymorphism in 2000
varied from 2.53 (LEX3) to 5.43 (HMS6); in 2010, from
2.96 (HTG7) to 5.29 (HMS6); and in 2020, from 2.74
(HTG?7) to 5.49 (HMS?2); the observed heterozygosity
varying from 57.1 to 88.7 %.

Generally, heterozygous genotypes prevailed in the
population in 2000. This was proven by the value of
observed heterozygosity (0.734), which was higher than
the predicted level (0.724), and the negative value of the
fixation index (Fis =—0.014). This indicator demonstrat-
ed the presence of genetic balance in the breed and the
absence of intrapopulation inbreeding. A slightly reduced
value of heterozygotes (Fis = 0.003) was observed in
the Mezen horses in 2010. In this study, the actual he-
terozygosity at loci ASB23 and HTG?7 corresponded to
the predicted value, and at several loci (HTG4, HMS?7,
HTG6,AHTS, ASB2, HMS3, and ASB17), the predicted
heterozygosity was higher than the observed one. By
2020, the genetic balance in the population was restored.
This was confirmed by the negative values of fixation
index at most loci and on the average over the breed
(Fis =—0.011). The predominance of heterozygous ge-
notypes proved the effectiveness of the breeding activi-
ties aimed at the preservation and maintenance of genetic
diversity in the breed.
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Molecular tracing of the time variation of the Mezen
horse allele pool at DNA microsatellite loci shows that
the breed, like other local horse breeds, has a high level
of allelic diversity in most of the loci tested and a wide
genetic variability. The population has its specific genetic
profile, which differs from some other local breeds (the
Altai, Bashkir, Buryat, Vyatka, Trans-Baikal, Pechora,
Tuvan, Khakassian, and Yakut horse breeds) (Khrabro-
va et al., 2009; Kalashnikov et al., 2010; Khrabrova,
2016; Blokhina et al., 2018; Yuryeva et al., 2018). Thus,
the genetic structure of the Mezen horse breed does
not include the AHT4L, AHT4P, ASB17Q, HMS7K, or
HTG6G alleles, which are found in the genotypes of
the Trans-Baikal (Kalashnikov et al., 2017a), Kalmyk
(Kalashnikov et al., 2017b), Yakut (Kalinkova et al.,
2015), and Bashkir (Kalinkova et al., 2016) horse breeds.
The AHT5SM, HTG7M, and HTG10L alleles (p <0.05),
rare in the Mezen horse breed, are characteristic of the
mentioned populations. Conversely, the CA425L allele,
widespread in the Mezen breed (frequency 0.214),
was designated as rare in the Yakut horse breed and
was not detected in Bashkir horses. The ASB23Q and
HTGI0T alleles, which are present at low frequencies
in the Mezen population, are observed only in the
genetic structure of Bashkir horses, and the ASB17Y
allele occurs in the Yakut horse breed. The AHT5H,
ASB17X, HMS2Y, HMS6J, LEX3R, and LEX3S alleles
were detected only in the Mezen horse breed.

At present, agricultural enterprises of the Mezensky
district have stallions and mares with rare allelic variants
of microsatellite DNA. Some of them have two to five
rare alleles in their genotypes. The replication of these
alleles through their carriers and identification of new
genetic resources in the region will allow not only the
preservation but also the expansion of genetic diversity
in the small population of the Mezen horse breed.

Conclusion

Monitoring of the genetic structure of the Mezen horse
breed revealed certain changes in the numbers of alleles
and their combinations in the allele pool, as well as in
the frequencies of their occurrence. The breed has a high
level of allele variability and a certain genetic profile for
DNA microsatellites, which is an important factor in
maintaining the gene pool in a small population.
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Differential expression of 10 genes in the hypothalamus
of two generations of rats selected for a reaction to humans
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Abstract. Individual behavioral differences are due to an interaction of the genotype and the environment. Pheno-
typic manifestation of aggressive behavior depends on the coordinated expression of gene ensembles. Nonetheless,
the identification of these genes and of combinations of their mutual influence on expression remains a difficult
task. Using animal models of aggressive behavior (gray rats that were selected for a reaction to humans; tame and
aggressive rat strains), we evaluated the expression of 10 genes potentially associated with aggressiveness according
to the literature: Cacnaib, Cacna2d3, Drd2, Egr1, Gad2, Gria2, Mapk1, Nos1, Pomc, and Syn1.To identify the genes most
important for the manifestation of aggressiveness, we analyzed the expression of these genes in two generations of
rats: 88th and 90th. Assessment of gene expression levels was carried out by real-time PCR in the hypothalamus of
tame and aggressive rats. This analysis confirmed that 4 out of the 10 genes differ in expression levels between ag-
gressive rats and tame rats in both generations. Specifically, it was shown that the expression of the Cacnaib, Drd2,
Egr1, and Gad2 genes does not differ between the two generations (88th vs 90th) within each strain, but significantly
differs between the strains: in the tame rats of both generations, the expression levels of these genes are significantly
lower as compared to those in the aggressive rats. Therefore, these genes hold promise for further studies on be-
havioral characteristics. Thus, we confirmed polygenic causes of phenotypic manifestation of aggressive reactions.
Key words: aggressive behavior; tame behavior; gene expression; hypothalamus; rats.
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OuddepeHumanbHas sakcpeccus 10 reHOB, aCCOLIMMPOBAHHbIX
C arpecCUBHBIM IOBEJIE€HNEM, B TUIIOTA/IaMVyCe JIBYX ITOKOJIEHI
KpbIC, CeJIEKIIMMOHMIPYEMBIX I10 peaKII Ha UeJoBeKa

H.B. KaumoBa, M1.B. Yapaesa @, C.I. Illnxesuy, P.B. Koxxemsixnta

DepepanbHblii NCCNEROBATENBCKUI LeHTP UHCTUTYT yntonorum u reHetrkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnm Hayk, HoBocnbupck, Poccns
® ichadaeva@bionet.nsc.ru

AHHoTayua. inansmayanbHble 0CO6eHHOCTY NoBefeHnA y ocobelt ogHOro Buaa obycsioBieHbl B3aMOAENCTBUEM
reHoTMna v couymnanbHoro onbita. Kak y noboro tuna nosefeHus, GeHOTUNMYECKOe NPOoABeHMe NaTTePHOB arpec-
CMBHOrO MOBEeAEHNA 3aBUCUT OT COMMacoBaHHON 3KCNpeccun Lenbix aHcambnen reHos. OfHako naeHTdUKauma
3TVX reHOB 1 KOMOUHALMNIA MX B3aVIMHOTO BIMAHWUA Ha SKCMPECCHI0 OCTaeTCA CIoKHOM 3agaueii. C Lenbto BbisBNeHNA
Hamnbonee 3HaUMMbIX AJIA OCYLLECTBIIEHNA arpPecCBHbIX PeakLuii reHOB HaMU Ha MOAESTbHbIX »KUBOTHbIX — CepbIX
Kpblcax, CeNekUMOHNPYEMbIX MO peakummn Ha Yyenoseka (MUHMM PYYHBIX Y arpeccrBHbIX KPbIC), Obina npoBefeHa
OLIeHKa YPOBHsA 3KCMPeccuy BbibpaHHbIX Ha OCHOBE IUTePaTYPHbIX JaHHbIX AecATr reHoB (Cacnalb, Cacna2d3, Drd2,
Egr1, Gad2, Gria2, Mapk1, Nos1, Pomc, Syn1), KOTopble acCoLMMpOBaHbl C arpecCUBHbIM NOBeAeHMEM. IKCIPECCUIo
reHoB oueHuBann metogom MUP B peanbHOM BpemeHy B o6pasuax runotanamyca pyyHbiX U arpeccuMBHbIX CepbixX
KpbIC iBYX pa3Hbix nokoneHwui (88-e n 90-e). B pe3ynbTaTe NpoBeeHHOro aHanm3a sKCnpeccun reHoB B rnnoTtana-
MycCe KpbIC, CENeKLMOHNPYEMbIX Ha PYyUYHOE U arpeccrBHOe noBefeHune, Obino 06HapyKeHo, YTo YeTbipe U3 AecATr
nccnegyemMblx reHoB AOCTOBEPHO PasfiyaloTCA MO YPOBHIO KCMPeCcCUn Mexay KpblCamy arpecCUBHON 1 PyYHOW
NMHUA 88-ro n 90-ro NokoneHun passeseHnsa. Kpome Toro, nokasaHo, 4to akcnpeccus reHoB Cacnalb, Drd2, Egri v
Gad?2 He N3MeHAETCA MeXAY ABYMA MOKONEHNAMM KPbIC OLHOW 1 TOW e NMHUK, HO JOCTOBEPHO Pas3finyaeTca mexay
NNHVAMU: Yy KPbIC PYYHOW IMHUM 060UX MOKONEHWI 3TH FeHbl IKCNPECCUPYIOTCA AOCTOBEPHO HIXKE MO CPaBHEHMIO
¢ arpeccuBHoli. leHbl Cacnalb, Drd2, Egr1 n Gad2 asnatoTca Hanbonee NepcreKTUBHLIMU ANA AanbHENLWnX ncce-
[lOBaHNI NoBefleHYeCKX 0COBEHHOCTEN KPbIC, CENeKLMOHNPYEMbIX MO peakuun Ha yenoBeka. [JaHHbl pe3ynbtart
NOATBEPXKAAET MOSINTEHHYI0 AeTEPMUHaLMI0 GEHOTUMNYECKOTO NPOABNIEHNA arpecCUBHBIX pPeakuuin Ha nprmepe
MOJESIbHbIX XKNBOTHBbIX.

KnioueBble cnoBa: arpeccuBHOE 1 pyyHoe nosefeHue; anddepeHLmnanbHan SKCNpeccus reHoB; rmnoTanamMyc; Kpbichl.
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Introduction

Behavioral patterns in individuals of the same species are due
to the interaction of a genotype and social experience (Lin-
denfors, Tullberg, 2011; Anholt, Mackay, 2012; Kudryavtseva
et al., 2014; Markel, 2016). At the same time, it is difficult to
identify genes associated with a specific behavior type and
combinations of their mutual influence on each other. Studies
on aggressive behavior and its genetic causation (i. e., regula-
tion of aggressive reactions) require experiments on model
animals that differ in some aggressiveness parameter, so that
it is possible to adequately assess the phenotypic manifesta-
tions of aggressiveness under the conditions that are set up
and controlled by researchers (VanOortmerssen, Bakker, 1981;
Kudryavtseva et al., 2014). Experimental studies on model
animals will make it possible to identify orthologous genes
associated with aggressive behavior in different species; these
data are necessary for subsequent identification of evolutio-
nary patterns in how aggressiveness is determined by genetic
factors in animals.

It is known that the level of aggressiveness is inherited; ge-
netic control of the phenotypic variation in the aggressiveness
level in animal populations has been confirmed experimentally
(VanOortmerssen, Bakker, 1981; Hudziak et al., 2003; Fair-
banks et al., 2004; Saetre et al., 2006). Most of such studies
are focused on one specific gene out of those associated with
aggressive behavior, for example, studies on the differential
expression of genes of the estrogen receptor (Cushing, 2016),
serotonin receptor (Cervantes, Delville, 2009; Naumenko et
al., 2009), dopamine receptor (Golden et al., 2019), Maoa
(Chu et al., 2017), genes Bdnf (Ilchibaeva et al., 2015) and
Nos1 (Wultsch et al., 2007), and other well-known genes as-
sociated with aggressiveness.

On the other hand, many reviews on the genetics of aggres-
sive behavior indicate polygenic causes of aggressive behavior
in animals, i.e., phenotypic manifestation of individual ag-
gressive reactions is controlled by simultaneous expression
of many genes, namely, whole ensembles of genes (Craig,
Halton, 2009; Anholt, Mackay, 2012; Pavlov et al., 2012;
Kudryavtseva et al., 2014; Hoopfer, 2016; Markel, 2016).

In rats of tame and aggressive strains, the expression of
gene groups in cerebral hemispheres of males and females
has been investigated (Albert et al., 2012), but there are some
difficulties with correct interpretation of the results because
there are known effect of the ovulation cycle on all physiologi-
cal processes of the female body. In another work, differen-
tially expressed genes were revealed in hybrid animals of the
2nd generation, obtained by crossing tame and aggressive rats
(Heyne et al., 2014). Undoubtedly, cerebral hemispheres play
aleading role in the implementation of higher brain functions.
Nonetheless, genetic control of aggressive behavioral reac-
tions is primarily carried out by the hypothalamus: the central
brain structure that controls emotions. Studies have shown
that electrical stimulation of some areas of the hypothalamus
leads to the manifestation of aggressive behavior (Kruk, 1991;
Hrabovszky et al., 2005; Lin et al., 2011).

Therefore, in our work, we analyzed expression levels of
10 genes in the hypothalamus, those that, according to the
literature, are associated with aggressive behavior. For this
purpose, we used model animals, rats, while tracing the stabi-
lity of gene expression in two generations of the studied rats.
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Namely, we used males of two outbred strains of gray rats

(Rattus norvegicus). The rats had been selected for elimina-

tion (tame or domesticated) and enhancement of aggressive-

defensive reaction to humans (aggressive, respectively; Be-
lyaev, Borodin, 1985; Plyusnina et al., 2007). In response to
the presentation of the stimulus, i.e., a researcher’s hand in
athick glove (this procedure is called the “glove test”), the rats
of the tame strain reacted calmly, i. e., approached and sniffed
the glove without performing any aggressive actions; on the
contrary, the rats of the aggressive strain reacted violently
by immediately attacking the stimulus. Tame and aggressive
rats were taken from 88th and 90th generations of breeding.

Studies of the tame and aggressive rats after 60—70 genera-

tions have shown differences in some behavioral reactions in

the open field test, Morris water maze test, and elevated plus
maze test as well as differences in morphometric parameters
of the cranium and changes in fur coloration (Plyusnina et

al., 2007; Kozhemyakina et al., 2016; Kozhemyakina, 2017).

Expression levels of 10 genes were analyzed:

(1, 2) Cacnalb (calcium voltage-gated channel subunit al-
phalB) and Cacna2d3 (calcium voltage-gated channel
auxiliary subunit alpha2delta3) encode subunits of high-
threshold calcium channels that release neurotransmitters.
Calcium channels play a critical part in the manifestation of
aggressive behavior through synaptic transmission of neu-
rotransmitters GABA and serotonin (Kim C. et al., 2009).

(3) The Drd2 gene (dopamine receptor D2) is the gene for do-
pamine receptor D2, which is involved in the processes of
motivation and learning; changes in the expression of the
Drd?2 gene cause various pathologies, including increased
aggressiveness (Miczek et al., 2002; Kim V. et al., 2015).

(4) The Egrl gene (early growth response 1) encodes a protein
that activates the transcription of genes participating in
cell division and differentiation. Egrl is a transcription
factor that regulates the expression of several genes that
are associated with long-term memory (Knapska, Kacz-
marek, 2004). It is known that Egr/ expression increases
in response to stress (Knapska, Kaczmarek, 2004; Hodges
et al., 2014), and, in addition, Egr! knockout male mice
do not demonstrate aggressive behavior in the presence
of other males (Topilko et al., 1998).

(5) The Gad? gene (glutamate decarboxylase 2) encodes
glutamate decarboxylase, which catalyzes the conversion
of glutamate to GABA (a neurotransmitter that inhibits
neuronal electrical impulses), and thus the Gad?2 gene
takes part in the control of the emotional state of experi-
mental animals, by regulating social, including aggressive,
behavior (Stork et al., 2000). In particular, it has been
reported that Gad?2 knockout mice have lower levels of
aggressive-behavior indicators.

(6) The Gria2 gene (glutamate ionotropic receptor AMPA
type subunit 2) encodes a subunit of glutamate receptor:
the most important participant of excitatory processes in
the central nervous system. Blockage of this receptor in
naive mice decreases aggressiveness in comparison with
littermates having normally functioning glutamate recep-
tors (Vekovischeva et al., 2004).

(7) The Mapkl gene (mitogen-activated protein kinase 1) en-
codes a mitogen-activated protein kinase, which performs
a complex function in cellular processes (e. g., control of
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gene transcription, metabolism, and proliferation) in
central-nervous-system neurons. It was demonstrated
that mice with a conditional knockout of this gene exhibit
increased aggressiveness (Satoh et al., 2011).

(8) The NosI gene (nitric oxide synthase 1) encodes an en-
zyme, neuronal nitric oxide synthase, that catalyzes the
synthesis of nitric oxide and is an important player in
neurotransmission. Studies have shown that the role
of the Nos!/ gene in aggressive behavior is based on
the interaction of nitric oxide synthase with serotonin
transporter, and this process decreases serotonin uptake
(Nelson et al., 1995; Reif et al., 2009; Veroude et al.,
2016) and leads to a decrease in aggressiveness (Kulikov
etal., 2012).

(9) The Pomc gene (proopiomelanocortin) is a gene of
a prohormone, proopiomelanocortin, which is a precursor
of adrenocorticotropic hormone. Studies have revealed
that melanocortin is associated with aggressive behavior
(Veaeray et al., 2018). In particular, in aggressive foxes,
the level of expression of the Pomc gene is lower as
compared to tame foxes (Gulevich et al., 2004).

(10) The Synl gene (synapsin I) encodes a phosphoprotein
that regulates the release of neurotransmitters in synapses
on the surface of synaptic vesicles. Research on rats
and mice indicates a decrease in the expression of Syn/
during chronic stress and early isolation (Elizalde et al.,
2010; Park et al., 2014), which is usually accompanied
by changes of behavior in general and aggressiveness
in particular.

Materials and methods
Experimental animals. The number of experimental rats was
determined and experiments on the rats were carried out in
accordance with international European bioethical standards
(Directive 2010/63/EU) and the Guidelines for the Care and
Use of Laboratory Animals approved by the Ministry of Health
of Russia (Appendix to decree No. 267 of June 19, 2003).
The work was performed on sexually mature males of the
88th and 90th generations of two outbred strains (tame and
aggressive). The experiment involved 6 animals of the 88th ge-

Primer sequences for RT-PCR (5'— 3')

Differential expression of 10 genes
in the hypothalamus of tame and aggressive rats

neration (3 tame rats vs. 3 aggressive rats) and 12 animals
from the 90th generation (6 tame rats vs. 6 aggressive rats).
To exclude the influence of the photoperiod on the physiology
and behavior of the experimental animals, we used rats born
at the same time of the year. In accordance with the selection
criterion (a reaction to humans in the glove test; Belyaev, Boro-
din, 1985; Plyusnina et al., 2007), the aggressive-defensive
response in selected aggressive rats corresponded to a score
of —3.5 points. For tame rats, the behavioral score in the glove
test was +3.5 points, which is an indicator of strong domesti-
cation.

Isolation of total RNA and real-time PCR (RT-PCR).
Hypothalamic samples were dissected postmortem, col-
lected into liquid nitrogen, and stored at —70 °C until use.
Total RNA was extracted from frozen tissue specimens using
the TRIzol™ Reagent (Invitrogen, USA) according to the
manufacturer’s protocol. RNA quality was evaluated on an
Invitrogen Qubit™ 2.0 fluorometer (Invitrogen/Life Tech-
nologies, USA). The RNA was purified using paramagnetic
RNAC]Iean XP beads (Beckman Coulter, USA) and dissolved
in double-distilled water. To remove impurities of genomic
DNA, the RNA was treated with DNase I (Thermo Fisher
Scientific, USA). RNA quality was determined on Agilent
Bioanalyzer 2100 (Agilent, Santa-Clara, CA, USA).

Complementary DNA (cDNA) was synthesized with kits
from Syntol (Russia). The reaction included 1 pg of RNA, and
all the procedures were carried out according to the manufac-
turer’s protocols. Oligonucleotide primers for RT-PCR were
designed in the PrimerBLAST software (see the Table). Gene
expression was assessed by RT-PCR using the CFX96 Real-
Time PCR Detection System (Bio-Rad, USA). After the PCR,
for reactions with the intercalating dye EVAGreen, product
specificity was assessed by melting-curve analysis. Each
reaction was carried out in duplicate (technical replicates).
Amplification efficiency was 90 to 110 % for each primer pair.
Target genes’ expression values were normalized to Rp/30
expression as a reference.

Statistical analysis. This analysis of the PCR results was
performed by Student’s 7 test as well as factor analysis (mul-
tivariate exploratory techniques: factor analysis, varimax,

Gene Forward primer

. Cac,, a ] b ....................... C CCTGGTGGCATTTGCATTC ...................................
Cacnazd3 TAAGCTGCGACGATGAGACTG
Drdz .............................. C TGGAAGCCTCGAGCAGC .....................................
Eg, 7 ............................... A ACAACCCTACGAGCACCTG .................................
Gadz ............................. G CTCATCGCATTCACGTCAG ...................................
G,,az ............................. G GACTACCGCAGAAGGAGTAG ..............................
Mapk1 ........................... C AGGTTGTTCCCAAACGCTG ..................................
Nos; .............................. A CCCGACCTCAGAGACAACT .................................
Pomc ............................ C ATCATCAAGAACGCGCACAA ...............................
sy,” .............................. T GCCAATGGTGG ATTCTCCG ...................................
RPBO ............................ A TGGTGGCTGCAAAGAAGAC .................................
210

Reverse primer
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Fig. 1. Normalized Cacnalb, Cacna2d3, Drd2, Egr1, Gad2, Gria2, Mapk1, Nos1, Pomc, and Syn1T mRNA levels in the hypothalamus of tame and aggressive
rats of the 88th and 90th generations.
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Data are presented as mean + standard error of the mean. The significance of the interstrain differences is indicated by an asterisk (p < 0.05).

and variance maximization). The statistical analyses were
performed in Statistica 6.0. Results are presented as mean +
standard error of the mean, and data satisfying the condition
p <0.05 were considered statistically significant.

Results

By RT-PCR verification in the hypothalamus of 88th gene-
ration rats, genes were identified that were differentially ex-
pressed between the aggressive strain and tame strain of rats.
Thus, in aggressive rats, expression levels of genes Cacnalb,
Cacna2d3, Drd2, Egrl, Gad2, Gria2, Mapkl, and Synl were
found to be significantly higher as compared to tame rats
(Fig. 1; ¢ test p < 0.05). The expression of genes Nos/ and
Pomc did not differ significantly between tame and aggressive
rats of the 88th generation of the selection for the reaction to
humans.

The expression of genes Cacnalb, Drd2, Egrl, and Gad?2
in the hypothalamus turned out to be significantly higher in
aggressive 90th generation rats than in tame rats of the same
generation (see Fig. 1; p < 0.05). On the contrary, in these
animals, no significant interstrain differences were found
in the expression of genes Cacna2d3, Gria2, Mapkl, Nosl,
Pomc, and Syn|.

In the assay of mRNA levels of the same genes in the hypo-
thalamic samples from rats of the 88th and 90th generations,
it was found that the expression of Cacnalb, Drd2, Egrl, and
Gad? is significantly lower in rats of the tame strain than in the
aggressive strain, regardless of the generation. Therefore, these
genes hold promise for further research as genes determining
the behavioral phenotype of rats during the selection for the
reaction to humans.

Additionally, in the factor analysis of the pooled data on
gene expression in animals of the 88th and 90th generations,
only two significant factors were identified (Fig. 2). The first
factor significantly correlates (p < 0.05, Student’s ¢ test) with
the expression of 4 genes (Cacnalb: linear correlation coef-
ficient » = 0.94, Drd2: r = 0.77, Egrl: r = 0.92, and Gad2:
r =0.85) and explains the percentage of variance (32 %) in
the experimental data that corresponds to the difference be-
tween aggressive and tame rats. The second factor significantly

15
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Factor 1 (32 %)

Fig. 2. Significant factors of genetic variability of the studied genes’ ex-
pression in aggressive and tame rats, as revealed by the Varimax method
with standard parameters of the Statistica 6.0 software.

correlates with the expression of 3 other genes (Cacnald3:
r=0.91, Gria2: r=0.92, and MapkI: r = 0.93) and indicates
intragroup variance (31 %) common between the aggressive
and tame animals. The third factor accounts for 12 % of the
variance but does not significantly correlate with the expres-
sion of any analyzed genes (data not shown).

Discussion
Here, in our analysis of RT-PCR data, between tame and
aggressive rats (two generations: 88th and 90th generations
of rats selected for a reaction to humans), we identified 4 dif-
ferentially expressed genes (Cacnalb, Drd2, Egrl, and Gad?)
out of the 10 studied. Meanwhile, it was found that mRNA
levels of these genes do not differ between the two generations
within each strain.

The Cacnalb gene encodes the Cav2.2 protein, which is
a subunit of high-threshold calcium channels that control the
release of neurotransmitters from neurons. This subunit of the
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calcium channel regulates the passage of calcium ions, thereby
determining the properties of the channel. The Cacnalb gene
is expressed weakly in the brain (Castiglioni et al., 2006), but
the calcium channel subunit encoded by it plays an important
role in the body’s response to aversive stimuli (Bunda et al.,
2019). Calcium channels promote a release of neurotrans-
mitters at excitatory synapses, resulting in suppression of
exploratory behavior on the one hand and novelty-induced
anxiety-like behavior (Bunda et al., 2019) on the other.
Nevertheless, as demonstrated in the 74th generation of rats
selected for a reaction to humans, the exploratory behavior in
the open field test is practically the same between tame and
aggressive rats (Kozhemyakina et al., 2016). Accordingly, the
higher expression of Cacnalb in aggressive rats than in tame
rats is probably associated with differences in anxiety-like
behavior under novel conditions, as confirmed by the work
of Kozhemyakina et al. (2016). In particular, in rats selected
for increased aggressiveness, total motor activity for 5 min
of the behavioral test is significantly higher; this parameter
reflects the level of anxiety.

Our results somewhat contradict a study conducted on
knockout mice, where it was shown that in the absence of
calcium channel subunits, the aggressiveness of experimental
animals is significantly higher (Kim C. et al., 2009). This dis-
crepancy can be explained by the fact that the functioning of
calcium channels is not directly related to aggressive reactions
of the animal but rather is related to these reactions indirectly
through a release of neurotransmitters, which, depending on
the action of the neurotransmitter, determines the behavioral
responses of the animal. For instance, serotonin, according to
numerous studies, affects aggressiveness (Raleigh etal., 1991;
Olivier, 2010), whereas the data on the correlation between
serotonin levels and aggression (de Boer, Koolhaas, 2005)
are contradictory. A chronic and sustained serotonin release is
positively associated with both normal aggression (territorial
conflicts or the establishment of a social hierarchy) (Raleigh
et al., 1991; Audero et al., 2013) and with the pathological
aggression characteristic of psychiatric patients (Zamponi,
2016). Thus, our study supplements the international research
data on the relation between the expression of Cacnalb (en-
coding the calcium channel subunit) and aggressive behavior.

The expression of the Drd2 gene (dopamine D2 receptor) is
associated with aggressive behavior, as uncovered in studies
on rats (VanErp, Miczek, 2000) and on humans (Qadeer et al.,
2017). Given that dopamine (an endogenous ligand [agonist]
of D2 receptor), just as serotonin, is involved in the regulation
of aggressive behavior, a change in Drd2 expression leads to
various pathologies, for example, to increased aggressiveness
(VanErp, Miczek, 2000; Miczek et al., 2002; Kim V. et al.,
2015; Golden et al., 2019). At the same time, an aggressive
interaction stimulates dopaminergic and serotonergic activities
in the limbic regions of the brain (Summers, Winberg, 2006).
In other words, hypothalamic-neuron activation, leading to the
release of dopamine, may in turn promote the excitation of
those hypothalamic neurons that control the attack (Yamagu-
chi, Lin, 2018). In relation to our study, these literature data
indicate that the increased level of Drd2 expression in aggres-
sive rats of both generations may actually be related to the
phenotypic manifestation of aggressive reactions to humans.

212
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The third differentially expressed gene in the rats selected
for the reaction to humans, Egr/, encodes a transcription factor
participating in the transcriptional activation of genes neces-
sary for mitogenesis and cell differentiation. It is known that
transcription factor Egrl regulates the expression of genes that
control synaptic plasticity and learning and memory processes;
these functions make Egrl an important object of research on
the coherence of neural responses to various stimuli (Knapska,
Kaczmarek, 2004). It has been reported that after exposure to
stress, the expression of Egr/ in rats increases in neocortical
regions, including the hypothalamus (Watanabe et al., 1994;
Cullinan et al., 1995).

The higher expression of the Egr/ gene that we found in
aggressive rats compared to tame rats can apparently be ex-
plained by the response to the stimulus (in the glove test, a
human hand) that was employed for the artificial selection;
in essence, this is a response to a stressor. Probably, in rats
of the aggressive strain, the perception of the stimulus at the
molecular level affects mechanisms of the genetic response to
stress, in contrast to rats of the tame strain, which, as described
above, react quite calmly not only to a human hand under the
test conditions but also in general. Differential expression of
Egrl between the rats with genetically acquired aggressive
or nonaggressive behavior toward humans is, in our opinion,
an interesting result that can be applied to further research.

Gad? is another gene for which we demonstrated differen-
tial expression between tame and aggressive rats of both gene-
rations. This gene encodes glutamate decarboxylase (GAD),
which catalyzes the conversion of glutamate to GABA, a
neurotransmitter that inhibits neuronal impulses. It is known
that GABA controls aggressive behavior (Takahashi, Miczek,
2014; Hansen et al., 2018). Studies on mice have shown that
aggressive animals have lower GABA levels due to decreased
GAD activity in several regions of the brain (olfactory bulb,
striatum, and amygdala) as compared to nonaggressive ani-
mals (Simler et al., 1982; Clement et al., 1987; Guillot, Cha-
pouthier, 1998). On the other hand, these data were not
confirmed in a study on Gad2 knockout mice, which have
a reduced amount of GABA in the brain during postnatal
development; however, such mutant males manifest reduced
aggressiveness in the resident—intruder test (Stork et al., 2000).
The effect of GABA depends on the area of the brain, the type
of receptors, and the specific context of the situation causing
the aggressive behavior (Takahashi, Miczek, 2014). In our
work, the higher level of Gad2 expression in aggressive rats
than in tame rats most likely corresponds to a situation when an
increase in GABA synthesis in hypothalamic neurons causes
an aggressive reaction of the animals in the “glove test,” which
was employed for the artificial selection.

Furthermore, the factor analysis when the data on gene
expression in the 88th and 90th generations were combined
allows us to conclude that the following. Although the artificial
selection was carried out by means of two vectors — (1) from
the wild type to aggressive behavior and (2) from wild type
to tame behavior — the expression of the 10 studied genes
is associated with two factors: the difference between tame
and aggressive rats (i.e., factor “domestication” because the
selection for tame behavior is a model of domestication) and
some general change that is the same for these two groups of
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animals (possibly the so-called laboratoryization effect, neutral
drift, or something else). Meanwhile, the “domestication”
factor is common between the rats of both generations but
clearly distinguishes the animals by behavioral phenotype:
tame or aggressive behavior (see Fig. 2). This result enables
us to conclude that, indeed, the increased expression of genes
Cacnalb, Drd2, Egrl, and Gad2 determines aggressive be-
havior in the selected rats, while the decreased expression
corresponds to tameness.

Thus, genes Cacnalb, Drd2, Egrl, and Gad2, for which
we showed interstrain differential expression in both genera-
tions (88th and 90th) of the rats selected for the reaction to
humans, are promising for further studies on characteristics
of domestication and aggressive behavior in animals. In our
work, it was revealed that the manifestation of an aggressive
and nonaggressive reaction to humans in rats of the 88th
and 90th generations (of artificial selection for this trait) is
controlled not by one but by several genes. Moreover, the
protein products of these genes differ both in function and in
the neurotransmitter systems in which they participate.

Conclusion

Our expression analysis of 10 genes (by RT-PCR) in the
hypothalamus of rats selected for a reaction to humans (tame
and aggressive behavior) indicates that 4 genes are differen-
tially expressed between tame and aggressive rats of both the
88th and 90th generation. Polygenic causes of the phenotypic
manifestation of aggressive reactions were confirmed on
model animals. Genes were identified that are most appealing
for further research on the behavioral characteristics of rats
selected for a response to humans.
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The role of the corticotropin-releasing hormone
and its receptors in the regulation of stress response

E.V. Sukhareva
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Abstract. Stress is an essential part of everyday life. The neuropeptide corticotropin-releasing hormone (CRH, also
called CRF and corticoliberin) plays a key role in the integration of neuroendocrine, autonomic and behavioral
responses to stress. The activation of the hypothalamic-pituitary-adrenal axis (HPA axis) by neurons of the paraven-
tricular hypothalamic nucleus (PVN), the primary site of synthesis CRH, triggers stress reactions. In addition to the
hypothalamus, CRH is widespread in extrahypothalamic brain structures, where it functions as a neuromodulator
for coordination and interaction between the humoral and behavioral aspects of a stress response. The axons of
neurons expressing CRH are directed to various structures of the brain, where the neuropeptide interacts with
specific receptors (CRHR1, CRHR2) and can affect various mediator systems that work together to transmit signals
to different brain regions to cause many reactions to stress. Moreover, the effect of stress on brain functions varies
from behavioral adaptation to increased survival and increased risk of developing mental disorders. Disturbances
of the CRH system regulation are directly related to such disorders: mental pathologies (depression, anxiety, ad-
dictions), deviations of neuroendocrinological functions, inflammation, as well as the onset and development of
neurodegenerative diseases such as Alzheimer’s disease. In addition, the role of CRH as a regulator of the neurons
structure in the areas of the developing and mature brain has been established. To date, studies have been con-
ducted in which CRHR1 is a target for antidepressants, which are, in fact, antagonists of this receptor. In this regard,
the study of the participation of the CRH system and its receptors in negative effects on hormone-dependent
systems, as well as the possibility of preventing them, is a promising task of modern physiological genetics. In this
review, attention will be paid to the role of CRH in the regulation of response to stress, as well as to the involvement
of extrahypothalamic CRH in pathophysiology and the correction of mental disorders.

Key words: corticotropin-releasing factor; corticotropin-releasing factor receptors; stress; psychopathology;
hypothalamus; extrahypothalamic brain structures.
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POJ1b KOPTUKOTPOIIVH-PUJIN3VHT TOPMOHA I €ro PelernToOpOB
B PervyisLuy HepodM3nOJIOrnuYeCKX " MoBeJeHUYeCKIX
peakiuii Ha CTpeccC

E.B. CyxapeBa

DepepanbHblil UCCNE[OBATENbCKNN LEHTP VIHCTUTYT umTonornm u reHetnki Cbupckoro otgeneHs POCCninckomn akagemnm Hayk,
HoBocnbunpck, Poccus
® evsukhareva@mail.ru

AnHoTauuma. CTpecc ABNAETCA HEOTbeMSIEMON YacTblo MOBCEAHEBHOW XM3HWU. HelponenTtuna KOPTUKOTPOMMWH-
punu3unHr ropmoH (CRH, Takxe Ha3sbiBaemblni CRF 1 KopTrkonnbeprHom) urpaeT KAyeByo posib B MHTErpaymm
HeMPO3HAOKPMHHDIX, BereTaTUBHbIX U MOBEAEHUYECKNX peakuuid Ha cTpecc. AKTMBaUuMA runotanamo-runodu-
3apHON-HaNOYEYHNKOBOWN CUCTEMbI HEMPOHaMV MapaBeHTPUKYNAPHOro aapa riunotanamyca (PVN), ocHOBHOro
mecTa cnHTe3a CRH, 3anyckaeT ctpeccopHyto peakuuto. Nomumo runotanamyca, CRH winpoko pacnpoctpaHeH BO
BHErnnoTanaMmyeckmnx CTPYKTypax rosloBHOTO MO3ra, rae OH QYHKLMOHMPYET Kak HeMpOMOAYNATOp ANA Koop-
AVHaLMKN 1 B3aUMOAENCTBUA MeXAY rYMOPasibHbIMY 1 MOBEAEHYECKMMM acnekTamy peakLmm Ha cTpecc. AKCOHbI
HenpoHOB, aKkcnpeccupytowyx CRH, HanpaBnATCA K pa3nnyHbiM CTPYKTYpam roloBHOroO MO3ra, rae Herponen-
TMA B3ammogencTByet co cneunduryeckummn peventopamm (CRHR1, CRHR2) n MmoxeT oka3blBaTb BAMAHME Ha pa3-
NNYHBIE MefJMaTOPHbIE CUCTEMBI, KOTOPbIE AeCTBYIOT coobLia ANl Nepefjayn CUrHanoB B pasHble 061acT Mo3ra,
4TOObI BbI3BaTb MHOXECTBO peaKkuuii Ha cTpecc. Mpr 3Tom BO3fencTBMe cTpecca Ha GyHKLMM MO3ra BapbupyeT
OT NoBeAeHYeCKoN aganTaLmm Ao MNOBbILIEHWA BbKMBAaeMOCTU 1 YBENNYEHNA PUCKa Pa3BUTUA NCUXUYECKNX pac-
cTponcTB. HapyweHnua B perynaumm cnctembl CRH HenocpefcTBEHHO CBA3aHbI CO C/IeAYyOLWLMMU PacCTPONCTBaMK:
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Ponb CRH n ero peuentopos B perynaumm
Henpodr3NONOrNYECKNX 1 MOBEAEHUYECKNX peakLnii Ha CTpecc

NCUXNYECKMU NATONOrMAMU (Aenpeccreit, TPEBOXXHOCTbIO, 3aBUCUMOCTAMM), OTKTIOHEHVAMN HENPOSHLOKPUHO-
noruvyeckmx GyHKUMI, BOCManeHneMm, a Tak»Ke C BO3HWKHOBEHVEM U Pa3BUTUEM HellpofereHepaTuBHbIX 3aboneBa-
HUI, Taknx Kak 6onesHb Anbureimepa. Kpome Toro, yctaHosneHa ponb CRH Kak perynatopa CTpYKTYpbl HEIPOHOB
B 06/1aCTAX Pa3BMBAIOLLErocs v 3penoro Mosra. Ha laHHbI MOMEHT NpoBefieHbl cC/ieoBaHus, B KoTopbix CRHR1
BbICTYNaeT MALLIEHDBIO A1 aHTMAENPECCAHTOB, B KaUeCTBE KOTOPbIX UCMOMb3YIOTCA aHTarOHMCTbl 3TOTO peLienTopa.
B cBA3M € 3TMM nccnepoBaHue yyactna cuctembl CRH 1 ero peuientopoB B HeraTuBHbIX 3pdeKTax Ha FOPMOH-3a-
BUCVMblE CUCTEMbI, @ TaKXKe BO3MOXHOCT/ MX MPeAoTBpaLleHNA ABNAETCA NepCreKTUBHON 3ajayell coBpeMeH-
HOW $13MoNOrnMYeckon reHeTuKN. B HacToALem 063ope BHMMaHMe ygeneHo ponu CRH B perynaymm peakuymu
Ha CTpecc, a TakXKe yyacTuio BHerunotanamumyeckoro CRH B natopusmonormm n Koppekumym ncuxmyeckmx pac-

CTPOWCTB.

KnioueBble cnoBa: KOPTUKOTPOMUH-PUIIM3UHT GaKTOpP; peLienTopbl KOPTUKOTPOMUH-PUNMU3UHT $aKTopa; CTPecE;
NCUXONAaTONOTUK; FMMNOTalamMyc; BHErMMOTanaMmyeckme CTPYKTYpbl FOfIOBHOTO MO3ra.

Corticotropin-releasing hormone system

The mammalian family of CRH peptides includes CRH, uro-
cortin 1 (UCNT1), urocortin 2 (UCN2), and urocortin 3 (UCN3)
(Hauger et al., 2006). These 38—41 amino acid peptides are
structurally related and have high (2654 %) sequence identity
(Dautzenberg, Hauger, 2002). These peptide hormones and
their receptors are ubiquitous in mammalian tissues, playing
a key role in stress-mediated effects. Although CRH was
originally described as a regulator of the hypothalamic-pitui-
tary-adrenal system (HPA), the peptide is widely expressed
in brain regions as well as in peripheral tissues, including the
heart, blood vessels, skin, lungs, spleen, pancreas, kidneys,
liver, adipose tissue, gastrointestinal tract, testes, ovaries
and placenta (Hauger et al., 2006). Urocortins expression in
the brain is more limited than CRH expression and is found
predominantly in the Edinger—Westphal nucleus, as well as in
the supraoptic nucleus, pituitary gland, lateral superior olive,
cardiovascular system, skeletal muscle, kidney, adipose tis-
sue, digestive tract and genital glands (Waters et al., 2015).

The Crh gene is located on the long arm of chromosome 8
(8q13) and consists of a promoter sequence, one intron, and
two exons. In humans, sheep, mice, and rats, the Cri gene
promoter sequence has 97 % homology over the first 270 bp.
The gene encodes an inactive pro-hormone of 196 amino acids
(pro-CRH) (King, Nicholson, 2007).

Corticoliberin and urocortins act through two receptors,
CRHR1 and CRHR2, which belong to the G.-protein-coupled
receptor family. These receptors are encoded by different
genes, but they have 70 % identity at the amino acid level, and
their main divergence is found in the ligand-binding domains,
and, therefore, are responsible for their selectivity towards
agonists (Dautzenberg, Hauger, 2002). CRH is a high affinity
ligand for CRHR1 and binds poorly to CRHR2, for which
other related CRH peptides, UCN2 and UCN3, have higher
affinity. UCN1 has the same affinity for both CRHRs (Hauger
et al., 2006). The amino acid sequences of the intracellular
and transmembrane domains of CRHR have 8085 % identity.
CRHRs belong to the class B G-protein-coupled receptors (se-
cretin-receptor family) (Markovic, Grammatopoulos, 2009),
which bind polypeptide hormones. As a common feature of
the family, they exhibit a variety of splicing variants that can
contribute to tissue-specific differences in ligand binding to
the receptor. Several variants of CRHR1 splicing (CRHR1a
and CRHR1p) have been identified, but only one, CRHR1a,

has biological activity, and its expression predominates (Zmi-
jewski, Slominski, 2010). In humans, CRHR2 exists in three
variants of CRHR2a splicing, B and y (only two isoforms are
found in mice), which differ in amino-terminal domain and
tissue distribution. CRHR2a is the most common splicing
variant in the brain; CRHR2p is found exclusively in periphe-
ral tissues such as the retina, gonads, digestive tract, heart,
skeletal muscle, lungs, and skin, while CRHR2y is found in
the septum, hippocampus, amygdala, midbrain, frontal cortex,
and limbic regions of the human brain, however function
not defined (Hauger et al., 2006). In terms of the expression
level and its distribution, CRHR1 is the main CRH receptor
in the brain, while the representation of CRHR2 is limited
(Henckens et al., 2016).

The CRH system also includes a corticotropin-releasing
hormone binding protein (CRH-BP), which is expressed in
peripheral tissues and the brain. Previously it was thought
that it binds free CRH and CRH-associated ligands, which
attenuates receptor activation, but now its physiological role
seems more complex and is still being studied. For example,
in the ventral tegmental area (VTA), the effects of CRHR2
activation are highly dependent on CRH-BP (Wang B. et al.,
2007), and recent in vitro data suggest a role for CRH-BP in
CRHR2 localization at the cell membrane (Slater et al., 2016).

Action mechanism

of corticotropin-releasing hormone

Activated CRHR1 and CRHR2 primarily transmit signals
through protein binding, which leads to the induction of the
cAMP/PKA molecular cascade (Deussing, Chen, 2018).
PKA phosphorylates a variety of substrate proteins, including
CREB, which regulates the expression of various target
genes in the nucleus. In parallel, cAMP activates the EPAC
factor (exchange protein directly activated by cAMP), which,
in turn, triggers the MAP kinase cascade, which ultimately
leads to phosphorylation of ERK1/2 (Van Kolen et al., 2010).
ERK1/2 activates various transcription factors including
Nur77. However, both CRH receptors can activate any G,-sub-
unit, albeit with different activities: G=G,>Gy/11> Gii 2> G,
(Deussing, Chen, 2018), thereby activating the phospho-
lipase C (PLC) cascade and leading to activation of ERK1/2
and an increase in the intracellular concentration of Ca?*
(Grammatopoulos, Chrousos, 2002). G¢-protein binding
also leads to intracellular Ca2* mobilization (Gutknecht et
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al., 2009). At the same time, the binding of receptors to the
G;-protein blocks the activity of adenylate cyclase (Deussing,
Chen, 2018). Thus, depending on their localization and cellular
context, CRH receptors can have multiple effects (Deussing,
Chen, 2018).

After CRHR activation G-protein-coupled receptor ki-
nases (GRKSs), mainly, but also protein kinases A or C (PKA
and PKC), rapidly phosphorylate receptors, desensitize and
increase their affinity for B-arrestins (Deussing, Chen, 2018).
These processes can also alter the receptor signaling path-
ways. B-arrestins act as adapter proteins that bind to proteins
involved in receptor endocytosis, clathrin and p-adaptin, to
initiate the internalization of CRHR 1 and CRHR?2 via clathrin-
coated vesicles (Markovic et al., 2008). The receptors are then
either dephosphorylated, resensitized, and reinserted into the
plasma membrane, or (upon prolonged exposure to high con-
centrations of the agonist) are degraded in lysosomes, which
leads to a decrease in the number of receptors (Kelly et al.,
2008). Severe exposure to stress can influence these processes
and contribute to the degradation of CRH receptors (Reyes et
al., 2008). It is important to note that not all phosphorylated
receptors are transferred to endosomes (internalized); some
remain on the membrane (Deussing, Chen, 2018).

CRH binding to its receptors activates the ACTH release
from pituitary corticotropic neurons (Herman, Tasker, 2016).
ACTH stimulates the synthesis and release of glucocorticoids
from the adrenal cortex, cortisol in primates and corticosterone
in rodents. The biological effects of glucocorticoids support
adaptation to stress-induced needs by controlling energy me-
tabolism (Herman et al., 2003). The adaptive function of the
HPA depends on negative feedback mechanisms that bring the
system to basal levels (Quax et al., 2013). It should be noted
that the Crh gene promoter does not contain the classical
glucocorticoid response element (GRE), but there is evidence
that glucocorticoids can regulate the Cr/ expression through
protein-protein interactions (Nicholson et al., 2004; Kalinina
etal., 2016). An atypical GRE/AP-1 element is located in the
—278/-249 region of the human CRH gene promoter, where
a specific, high-affinity glucocorticoid receptor binding was
found, which provides dexamethasone-dependent inhibition of
CRH gene transcription through protein-protein interactions.
Removal of this region reduced glucocorticoid-dependent re-
pression of the CRH gene promoter activity (Aguilera, Liu,
2012). Also, glucocorticoids have negative regulation of
cAMP-stimulated activity of the CRH gene promoter, but
not basal activity, which suggests that the glucocorticoids
effect depends on the interaction with the CRE-associated
transcription complex.

CRH and its receptors expression,

participation in the stress response

CRH plays an important role in the regulation of the HPA,
the main stress response system. CRH is synthesized in the
neurons of the hypothalamic paraventricular nucleus (PVN),
which are innervated from both the limbic and brainstem
centers, allowing them to respond to both physical and psy-
chological stressors (Lightman, 2008). Three main groups of
neurons were described in this core:
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(1) Anterior and medial-dorsal parvocellular CRH neurons,
whose axons are directed to the portal vessels of the exter-
nal zone of the median eminence. Neurons in this area are
classified as parvocellular due to their small size compared
to large neurons. CRH neurons in this region co-express
arginine-vasopressin (AVP), enkephalins, cholecystokines,
and angiotensin I;

(2) Dorsolateral magnocellular vasopressinergic and oxyto-
cinergic neurons, whose axons are directed to the posterior
pituitary gland through the inner zone of the median emi-
nence. These neurons release peptides into the peripheral
circulation. Oxytocinergic neurons, but not vasopressin-
ergic ones, also express CRH and respond to osmotic and
non-osmotic stressors;

(3) Autonomic CRH neurons in the dorsal, medial-ventral
and lateral parts of the PVN, with projections onto the
brainstem and spinal cord. Neurons in this area express
CRH and other neuropeptides and involved in the regula-
tion and sympathoadrenal system (Aguilera, Liu, 2012).

In addition to PVN, CRH mRNA and protein are found in
other brain areas, including limbic and other structures as-
sociated with stress responses, such as the nucleus of the end
streak bed (BNST), the central nucleus of the amygdala (CeA),
the locus coeruleus of the brainstem (LC), cerebral cortex,
hippocampus, cerebellum, Barrington’s nucleus (Bar), spinal
cord segments with projections from the midbrain and pons
(Kono etal., 2016). However, the functions of CRH-secreting
neurons differ significantly depending on the region in which
they are located. For example, neurons of the inferior oli-
ve (10) expressing CRH send axons to the cerebellum and
play an important role in the induction of synaptic plasticity
of the dendritic synapses of Purkinje cells (Andres et al.,
2013). 10 electrical stimulation increases the amount of CRH
in the cerebellum, demonstrating the physiological effect of
endogenous CRH in the cerebellum (Tian, Bishop, 2003).
CRH neurons in the cerebral cortex are interneurons and can
modulate the activity of pyramidal neurons (Gallopin et al.,
2006). In the BNST, CRH neurons are involved in recovery
induced by stress (Erb, Stewart, 1999) and alcoholism (Pleil
et al., 2015). At an early age, a short-term increase in CRH
expression in the forebrain causes long-term anxiogenic and
desperate behavioral changes in mice (Kolber et al., 2010).
In CeA CRH may also be associated with stress-induced
anxiety (Regev et al., 2012), and in the basolateral amygdala
CRH may alter the process of memory consolidation under
stress (Roozendaal et al., 2002). In Bar CRH neurons send
projections to the lumbosacral spinal cord and directly (Stu-
deny, Vizzard, 2005) or indirectly (Sasaki, Sato, 2013) control
the urinary reflex.

CRH is also present in other nerve structures, such as chro-
maffin cells in the adrenal medulla and sympathetic ganglia
of the autonomic nervous system, as well as in non-neuronal
peripheral organs such as the ovaries, testes, intestines, heart,
lungs, and spleen (Stengel, Taché, 2010). Within the spleen,
Crh mRNA is localized specifically in T-lymphocytes.

Glucocorticoids are the main element in the regulation of
CRH expression in the hypothalamus by the type of negative
feedback, which is mediated by the hormones activation by
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glucocorticoid receptors (GRs). GRs are widely expressed in
the medial parvocellular part of the PVN and are co-localized
with CRH, which promotes rapid inhibition of CRH neurons
through non-genomic signaling. This mechanism is the key
to limiting the duration of glucocorticoid secretion after
acute stress, since genomic feedback will not be fast enough
for timely termination of HPA system activation (Herman,
Tasker, 2016). Dexamethasone (a synthetic glucocorticoid)
reduces the cAMP-stimulated CRH level by more than
50 % in AtT20 cells (a mouse pituitary tumor cell line that
produces proopiomelanocortin (POMC)) (Abou-Seif et al.,
2012). Negative feedback from glucocorticoids is a critical
characteristic of HPA system, which is lost in ACTH-secreting
adenomas (Perez-Castro et al., 2012) and in some patients
with depression (Reul, Holsboer, 2002), creating an excess
of glucocorticoids. GRs leads to both inhibition of ACTH
release and repression of Pomc transcription. Removal of
the Crh gene blocks both basal and stress-induced release of
ACTH, which indicates the obligatory CRH involvement in
the HPA activation (Muglia et al., 2000). The chronic effect
of noise as a stressor increases the Crh mRNA level in the
hypothalamus, while reducing the Gr mRNA level in the hip-
pocampus. Both acute and chronic effects of noise increase the
Crhrl mRNA level in the hypothalamus, but decrease it in the
hippocampus. These data show that the involvement of CRH
and GR in noise stress responses is different and depends on
the brain area (Eraslan et al., 2015).

Disturbances in the parvocellular area of the PVN reduce the
manifestation of anxiety in a new environment. Optogenetic
inhibition of CRH expression in PVN neurons reduces stress-
induced grooming and improve spatial orientation and learning
after stress, while stimulation induces grooming and reduces
exploratory behavior (Fuzesi et al., 2016). These data confirm
that CRH PVN neurons may be involved in the coordination
of behavioral as well as neuroendocrine responses to stress.

Extrahypothalamic CRH:

organizing and integrating stress response

CRH controls the stress response by acting on the LC neurons,
the adrenal medulla, and the peripheral sympathetic nervous
system. CRH plays a key role in coordinating the peripheral
stress response systems and the central norepinephrine re-
lease in response to stress. It is believed that the influence of
CRH on norepinephrine release, mainly in the LC, underlies
the emotional basis of the stress response (Valentino, Van
Bockstaele, 2008).

Glucocorticoids, as mentioned earlier, through negative
feedback inhibit the release of CRH and ACTH in the hy-
pothalamus and pituitary gland, respectively. However, in
extrahypothalamic brain structures, the glucocorticoids ac-
tion stimulates rather than inhibits CRH synthesis (Kovacs,
2013). Pathologies such as anxiety and affective disorders
caused by an increased glucocorticoids level and disorders
in the functioning of the brain neurotransmitter systems may
be due to an increased CRH expression in CeA and BNST
(Donner et al., 2016). Thus, the dexamethasone introduction
in the neonatal period of development leads to an increase in
the Crh expression in the brainstem in the first hours after the
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injection and to a complete restoration of the initial expression
level by 6 hours, while the tyrosine hydroxylase gene expres-
sion (74, a key enzyme in the norepinephrine synthesis) in
this the same brain structure increased by 6 hours after dexa-
methasone administration, and the effect persisted 24 hours
after exposure. However, preliminary administration of the
CRHR antagonists — antalarmine and antisauvagin-30 before
glucocorticoid therapy suppresses the increase of Th expres-
sion in the brainstem of neonatal rat pups caused by a single
dexamethasone injection (Sukhareva et al., 2019). Based on
this, it can be assumed that the use of these drugs can pre-
vent the negative effects of hormone therapy in newborns in
adulthood.

Unlike classical neurotransmitters, CRH and its related
peptides act as neuroregulators: without affecting synaptic
efficiency, they activate signaling processes in cells that facili-
tate or suppress the neurotransmitters action in certain neural
networks. The CRH system is anatomically and function-
ally associated with monoaminergic systems, which, acting
together, transmit stress signals by altering the biosynthetic
activity of neurons in different brain regions, thereby inducing
different responses to stress (Gallagher et al., 2008).

CRH released by extrahypothalamic brain structures di-
rectly contributes to behavioral anxiety, regardless of'its effect
on the pituitary gland and the sympathetic system, since an
anxiety-like effect after intraventricular CRH administration
persists in hypophysectomized rats (Inda et al., 2017). In
rodents, increased CRH expression in the brain induces an
anxiogenic behavioral phenotype (Van Gaalen et al., 2002),
while suppression of CRH expression has an anxiolytic effect
in basal and stress-induced anxiety (Henckens et al., 2016).
CRH levels are elevated in the brains of people suffering from
stress-related mental illnesses such as major depressive dis-
order and post-traumatic stress disorder (PTSD) (Rasmusson,
Pineles, 2018) and, in some cases, normalize after treatment
with antidepressants (Inda et al., 2017).

The CRH anxiogenic effects are associated with the CRHR1
receptor activation. CRHR1 blockade in rodents prevented the
CRH-induced anxiogenic phenotype (Zorrilla et al., 2002), and
in mice lacking Crhrl, the manifestation of anxiety behavior
decreased (Muller et al., 2003). These results have awakened
interest in the role of CRHR 1 hyperactivation in stress-related
psychopathology, and also opened up the possibility of using
CRHRI antagonists as potential next-generation anxiolytics
and antidepressants.

In contrast to CRHRI1, the role of CRHR2 activation in
the manifestation of anxiety and depression is less clear, and
there are two theories trying to explain the CRHR2 involve-
ment in the CRH behavioral effects. The most common
hypothesis — CRHR2 activation is responsible for providing
physiological and psychological homeostasis and counteracts
the initial effects of CRHR1 activation, which induce stress
response and anxiety-like behavior (Bale, Vale, 2004). This
assumption is based on data obtained in Crhr2 knockout
mice, which have an increased release of corticosterone un-
der stress, an anxiogenic phenotype (Bale et al., 2000), and
an increase in recovery time after stress (Issler et al., 2014).
Similar manifestations were noted in mice that lacked all three
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urocortins (UCN1-UCN3), the primary ligands for CRHR2
(Neufeld-Cohen et al., 2010). An alternative hypothesis for
the role of CRHR2 — CRHR1 and CRHR?2 are responsible for
opposite types of stress-related behavior. CRHR1 mediates
active defensive behavior (caused by controlled stress), while
CRHR2 mediates passive coping behavior and depression-like
reactions (such as learned helplessness caused by uncontrolled
stress) (Maier, Watkins, 2005). This hypothesis is based on
the necessity of CRHR2 signaling in the dorsal raphe nuclei
for sensitization of serotonergic neurons and the development
of a depressive-like phenotype that occurs under conditions
of unavoidable stress. However, there are a number of results
that do not agree with these theories (Janssen, Kozicz, 2013).
This contradiction may be due to the erroneous determination
of'the CRH and related peptides contribution and their recep-
tors to the observed effects due to their partially overlapping
distribution patterns, not the absolute specificity of receptor
activation: high concentrations of the ligand act on both re-
ceptors types, and receptor antagonists do not have specificity
(Zorrilla et al., 2013).

Different types of stressors require different physiologi-
cal responses in order to deal with them optimally. Not only
the nature, but also the intensity and duration of the stressor
influences the required neuronal response (Joels, Baram,
2009). Since the CRH system acts immediately, exerting its
neuromodulatory effect on target neurons within a few seconds
after its release (Gallagher et al., 2008), it is worth noting the
rapid effects of CRH receptor signaling, either in the presence
or absence of chronic stress.

There is a lot of data indicating that in the case of long-term
exposure, CRH has effects that are fundamentally different
from acute ones (Maras, Baram, 2012), and these effects are
associated with a depressive rather than anxiety phenotype
(Regev et al., 2011). Long-term CRH exposure and CRHR1
activation impair the neuroplasticity processes in the hip-
pocampus. The initially activating CRH effects in vitro with
long-term exposure to CRH are replaced by a decrease in
excitatory postsynaptic potentials, which blocks short- and
long-term synaptic plasticity, as well as actin polymerization.
CRH destabilizes and thus thins dendritic spines, which leads
to a decrease of excitatory synapses which ready for potentia-
tion (Chen et al., 2013). These effects are mediated by local
CRHR1-induced activation of NMDA receptors.

In terms of behavior, long-term CRHR1 activation as a
consequence of chronic stress is associated with impaired
potentiation response in the hippocampus. Mice lacking
CRHRI in forebrain neurons show no negative effects of
chronic stress on learning and memory (Wang X. et al., 2011),
and CRHRI1 antagonist administration to wild-type rodents
immediately after exposure to a stressor restores long-term
potentiation (LTP) and integrity dendritic structure (Ivy et al.,
2010). Thus, in contrast to the positive effects of short-term
exposure to basal CRH levels, the peptide exposure under
severe stress, when the hormone level is increased, leads to
the loss of synapses for a longer period (Chen et al., 2012).
Consistent with this, memory impairments are common in
people with post-traumatic stress disorder (PTSD) (Brewin
et al., 2007), and repeated injection of the selective CRHR1
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antagonist prevents this cognitive impairment and the asso-
ciated decrease in the excitability of hippocampal neurons in
amouse model of PTSD (Philbert etal., 2013). Differences in
the manifestations of short-term and long-term CRH exposure
emphasize the importance of carefully studying the effects of
CRHR signaling over a long period of time (hours, days) and
the importance of the mechanisms behind their constancy
over time. Factors such as age, gender, and genetics, often
in conjunction with life events, are the main determinants of
the effects observed after the CRH system activation (Koenig
etal., 2011).

Differential expression of receptors and their ligands in
the brain reflect the different actions that CRH has at the
CNS level. The results show a more complex modulating role
for the CRH system than the conventional wisdom, where
CRHRI1 causes anxiety and CRHR2 mediates recovery after
stress. While CRH-mediated activation of CRHR1 increases
basal and stress-induced anxiety in many brain areas, including
BLA, BNST, and PAG, a more complex picture is observed
for other brain regions. For example, in the globus pallidus,
CRHRI1 activation is associated with anxiolytic effects,
whereas the potential anxiogenic effects of CRHR1 activation
in CeA appear to depend on the strength and duration of stress
(Henry et al., 2006). The same is observed in NAc. In addi-
tion, the effects of CRHR2 activation appear to be dynamic
and highly dependent on the amount of endogenous ligand
and prior exposure.

It is known that repeated daily subthreshold activation of
CRH receptors in the BNST induces a state similar to chronic
anxiety. BNST neurons are largely projected onto neurons in
the dorsal raphe nuclei (DR), the main source of serotonin in
the brain. Repetitive CRHR activation in BNST, caused anxi-
ety, increases the genes expression of the serotonergic system
in DR, including 7ph2 (a gene of a key serotonin synthesis
enzyme) and Slc6a4 (a gene encoding a serotonin transporter
(SERT)) (Donner et al., 2020). CRH overexpression in BNST
neurons selectively decreases the CRHR2 expression within
the dorsomedial DR and increases the manifestation of emo-
tional memory (Sink et al., 2013). Conversely, serotonergic
projections from DR to CRH neurons in BNST promote the
development of anxiety through 5-HT2C receptors activation
(Marcinkiewcz et al., 2016). Direct CRH neurons activation
in the nucleus ovale of the BNST induces the anxiety that oc-
curs after chronic stress. Thus, CRH neurons in the nucleus
oval of the BNST and serotonergic neurons in DRD appear to
have reciprocal connections that play a role in the control of
emotional behavior, including defensive behavioral responses
similar to anxiety.

Conclusion

The effects of stress on brain function are diverse. These
include behavioral adaptation, and increased survival, as
well as an increased risk of developing mental disorders as-
sociated with stress. Based on the presented data, the activity
of the hypothalamic and extrahypothalamic CRH systems is
capable of determining the stress response. Disturbance in
the CRH system functioning is associated with the occur-
rence of addictions, anxiety, post-traumatic stress syndrome,
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and major depressive disorder. Prevention of such negative
consequences is the most important scientific-practical task.
The CRH involvement in the formation mechanisms of such
a variety of pathologies, reflecting the stress effects on brain
functioning, suggests that the extrahypothalamic CRH system
may be a potential molecular target for preventing the nega-
tive consequences of stress with a high therapeutic potential,
because chronic elevated CRH concentrations have been found
in the cerebrospinal fluid of patients with mood disorders,
depression, and post-traumatic stress disorder.
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Halophilic bacteria of salt lakes and saline soils
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Abstract. The article presents the results of studying the biodiversity and biotechnological potential of halophilic
microorganisms from the thermal highly mineralized Berikey Lake, the salty Lake Tarumovskoye and saline soils of
the Peri-Caspian Lowland (Republic of Daghestan). Denitrifying halophilic bacteria of the genus Halomonas and
Virgibacillus were identified using microbiological methods and 16S rRNA gene analysis. A new species Halomo-
nas sp. G2 (MW386470) with a similarity of the nucleotide sequences of the 16S rRNA genes is 95 %. Strain G2 is
an extreme halophile capable of growing in the range of 5-25 % NaCl (optimum 25 %) and forming a carotenoid
pigment. Mesophil, 30-37 °C (optimum 30 °C); neutrophil, pH 6-8 (optimum 7.2-7.4). Strain G2 chemolithotroph;
reduces nitrate or nitrite as electron donors; catalase-, amylase-, protease- and 3-galactosidase-positive; lipase-,
oxidase- and urease-negative. Not able to hydrolyze inositol, indole; produces lysine, gelatin, ectoine; uses citrate
and sodium malate as a source of carbon and energy; does not produce ornitin, H,S or acid from d-mannose, su-
crose, glycerol, cellobiose, except for lactose and d-glucose. Susceptible to trimethoprim, ciprofloxacin, ofloxacin,
kanamycin, vancomycin, rifampicin, cefuroxime, ampicillin, ceftazidime, fosfomycin, clarithromycin, cefepime, ce-
faclor. The G+C content in DNA is 67.3 %. A distinctive characteristic of the isolate was the production of industrial-
ly significant hydrolytic enzymes such as amylase, protease, f-galactosidase, and oxidoreductase (catalase) at a
NaCl concentration of 25 % in the medium. Habitat: saline soils on the territory of the Tersko-Kumskaya lowland
(Republic of Daghestan, Russia). The rest of the halophilic isolates of H. ventosae G1 (MW386469), H. elongata G3
(MW386471), V. salinarius B2 (MW386472), and V. salinarius B3 (MW386473) had a high degree of similarity (100 %)
with the type strains of H. elongata DSM 25817 and V. salarius DSM 184417; the content of G+C in DNA was 65.8,
66.5,42.8 and 37.3 %, respectively. The strains had a high biotechnological potential at NaCl concentrations of 5 and
25 % in the medium. The data obtained expanded the understanding of the diversity and ecological significance
of denitrifying bacteria in the functioning of arid ecosystems and make it possible to identify strains producing
enzymes of industrial importance.

Key words: bacteria of the genus Halomonas and Virgibacillus; salt lakes; salt marshes soils; biotechnological po-
tential.
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2.A. Xanunosa, C.L|. KoteHko, 3.A. icnammaromegoBa
A.A. AbakapoBa, H.A. YepHbix, [1.A. AnuBepauesa

lanopunbHble 6aKkTepPUM CONEHbIX 03epP 1 CONIOHYAKOBBIX MOYB
Mprikacnuinckon HU3MeHHocTH (Pecnybnvka JarectaH)

MUKPOOUONOrMYECKNX METOA0B U MeToAa aHanmu3a reHos 16S pPHK naeHTuouympoBaHsl ageHUTprdrLmpyoLwme
ranodunbHble 6akTepun popos Halomonas v Virgibacillus. BeisiBneH HoBbIli BUug Halomonas sp. G2 (MW386470)
c 95 % ypoBHeM CXOACTBa HYKNIeOTUAHbIX NocnefoBaTenbHocTen reHoB 16S pPHK. LUtamm G2 — akcTpemanbHbIn
ranodwn, cnocobHbIn pacTy B grnanasoHe 5-25 % NaCl (ontumym 25 %) n 06pa3oBbiBaTb KAPOTUHOUAHBIV MUTMEHT.
Mezodun (30-37 °C, ontumym 30 °C), HerTpodun (pH 6-8, onTrmym 7.2-7.4). Xemonutotpod; pefyumpyet HUTpaT
VIIN HATPUT B KaUeCTBe [JOHOPOB 3/1EKTPOHOB; KaTaa3o-, aMusia3o-, PoTeaso- 1 3-ranakTo3uga3ononoXnTeNbHbIN;
N1naso-, OKCKMAA30- 1 ypeasooTpuLaTenbHbli. He cnocobeH ruaponv3oBatb MHO3UT, UHAOM; MPOAYLUMPYET JIN3MH,
XKenaTuH, SKTOUH; B Ka4eCTBe NCTOYHMKa Yriepoaa 1 SHeprum NCnosib3yeT LMTpaT U ManaT HaTpuA; He NpoayLmpyeT
OPHUTYH, H,S 1 Kncnoty u3 d-maHHO3bI, Caxapo3bl, MULEPYHA, Lenobrosbl, Kpome akTosbl 1 d-rnokosbl. Boc-
NPUMMUYMB K TPUMETONPYMY, LnpodnoKcaumHy, odprokcaunHy, KaHaMULMHY, BAHKOMULUHY, pudaMmnuumnHy, Le-
dypoKcnmMy, amnuumunnnHy, uedrtasnammy, Gochommumny, KnapuTpommumny, uedenumy, edpaxnopy. ConepxaHune
G+C B IHK 67.3 %. OTNnnumTenbHOM XapakTepUCTUKOW N30MATa ABNANOCh MPOAYLMPOBaHNE MPOMbILWIEHHO 3HaUN-
MbIX FMAPONUTNYECKMX GEPMEHTOB, TaKMX Kak amuiasa, NpoTeasa, B-ranakro3ungasa n okcmpenyKTasbl — KaTanasbl
npu koHueHTpaumm NaCl B cpepe 25 %. MectoobuTaHme: CONOHYAKOBbIe MOYBbI Ha Tepputopun Tepcko-Kymckoi
Hu3MeHHocTn (Pecnybnuka [arectaH, Poccus). OctanbHble ranodunbHble n3onatbl H. ventosae G1 (MW386469),
H. elongata G3 (MW386471), V. salinarius B2 (MW386472) n V. salinarius B3 (MW386473) nmenu BbICOKYt0 CTEMEHb
cxoacTea (100 %) c TunosbiMm WTammamm H. elongata DSM 25817 u V. salarius DSM 184417; conepmanue G+C B IHK
COCTaBNANo 65.8, 66.5, 42.8 n 37.3 % COOTBETCTBEHHO. LLITaMmMbl MMenn BbICOKUI BMOTEXHONTOrMYECKUIA NOTEHLMAT
npwu koHueHTpauun NaCl B cpefie 5 1 25 %. MonyyeHHble AaHHble paclIMPUN NPeAcTaBieHne o pa3Hoobpasum
N SKONOTMYECKOM 3HaYeHUN AeHUTPUPULMPYIOLWMX 6aKTepui B GYHKLVOHNPOBAHNYM 3aCyLUNBbIX SKOCUCTEM Y
BbIABNIEHWY LUTaMMOB, MPOAYLMPYIOLMX GepPMEHTbI MPOMbILLIEHHOIO 3HaYEHUA.

KnioueBble cnosa: 6akTepun; poa Halomonas; pog Virgibacillus; coneHble o3epa; No4YBbl; CONOHYaKM; GBUOTEXHONO-
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Introduction

The interest in extremophilic microorganisms is relatively
high due to their biological uniqueness. A great contribution
to the study of natural microbial communities was made by
the school of Russian scientists (Zavarzin, 2004; Namsaraev
et al., 2010; Bonch-Osmolovskaya, Atomi, 2015). Archaea
and highly-specialized bacteria of the genera Alcaligenes,
Bacillus, Halobacillus, Virgibacillus, Micrococcus, and
Pseudomonas (Wang et al., 2019; Banciu et al., 2020; Beg-
matov et al., 2020) occupy a dominant place in ecological
niches with a high salt content (solar salt works, oceans,
seas, hypersaline lakes, saline soils, deserts, plants, saline
products) and anthropogenic ecosystems with an increased
level of mineralization.

The largest ecosystems on the planet are saline and hy-
persaline environments (Ghosh et al., 2019). Daghestan is
a unique natural province of Russia that has a variety of
natural landscapes due to the influence of tectonic processes,
the erosive activity of flowing waters, transgressive and
regressive dynamics of the Caspian Sea, and arid climate.
There are a number of works on the study of microbial com-
munities of various ecological niches of the region: lithotro-
phic sulfur-oxidizing representatives of sulfide sources,
hydrocarbon-oxidizing bacteria of the geothermal source
of the Kizlyar field (Chernousova et al., 2008; Gridneva et
al., 2009; Khalilova et al., 2014).

The highly mineralized lakes of the Tersko-Kumskaya
lowland with high salinity form conditions for the exis-
tence of halophilic bacteria. Microorganisms from extreme
habitats are the producers of valuable industrially important
enzymes, antibiotics; they can participate in soil biodegrada-
tion, and are highly resistant to contamination by foreign
microflora (Corral et al., 2020).

The study considers the spatial distribution of halophilic
microbial communities of halophyte plants, saline soils, and

highly mineralized lakes in arid regions of the Peri-Caspian
Lowland (Khalilova et al., 2017, 2020). Chemoorgano-
heterotrophic bacteria of the genera Virgibacillus, Bacillus,
Halomonas and Salimicrobium from the phylum Firmicutes
and Proteobacteria have proved to be the main components
of the microbial flora of the Tersko-Kumskaya and Tersko-
Sulakskaya provinces. A major correlation was revealed
between isolated microbial communities and concentrations
of chemicals Na, K, Ca, Mg, Cl, Cu, Sr, SO,, Cl, and HCO;,
as one of the main regulators of microbiological activity in
soils and lakes.

The aim of the paper is a molecular taxonomic study
of isolated halophilic bacteria and their biotechnological
potential.

Materials and methods
The objects of research are natural microbial communities
of saline reservoirs and soils in the territory of the Peri-
Caspian Lowland of the Republic of Daghestan (Khalilova
et al., 2020) (Table 1). Samples were taken in July—Sep-
tember 2014.

Cultivation. For the cultivation of halophilic bacteria,
a modified medium of the following composition (g/1) was
used: bacto yeast extract — 10.00, Na;C,H;0,-5.5H,0 —
3.0, NaCl - 50, 100, 250, KCI — 2.0, MgSO,-7H,0 —
20.0, glycerin — 4.0 (RF Pat. RU 2115722, 1998; RF Pat.
RU 2323226, 2008). Bacto-peptone (Difco, Spain) — 5 g/
was used as a substrate; the pH of the medium was adjusted
to 7.2-7.4 by 1N HCI or 4M KOH (Russia) using a Hanna
Instrumentals pH 211 pH meter (Germany). The cultures
were incubated in a Binder-115 microbiological incubator
(USA) at an operating temperature of (30-37)£1 °C for
3-20 days.

Morphology of bacterial cells (cell morphology, moti-
lity, the presence of spore formation) was studied using
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Table 1. Strains of halophilic bacteria and sources of sampling

Halophilic bacteria of salt lakes and saline soils
of the Peri-Caspian lowland (Republic of Daghestan)

No. Place of isolation Source characteristic
of strain
G1 Tersko-Kumskaya lowland,

Tarumovskoe Lake
(44°23'28"N, 46°33'55"E)

pH 7.2-7.4

Chloride-hydrocarbonate-sulphate-sodium water, mineralization 73.5 g/I, temperature 50-60 °C,

The concentration of dominant cations, mg/I: Na* - 23.0, Ca?* - 1.56, K* - 1.36, Mg?* - 0.1,

Sr2* - 0.27, Li* - 0.08; anions: CI~ - 44.0, HCO3™ - 1.1, 503 - 0.12.
In a minor amount - cations Cu?*, Pb2*, Cd?* and NH;

Soil - hydromorphic chloride-sulphate-sodium salinity; temperature - 1.5-3.5 °C, +30...+46 °C;

G2 Tersko-Kumskaya lowland,
"""""""""" soil, typical salt marshes
(44°04'25"N, 46°32'10"E)

pH 8.0-9.0

Chloride-hydrocarbonate-sulphate-sodium water, mineralization 76.5 g/I, temperature 55-60 °C,

B2 Tersko-Kumskaya lowland,
.................. * Berikey Lake
(42°13'25"N, 48°04'38"E)

pH 6.4-6.5

Concentration of dominant cations, mg/I: Na* - 25.4, Ca®* - 2.5, K* - 0.59, B* - 0.33, Mg** - 0.3,

Sr¥* - 0.26, Ba* - 0.23, Brt — 0.165, Li* - 0.11; anions: Cl~ - 46.0, HCO? -1.35, SOAZ( -0.24;
acids: H3BO; - 0.33, H,Si0; - 0.15 g/l. In a minor amount - cations Cu?*, Pb?*, Cd?*, As>*, Rb*,
Cs*, Fe?*, NH} and anions SO2~, I-

a light microscope CX21 FS1 (Olympus, Japan) and the
PowerShot A640 digital camera (Canon, Japan) at a work-
ing magnification of x600.

Ecological and physiological characteristics of growth
(temperature, pH, salinity). Effect of NaCl concentration
(0,5, 10, 15, 25 %, weight/volume) in an amount of 2 % of
the medium volume for cell growth in liquid and solid media
was determined at 30-37 °C in the Binder-115 incubator
(USA). The growth was monitored at 24-hour intervals for
7 days by measuring turbidity using a Genesys-20 spectro-
photometer (Thermo Spectronic, USA). The effect of tem-
perature (30 and 37 °C) on the growth rate was determined
by cultivation under the same conditions.

The use of growth substrates (assimilation of organic
acids, the formation of acid from carbohydrates, reduction
of nitrates to nitrites) was studied using standard methods
(Gordon, Smith, 1953; Holt et al., 1997; Netrusov et al.,
2005).

The use of electron acceptors. The ability to use nitrate
as an electron acceptor was determined using the BD BBL
Taxo Differentiation Discs Nitrate (Becton Dickinson and
Company, Australia), in compliance with the manufacturer’s
instructions. The discs were impregnated with a solution
containing 40 % potassium nitrate and 0.1 % sodium molyb-
date. The reduction of nitrate to nitrite was detected by the
addition of sulfanilic acid and N,N-dimethyl-a-naphthyl-
amine, which reacts with nitrite to form a red-colored sub-
stance-n-sulfobenzenazo-a-naphthylamine (positive result).
In the absence of a change in color after the addition of
reagents (negative result), zinc dust was added to determine
the presence of unrecoverable nitrate or products other than
nitrite.

Determination of enzymatic activity. Hydrolase-pro-
ducing bacteria were screened for amylase, proteinase,
B-galactosidase, lactase, lipase, urease, and oxidoreductases
(catalases, oxidases) on dishes of starch, tributyrin, and
gelatin agar, depending on the concentrations of NaCl.
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Amylase activity — on the elective medium (1.0 % starch,
0.5 % peptone, 0.3 % yeast extract, 1.0 % NaCl). The isolates
were incubated at 45 °C for 24-36 hours, tested with Lugol
solution (10.0 g potassium iodide, 5 g iodine, 100 ml distilled
water). Potential amylase producers were selected based on
the ratio of the clearance zone diameter to the colony dia-
meter. Protease was determined on media with agar and 10 %
skimmed milk; B-galactosidase (lactase) — using indicator
disks impregnated with a special reagent-ortho-nitrophenyl-
B-d-galactopyranoside (Conda, Spain); urease — using CLO
test (Kimberly-Clark, USA); lipase — tested on dishes with
1 % tributyrin. Isolates showing clear zones of tributyrin
hydrolysis were identified as lipase-producing bacteria.

Determination of oxidoreductases: catalase — using 3 %
H,O, as a substrate in the medium for 2448 hours, oxi-
dase — by Kovac’s method (Steel, 1961). All screening tests
for enzymatic activity were performed in three repetitions.
The bacteria were incubated at 37 °C for seven days.

Antibiotic resistance (trimethoprim, ciprofloxacin, oflo-
xacin, kanamycin, vancomycin, rifampicin, cefuroxime,
ampicillin, ceftazidime; fosfomycin, clarithromycin, cefe-
pime, cefaclor) was determined by the intensity of bacterial
growth on the basic agarized medium “B” in Petri dishes
using standard disks “Indicator paper systems for identifying
microorganisms” of NPO Microgen of Natsimbio Holding
(Russia) with 10-30 pg of antimicrobial agent (Baumann P.,
Baumann L., 1986).

G+C content and phylogenetic analysis. Genomic DNA
was isolated according to Marmur (1961) and Thomas (Tho-
mas etal., 1997) methods. The DNA nucleotide composition
was determined by thermal denaturation (0.5 °C-min!)
using a Cary-100 Bio UV-VIS spectrophotometer (Varian,
Australia). The GC content in the composition of DNA —
according to the method (Owen et al., 1969). Escherichia
coli K-12 DNA (51.7 %) was used as the standard.

For phylogenetic analysis, the DNA was isolated from
samples using the modified Birnboim—Doly alkaline DNA
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method (Birnboim, Doly, 1979) and the Wizard technology
of Promega (USA) (Bulygina et al., 2002). The concentra-
tion of the resulting DNA sample when using this method
was 30-50 pg /ml. RNA in the resulting preparation is pre-
sent in trace amounts (less than 1 %, according to the data
of electrophoretic analysis, which are not presented).

For polymerase chain reaction (PCR) and further sequenc-
ing of PCR fragments of the 16S rRNA gene for each of
the studied samples, universal primer systems were used
to detect both eubacteria (11f-1492r) (Lane, 1991) and ar-
chaea (8fa-A915R) (Kolganova et al., 2002). The volume
of the amplification mixture was 50 pl with the following
composition: 1x buffer of BioTaq DNA polymerase (17 mM
(NH,),S0,, 67 mM Tris-HCI, pH 8.8, 2 mM MgCl,);
12.5 nmol of each ANTP, 50 ng of the DNA matrix; 5 pmol
of the corresponding primers and 3 units of BioTaq DNA
polymerase (Dialat LTD, Russia). The temperature-time
profile of the PCR was as follows: the first cycle — 94 °C x
9 min, 55 °Cx 1 min, 72 °C x2 min; the next 30 cycles —
94 °C x 1 min, 55 °C x 1 min, 72 °C x 2 min; the final cycle —
72 °Cx7 min. The PCR products were analyzed by elec-
trophoresis in 2 % agarose gel at an electric field strength
of 6 V/cm. Isolation and purification of PCR products were
carried out from low-melting agarose using a set of reagents
by WizardPCRPreps (Promega, USA), according to the
manufacturer’s recommendations.

Sequencing of PCR products was carried out at the Center
of “Bioengineering” of the Russian Academy of Sciences,
Moscow, by the method of (Sanger et al., 1977) using a set
of BigDyeTerminatorv.3.1 reagents on the ABIPRIZM 3730
genetic analyzer (Applied Biosystems, Inc., USA). Standard
primers were used for sequencing (Camacho et al., 2009).

Analysis of 16S rRNA sequences. The primary analysis
of'the similarity of the nucleotide sequences of the 16S rRNA
genes of the studied strains was performed using the BLAST
program on the following web-site: https://blast.ncbi.nlm.
nih.gov (Van de Peer, De Wachter, 1994).

The 16S rRNA gene sequences of all studied strains are
deposited in GenBank: G1 —MW386469, G2 —MW386470,
G3 —MW386471, B2 - MW386472, B3 — MW386473.

Results and discussion

Strains of halophilic bacteria G1, G2, G3, B2 and B3,
isolated from salt lakes and salt marshes of the Tersko-
Kumskaya and Tersko-Sulakskaya lowlands, grew at a
temperature of 30-37 °C and pH 6.4—7.4. The cultures
showed steady growth in the agarized elective medium
in the presence of 5-25 % NaCl with an optimum of 5,
10, 25 %, which indicated that they belonged to moderate
and extreme halophiles following the known classification
(Kushner, Kamekura, 1988).

The analysis of the 16S rRNA gene sequence allowed us
to determine their phylogenetic position. The 16S rRNA
gene sequences of the new halophilic strains were analyzed
and compared with the 16S rRNA sequences of the validly
described bacterial species. The analysis has shown that the
new isolates belong to two genera of bacteria containing
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Table 2. The percentage of similarity of the 16S rRNA gene

of halophilic bacteria isolated from salt lakes and salt marshes
of the Peri-Caspian Lowland with the most closely

related species

No. Closest related species Sequence similarity

of strain of 16S rRNA genes, %

G1 ............... Ha,omon asventosae .............. 990 ........................................
G2 ............... Halomon assp ........................ 968 ........................................
. G3 ............... Halomon aselonga m .............. 100 .........................................
Bz ............... V,rg,baa”ussa /mar,us ............ 100 .........................................
B3 ............... V,,g,bac,”usm ,mar,us ............ 100 .........................................

221 G2 (MW386470)

Halomonas gomseomensis (NR 042488)
Halomonas arcis (KJ575011)

Halomonas variabilis (JN903904)
Halomonas variabilis (AY505527)
Halomonas venusta (AY553064)

Halomonas janggokensis (NR 042489)
99 ~ G1 (MW386469)
Halomonas ventosae (GQ903443)
%6 G3 (MW386471)

100 L Halomonas elongata (NR 074782)
76 1 Virgibacillus olivae (NR 043572)

Brevibacillus brevis (JF802177)
B2 (MW386472)

Virgibacillus salarius (MK785132)
B3 (MW386473)

Halomonas arcis (MK063873)
Virgibacillus salarius (NR 041270)

100

61

—_

0.02

Fig. 1. Phylogenetic tree constructed using the Maximum Likelihood me-
thod based on the Tamura-Nei model (Tamura, Nei, 1993) and MEGA 6
(Tamura et al., 2013).

A total of 18 sequences with a minimum length of 1381 nucleotides were
used. Bar corresponds to two substitutions per 100 nucleotides. The Bootstrap
values (500 repeats) are shown next to the tree branches.

halophilic microorganisms Halomonas and Virgibacillus
(Table 2, Fig. 1). Table 2 and Figure 1 demonstrate that the
32 strain represents a new species in the genus Halomonas.
The H. ventosae G1 (MW386469) and H. elongata G3
(MW386471) strains seem to belong to the species H. ven-
tosae and H. elongata, respectively, while the V. salinarius
B2 (MW386472) and V. salinarius B3 (MW386473) strains
belong to the group of species related to V. salinarius.

Characteristics of the Halomonas sp. G2 strain

The main object of further research is the strain Halomo-
nas sp. G2. The GC content in the G2 strain DNA was
67.3 %.
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Fig. 2. Cell morphology of strains from water and soil samples: a - V. salinarius B2; b - V. salinarius B3; ¢ - H. elongata G1; d - Halomonas sp. G2;

e - H. elongata G3.
Light microscopy, magnification x600.

Fig. 3. Growth of isolated pure bacterial cultures on MPA: a - V. sali-
narius B2; b — V. salinarius B3; ¢ - H. elongata G1, Halomonas sp. G2;
d - H. elongata G3.

Morphology of cells and colonies. Rod-shaped, gram-
negative, mobile bacillus of the size of 0.8—1.0% 1.5-3.0 um.
The cells were observed singly, in pairs, or in short chains
(Fig. 2, d). Cell mobility was ensured by one or two lateral
flagella located on one side of the cell, forming endospores.
On an elective solid medium, the strain formed an active
growth of colonies of a round shape with a wavy edge, yel-
low and pale-yellow color with a gloss. With an increase in
the concentration of NaCl in the culture medium, a bright
carotenoid pigment appeared in the beige-colored colonies.
On meat-peptone agar (MPA) — small colonies located close
to each other in a chain, rounded shape with a wavy edge,
turning into a solid growth; smooth, shiny, light beige with
a pinkish tinge. In all variants, a smearing consistency was
observed (Fig. 3, ¢).

Physiology of strain growth (temperature, pH, salini-
ty). When determining the optimal growth parameters, the
G2 strain was assigned to mesophiles (30 to 37 °C, 30 °C op-
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timum) and moderate alkalophiles (pH 68, 7.2—7.4 opti-
mum). As a representative of the genus Halomonas, it can
grow in a wide range of NaCl concentrations from 10 to
25 % with an optimum of 25 %; an extreme halophile.

The substrates and electron acceptors used. Oxygen
ratio. The G2 strain is capable of denitrification by using
nitrates as an electron acceptor, reducing them to nitrites.

The differentiating characteristics of the G2 strain are
presented in Table 3. The strain had a positive reaction to
lysine, gelatin, ectoine, lactose, and d-glucose; utilized cit-
rate and Na malonate. Tests for f-galactosidase, amylase,
protease, and catalase are positive; for oxidase, lipase, and
urease — negative. Growth does not occur under anaerobic
conditions.

Antibiotic sensitivity. The G2 culture differed in sensi-
tivity to trimethoprim of the sulfanilamide group; fluoro-
quinolones of the 1st and 2nd generations (ciprofloxacin,
ofloxacin, kanamycin); vancomycin of the macrolide group;
rifamycins of the rifampin group; cefuroxime and ampicil-
lin of the penicillin group; antibiotics of the 3rd generation
cephalosporins of the macrolides (ceftazidime, fosfomycin
and clarithromycin); antibiotics of the 4th generation ce-
phalosporins (cefepime, cefaclor).

Characteristics of isolates G1, G3, B2, B3

Rod-shaped, mobile cells of strains G1, G3 have the fol-
lowing sizes: 0.6-0.8%1.6-1.9 um (G1), 0.7-1.0x1.5—
2.5 um (G3) (see Fig. 2, ¢, e). Single cells and chains of
them were observed. Mobility was provided by flagella
located on one side of the cell. The cells of the B2 and
B3 strains were mobile, in the form of rods, with sizes:
0.5-0.7x1.0-2.5 um (B2) and 0.2-0.7 x 1.0-5.0 um (B3);
formed endospores. The biomass of isolated strains on the
MPA medium is represented by a chain of colonies located
one after another, differing in shape, color, size, pigment and
morphology (see Fig. 3, a, b). On an elective agar medium
with 5-25 % NaCl (G1, G3) and 5-10 % NaCl (B2, B3), the
cultures formed colonies with lipochromic pigment.

The results of phylogenetic analysis of 16S rRNA gene
sequences indicated that the closest type strains (100 %) for
G1 and G3 are the type strain of H. elongata DSM 2581T,
and for B2 and B3 — V. salarius DSM 18441T. On the
dendrogram, the cultures formed a common cluster with
the typical strains, making it possible to classify isolated

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2021 25+ 2



2.A. Xanunosa, C.L|. KoteHko, 3.A. icnammaromegoBa
A.A. AbakapoBa, H.A. YepHbix, [1.A. AnuBepauesa

2021
25.2

lanopunbHble 6aKkTepPUM CONEHbIX 03epP 1 CONIOHYAKOBBIX MOYB
Mprikacnuinckon HU3MeHHocTH (Pecnybnvka JarectaH)

Table 3. Comparative differentiating features of new strains of the genus Halomonas and the type strain of H. elongata DSM 25817

H. ventosae G1
(MW386469)

Phenotypic traits

Halomonas sp. G2
(MW386470)

H. elongata DSM 25817
(Vreeland et al., 1980; Schwibbert
et al.,, 2011; Kindzierski et al., 2017)

H. elongata G3
(MW386471)

u_n

Note.“+" - positive; “~" — negative; “n” - not studied.

cultures as these species. Related cultures for G1 and G3 are
H. ventosae GQ903443, H. elongata NR 074782; for B2 and
B3 — V. salarius MK785132, B. brevis JF802177, V. olivae
NR 043572, H. arcis MK063873, V. salarius NR 041270,
which combined the typical features of moderate and ex-
treme halophiles.

The distinctive characteristics differentiating the cultures
of H. ventosae G1 and H. elongata G3 were: optimum
growth at 5-25 % NaCl vs. 32 %; pH 7.2-7.4 vs. 7-9; no
utilization of sucrose, glycerol, d-mannose, cellobiose,
lactose, and production of urease, oxidase, and protease
(except G3) at a concentration of 5-25 % NaCl in the
medium (see Table 3). At the same time, such traits for
V. salarius B2 and B3 strains in comparison with the typical
V. salarius DSM 18441T were: no need for d-mannose, the
ability to produce amylase, protease, and B-galactosidase
enzymes at a concentration of 5-10 % NaCl in the medium
(Table 4).

Characteristics of genera Halomonas and Virgibacillus
Thus, based on phenotypic and genetic studies, we provide
a brief description of the strain of the new species Halomo-
nas sp. G2 and halophilic strains of H. ventosa G1, H. elon-
gata G3, V. salinarius B2, V. salinarius B3.

Currently, the genus Halomonas includes 91 species,
where H. elongata acts as the type species (http://www.
bacterio.cict.fr/h/halomonas.html). The Halomonadaceae
family was first described in 1988 by combining moderately
halophilic and marine bacteria of the genera Deleya and
Halomonas (Franzmann et al., 1988). Over the past three
decades, many species have been assigned to the genus
Halomonas, the domain Bacteria, the phylum Proteobacte-
ria, the class Gammaproteobacteria, the order Oceanospiril-
lales, and the family Halomonadaceae; however, at the time
of writing, 7 species have been reclassified. Representatives
of'the genus — gram-negative, facultative anaerobes, aerobes,
prototrophs, mesophiles, denitrifying, produce exopolysac-
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Table 4. Comparative differentiating features of halophilic strains of V. salarius B2 and B3 with the typical V. salarius DSM 184417

Phenotypic traits V. salarius B2 V. salarius B3 V. salarius DSM 184417 (SA-Vb1T = JCM 12946)
(MW386472) (MW386473) (Hua et al., 2008)

HZS ..................................................................... S P
Redu c tlonof N03 to n ,tmes ............................. + .................................................................................. i
: Su bstrat es ..............................................................................................................................................................................................................................
....... meIe__
....... escu“nn+
....... |ysme_+
....... Sod|umc|trate+_
....... Sod|umma|onate__
....... dmannose_+
....... dg|ucose++
....... ge|atm++
....... mos,to|__
PrOd uces en Zy mes ................................................................................................................................................................................................................
....... ox'dase_+
....... |actose_n
....... urease__
....... gga|act05,dase+n
....... cata|ase++
....... amy|ase+n
....... prOtease+n
GC co nten t (%), n genom |CDNA ..................... 428 ................................... 373 ................................... 373 ..........................................................................

Note.“+" - positive; “-" - negative; “n” - not studied.

charides; they mainly utilize oxygen, nitrate or nitrite as an
electron acceptor; under conditions of saline stress, they
synthesize ectoine, which protects cells from adverse envi-
ronmental influences (Schwibbert et al., 2011).

The genus Virgibacillus was created as a result of the
reclassification of Bacillus pantothenticus, Virgibacillus
pantothenticus and, subsequently, established as a species
of Virgibacillus (Heyndrickx et al., 1998; Heyrman et al.,
2003). At the moment, the genus consists of 27 species,
representatives of which are gram-positive, obligate aerobes
or facultative anaerobes, moderate halophiles, chemotaxo-
nomic; the main fatty acid is C,s., (Lee et al., 2012).

Description of the strain of the new species Halomo-
nas sp. G2. The G2 strain cells are encapsulated, motile,
aerobic, gram-negative bacillus 0.8—1.0 x 1.5-3.0 pm;
observed singly or in a chain of 2 to 4 interlocked cells.
The G2 strain is an extreme halophile, capable of growing
in the range of 10-25 % NaCl (25 % optimum) and form-
ing a carotenoid pigment. On an elective solid medium
with 25 % NaCl, it forms colonies of a round shape with a
wavy edge, beige color with a gloss; forms areas of bright
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carotenoid pigment. The strain grows on meat-peptone
broth. The species is mesophile, the temperature range is
30-37 °C (30 °C optimum). Neutrophil, pH 6-8 (7.2-7.4
optimum). Denitrifying strain; chemolithotrophic; reduces
nitrate or nitrite as electron donors; catalase-, amylase-,
protease-, and B-galactosidase-positive; lipase-, oxidase-,
and urease-negative. Unable to hydrolyze inositol, indole;
produces lysine, gelatin, ectoine; uses sodium citrate and
malate as a source of carbon and energy; does not produce
ornithine; H,S and acid from d-mannose, sucrose, glycerol,
cellobiose, except lactose and d-glucose. Susceptible to tri-
methoprim, ciprofloxacin, ofloxacin, kanamycin, vancomy-
cin, rifampicin, cefuroxime, ampicillin, ceftazidime, fosfo-
mycin, clarithromycin, cefepime, cefaclor. The GC content
in DNA is 67.3 %.

Based on its physiological, biochemical, and phylogenetic
properties, the G2 strain represents a new species, called
Halomonas sp. G2. A distinctive characteristic of the isolate
is the production of hydrolytic enzymes protease, amylase,
B-galactosidase, and oxy-reductase-catalase at a concentra-
tion of 25 % NaCl in the medium.
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Habitat: soil (typical saltmarsh) on the territory of the
Tersko-Kumskaya lowland (Republic of Daghestan, Russia).

Description of the strains Halomonas ventosae G1
(MW386469), and Halomonas elongata G3 (MW386471).
Halomonas G1 and G3 strains are aerobes, gram-negative,
denitrifying; mesophiles, prototrophs, chemolithotrophs,
and extreme halophiles (5 to 25 % NaCl). Unable to hydro-
lyze inositol; produce lysine, ornithine, gelatin, ectoine;
reduce nitrate or nitrite as electron donors; utilize citrate
(excluding G3) and sodium malonate as a source of carbon
and energy; do not produce H,S and acid from d-mannose,
sucrose, glycerol, cellobiose, except for d-glucose. The
GC content in the DNA for G1 and G3 are 65.8 and 66.5 %,
respectively. On the basis of phenotypic and genotypic cha-
racteristics, isolated bacteria are classified as H. ventosae G1
(MW386469), and H. elongata G3 (MW386471).

Habitat: saline soils (Tarumovsky district, Kochubey
biosphere station) and Lake Tarumovskoe on the territory
of the Tersko-Kumskaya lowland (Republic of Daghestan,
Russia). The type strain of H. elongata DSM 2581T was
isolated from equipment for extraction of salt from brine
(Netherlands Antilles, southern island of Bonaire).

Description of V. salinarius B2 (MW386472) and
B3 (MW386473) strains. The strains are gram-positive;
mesophiles, neutrophils, chemolithotrophs, moderate halo-
philes (optimum 5, 10 % NaCl). The cultures are unable to
hydrolyze inositol, sodium malonate; they do not produce
lysine (except for B3), indole, H,S and acid from d-mannose,
sucrose, except for d-glucose, reduce nitrate to nitrite and
are capable of utilizing the polypeptide substrate gelatin and
sodium citrate as a carbon source. The GC content in the
DNA of strains B2 and B3 was 42.8 and 37.3 %, respectively.
Based on the phenotypic and genotypic characteristics, the
isolated cultures have been classified as V. salinarius B2
(MW386472) and V. salinarius B3 (MW386473) strains.

Habitat: waters of technogenic, highly mineralized
Berikey Lake (Derbent region, Republic of Daghestan,
Russia). The type strain Virgibacillus salarius DSM 184417
isolated from the salt crust of the Gharsah Salt Lake in Shatt
al Gharsah (Sahara) in Tunisia (Hua et al., 2008).

Biotechnological potential

of halophilic microorganisms

Halophilic bacteria are increasingly being studied for their
biotechnological potential for the production of biochemi-
cally active and resistant enzymes to alkaline pH, high
temperature and salt concentration (Di Donato et al., 2019;
Liuetal., 2019). These multifaceted properties are useful for
a variety of industries (Delgado-Garcia et al., 2012), such
as fermented food, textiles, pharmaceuticals, cosmetics,
and leather production (De Lourdes Moreno et al., 2013).
Most producers of extracellular hydrolytic enzymes lipase,
amylase, protease, inulinase, xylanase, cellulase, DNase,
and pectinase are halophilic bacteria, including strains of
the genera Halomonas and Virgibacillus (Cira-Chavez et
al., 2018; Liu et al., 2019; Kaitouni et al., 2020; Varrella
et al., 2020).
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Isolation of natural strains in these studies made it possible
to discover a new species Halomonas sp. G2 (MW386470)
and new strains Halomonas G1 (MW386469) and G3
(MW386471), Virgibacillus B2 (MW386472) and B3
(MW386473), capable of producing hydrolytic enzymes
(amylase, protease, lactase, lipase, urease, f-galactosidase)
and oxidoreductase (catalase, oxidase).

Conclusion

The study confirms the biotechnological and scientific im-
portance of halophilic denitrifying bacteria inhabiting the
extremophilic ecological niches of the Peri-Caspian Low-
land in the Republic of Daghestan. The strains of bacteria
of the genera Halomonas and Virgibacillus isolated proved
to be not strictly confined to the salt lakes and soils of the
Peri-Caspian Lowland (Republic of Daghestan, Russia),
having a wide distribution area, including the ecological
niches of Bonaire Island (Netherlands Antilles) and Tunisia.
Isolation and study of natural strains have revealed a new
species Halomonas sp. G2 that complement the collection of
the already known strains — producers of industrially useful
enzymes such as amylase, protease, lactase, lipase, urease,
[B-galactosidase, catalase, and oxidase.
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AHHoTauuma. MNpoaHann3npoBaHbl 72 KnuHudecknx wrtamma Klebsiella spp., n3onnpoBaHHbIXx B HoBocnbmpcke 13 obpas-
LIOB, MOJTyYeHHbIX OT Nitofeit. MpoBeaeHa B1aoBas naeHTUdMKaLma WTaMMoB No nociefoBaTenbHOCTAM reHoB 16S pPHK
1 rpoB. MNokasaHo, uTo B nonynAuMmn Knebcmenn goMmnHMposanu Wwrammbl Klebsiella pneumoniae (57 wutammoB), ocTanbHble
15 wrammoB oTHocunMchb K Budam K. grimontii, K. aerogenes, K. oxytoca v K. quasipneumoniae. MeTogom MonekynapHoro
CEepPOTUNMPOBAHKA C MCMOSIb30BAHMEM MOCNEA0BaTENbHOCTM reHa Wzi Wwrammbl K. pneumoniae bl OTHeCeHb! K ABaaLa-
™ opHomy K-cepoTumny, npv 3Tom 60sbLUYI0 [OSIO COCTaBNANM BUPYNneHTHble cepoTtunbl K1 1 K2. BbiABneHo, YTo Wrammbl
K. pneumoniae, nonyuyeHHble OT rOCNMUTANN3UPOBAHHbIX NALMEHTOB, 06M1afAany MakCMasbHO BbIPaXEHHOW Pe3NCTEHTHO-
CTbIO K Pa3fIMYHbIM KJlaccam aHTUOMOTMKOB B OTAIMUME OT OCTalnbHbIX BUAOB Knebcmenn. Metogom MNLUP B peanbHom Bpe-
MeHU 06Hapy>eHO, YTO B UCCNeJOBaHHON MONYNALMM NPUCYTCTBYIOT reHbl ceMeincTs bldagyy, blargy, blacry v ren blagy, 4,
ABNAOLWMECA reHeTUYECKMMY feTePMUHAHTaMM Pe3NCTEHTHOCTM K OeTa-nakTamam. MNokasaHo, 4To NprCyTCTBME NOCEA0-
BaTeNIbHOCTU blacry KoppenvpyeT ¢ npofyKumen WwWraMmMom 6eTa-nakTamas paclipeHHOro CnekTpa, a peHoTunmnyeckan
YCTONUMBOCTb K KapbaneHemam 0bycnioBieHa Hanmumem reHa bldoy, 4g. Mpw 3Tom reHoB KapbaneHemas vim, ndm, kpc, imp
0o6Hapy»KeHo He 6bino. Cpey NCCnefoBaHHbIX FeHOB YCTONYMBOCTY K aMMHOMIMKO3MAaM Oblin HallfeHbl reHbl aph(6)-Id n
aadA, opHaKo VX Hanuyve He BCeraa CoBnagasno ¢ peHOTUNMYECKON Pe3nCTEHTHOCTbIO. YCTOMYMBOCTb K GTOPXMHOMOHAM
y 60NbLIMHCTBA LWITaMMOB CONPOBOXAanacb NPUCYTCTBMEM FreHOB dac(6’)-1b-cr, ogxA, ogxB, gnrB n gnrS B pasfnyHbIX KOM-
6UHALMAX, NPV STOM Hasmyme TONIbKO FreHOB 0gXA 1/unn ogxB He KoppennpoBano C YCTONYMBOCTbIO K GTOPXMHOIOHAM.
Takum obpasom, obHapyxeHune bldcry 1 bldpy, 456 MOXKET ObITb UCMONBb30BaHO ANA GbICTPOro BbiIABAEHUA NPOAYKLMM beTa-
nakTamas paclVpeHHOro cnekTpa 1 onpeaeneHna Pe3ncTeHTHOCTU Knebcrenn K KapbaneHemam, a BbiABeH/e reHOB
aac(6')-1b-cr w/vinu gnrB/qnrS — pnsa GbICTPOro onpefeneHns YCTONUNBOCTM K GTOPXMHOMOHAM.

KntoueBble cnosa: Klebsiella; monekynapHoe cepotunupoBaHue; 6eTa-naktambl; $TOPXMHONOHbI; aMUHOTNKO3MAbI; 6eTa-
nakTamasbl pacLUMPEHHOrO CNeKTPa; MeTanno-6eTa-nakramasbl; ANCKO-ANOdY3NOHHBIN aHaNW3; reHeTMYECKUe AeTepmMu-
HaHTbl aHTVONOTUKOPE3NCTEHTHOCT.
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Abstract. 72 clinical strains of Klebsiella spp. isolated from samples obtained from humans in Novosibirsk, Russia, were
analyzed. Species identification of strains was performed using 16S rRNA and rpoB gene sequences. It was revealed that
Klebsiella pneumoniae strains were dominant in the population (57 strains), while the remaining 15 strains were K. grimontii,
K. aerogenes, K. oxytoca and K. quasipneumoniae. By molecular serotyping using the wzi gene sequence, K. pneumoniae
strains were assigned to twenty-one K-serotypes with a high proportion of virulent K1- and K2-serotypes. It was found that
K. pneumoniae strains isolated from the hospitalized patients had a higher resistance to antibiotics compared to the other
Klebsiella species. Real-time PCR revealed that the population contained genes of the bla,,, blag,, blay families and the
blapys.4s 9ene, which are the genetic determinants of beta-lactam resistance. It has been shown that the presence of the
blacry sequence correlated with the production of extended-spectrum beta-lactamases, and phenotypic resistance to car-
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bapenems is due to the presence of the bla,y,_4s gene. At the same time, the carbapenemase genes vim, ndm, kpc, imp were
not detected. Among the aminoglycoside resistance genes studied, the aph(6)-Id and aadA genes were found, but their
presence did not always coincide with phenotypic resistance. Resistance to fluoroquinolones in the vast majority of strains
was accompanied by the presence of the aac(6')-IB-cr, ogxA, 0gxB, gnrB, and gnrS genes in various combinations, while the
presence of the ogxA and/or ogxB genes alone did not correlate with resistance to fluoroquinolones. Thus, the detection of
blacryand blagy, 45 can be used to quickly predict the production of extended-spectrum beta-lactamases and to determine
the resistance of Klebsiella to carbapenems. The detection of the aac(6')-Ib-cr and/or gnrB/qnrS genes can be used to quickly
determine resistance to fluoroquinolones.

Key words: Klebsiella; molecular serotyping; beta-lactam; fluoroquinolone; aminoglycoside; extended-spectrum beta-lacta-
mases; metallo-beta-lactamases; disco-diffusion analysis; genetic determinants of antibiotic resistance.
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BBepeHmne

KireGcuensl mpeacTaBisioT co00i poj TPaMOTPHIIATENb-
HBIX WHKAIICYJMPOBaHHBIX HEIOJBIKHBIX OaKTepHii, OTHO-
csuxes K cemeiictBy Enterobacteriaceae nopsiika Entero-
bacteriales. Pox macunTsiBaeT 60mee 12 BUIOB, U3 KOTOPHIX
yaie Bcero Berpevarorces Klebsiella pneumoniae n K. oxy-
toca. Kiebcueuibl sBISIIOTCS YaCThI0 HOPMaJIbHOW MHKPO-
OMOTBI JKEITYI0YHO-KUILIEYHOTO TPAKTA, KOJKHBIX TOKPOBOB U
BEPXHUX JIBIXaTeIbHBIX MTyTeH 3710poBbIX Jitoziel (Broberg et
al., 2014). B To ke BpeMsi OHU CIIy>KaT OJHOH M3 Hauboiee
pacrpoCTpPaHEHHBIX NPUYMH KaK HO30KOMHAJbHBIX, TaK U
BHEOOJIBHUYHBIX MH(EKINH, BKIIOYast HHPEKIINA MOUYCBBI-
BOJISIIIUX Ty TeH, 0aKTePUEMUIO, THEBMOHHIO, HCOHATATbHBIN
abcriecc u rHOWHBIN abcrecc nedeHu (Podschun, Ullmann,
1998; Mukherjee et al., 2020).

J1Jist iedeHusl MAIMEeHTOB C KJICOCUEIbHBIMU UHEKITUSIMU
HCTIONB3YIOT OeTa-TaKTaMHbIe AHTHOMOTHKH, (PTOPXHHOJIOHBI
n amuHormko3uasl (Galal et al., 2019). ITpu 3TOM OCHOBHBI-
MM B TEpaInH SBJISIOTCS OeTa-lIaKTaMbl, KOTOPbIE OJIOKUPYIOT
CHHTE3 KJIETOYHOH CTEHKHU OaKTepuii 1 HAaMMEHEe TOKCHYHBI
Jutsl gestoBeka. [IpuMeHeHne qaHHoTo Kitacca aHTHOMOTHKOB
OrpaHUUYEHO CIIOCOOHOCTHIO MHOTI'MX INTaMMOB KJI€OCHEILT
MIPOIYLINPOBATH OeTa-TakTaMasbl, pacIIeTUISIomue OeTa-IaK-
tamHble anTHOMOTHKY (Ko3nosa u ap., 2018). TpaaumonHO
CYILICCTBYIOT JIBE KilacCu(uKanuu Oera-iakramas — (QyHK-
IIMOHANIbHAS U CTPYKTypHas. [lepBast ocHOBaHa Ha MX CIIOCO0-
HOCTH PACIICIUIATh Pa3IMYHbIE KIIACChl OeTa-IaKTaMOB M Ha
YyBCTBUTEIBHOCTH K MHIMOUTOPAM, TAKUM KaK KJIaByJaHO-
Bas KHCJIOTa, CyTb0aKTaM M Ta300akTaM ((pyHKIIMOHAIbHBIC
rpymmsl 1, 2 u 3). Bropas kmaccudukanus (cTpykTypHast)
pacrpeselsieT Jlakramasbl 110 MOJISKYJISIPHBIM KiaccaMm A,
B, C 1 D coOTBETCTBEHHO CXOACTBY M PA3NIUYHIM UX OEIKO-
BBIX TtocnenioBarenbHoctei (Bush, Jacoby, 2010). Cepbes-
HYIO TIPOOJIEMY C ITPAKTUYECKOM TOUKH 3pPEHUS TPEACTABISIOT
Gera-makTamassl pacupeHHoro crekrpa neiictsus (BJIPC),
OTHOCSIIHECS KO BTOpol (pyHKIHOHaNBHOU rpymme. OHH
XapaKTepU3yIOTCs CIIOCOOHOCTBIO PACIICIUISTh Pa3IHuHbIE
KJacchl OeTa-IaKTaMoB, BKIIOYAs MEHUIMUINHBI, 1edano-
cniopunsl 1 kapOareHeMsl. K BJIPC otHocsTCst epMeHTEI
cemeiicts TEM, SHV, CTX-M, OXA u ap. (Gharrah et al.,
2017; Galal etal., 2019). Ha cerogHsimauii 1eHb 15 KaXKA0TO
ceMelcTBa OeTa-TaKramas M3BECTHO OOJIBIIOE KOJIMYECTBO
aJJIeTIbHBIX BapUAHTOB, 0OECIIEUNBAIONINX YCTOWYNBOCTh K
TPETbEMY IMOKOJICHHIO I1e(aOCIOPHHOB, MOHOOAKTaMaM 1
kap6anenemam (Liakopoulos et al., 2016). ITomumo ¢pyHK-
[UOHAJILHON U CTPYKTYPHOU KiacCHU(pUKAIMu, HEPMEHTHI,
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THPOJIM3YIONIHEe OeTa-IaKTaMbl, Pa3AeIAIOTCS Ha JIBa THIIA
10 MEXaHN3MY JEHCTBHSI: CEPUHOBBIE OeTa-TakTamMasbl 1 Me-
Tano-6eta-makramassl (MBJI), Tpedyromire IByXBaTeHTHBIX
KaTnoHOB, 0OBIYHO IMHKA, B KadecTBe KodakTopos (Walsh et
al., 2005). M3BecTHO OKOJIO JIECSITH CEMEHCTB MeTauio-0e-
Ta-nakramas, a umenno: IMP, VIM, SPM, GIM, SIM, AIM,
KHM, NDM, TMB u np. Haubosnee mmpoxo pacrnpocTpaHe-
HbI JlakTamassl cemeiictB IMP, VIM u NDM (Tananbsckuii u
ap., 2012).

Jost nedenust THEKIi, BBI3BAaHHBIX IPaMOTPULATEIIbHBI-
MU OaKTepHUsIMU, Hapsy ¢ OeTa-JIakTaMHBIMU aHTHOMOTHKAMH
HCTIONIB3YIOT aMHHOTIIMKO3H/IbI, KOTOPBIE CITOCOOHBI CBA3BIBATD
MOJIEKYITbI aHTHONOTHKA ¢ cyobeqununeit 16S pPHK Gaxre-
puM ¥ MKHTHOUPOBaTh CUHTE3 Oelika. CaMblil pacipoCTpaHeH-
HBIF MEXaHN3M OaKTepHaIbHON PE3UCTEHTHOCTH K AMHUHOIIIN-
KO3U/1aM — TPOYKINST aMHHOTIITMKO3UA-MOANGUINPYIOIIHX
(hepMeHTOB. AMUHOIIMKO3UI-MOANHLUPYIOIINE (hepMEHTHI
MIpeACTaBIIOT coboit pochorpancdepassr (APH), anerni-
tpancdepassl (AAC) wmn nykneornauarpangpepassl (ANT)
(Ramirez, Tolmasky, 2010).

Eme omHUM HCTIONB3yEeMBIM KJIACCOM aHTHOWOTHKOB SB-
JSIFOTCST PTOPXUHOIIOHBI, KOTOpBIe Bo3nercTByroT Ha JTHK-
rupa3y u JIHK-ronouzomepazy IV (Mamkosckuii, 2005).
K oCHOBHBIM MeXaHW3MaM PE3UCTEHTHOCTH I'PaMOTPHIA-
TEJNIBHBIX OaKTepuil K JaHHBIM AaHTHOMOTHKAM OTHOCSITCS
Moan(pUKaLUs aHTUOMOTHKA, HAIIPUMEpP C UCIIOJIb30BaHUEM
TUIA3MHI-KOANPYEMON aMUHOIIMKO3UAAIIeTHITpaHC(hepasbl
AAC (6')-Ib-cr, 3ammra MHIICHA (CEMEHCTBO TTa3MUTHBIX
reHOB gnr) u cucrema d¢durokca, Hanpumep OqxAB-TolC
RND, rens! koTopoi HAXOAATCS B XPOMOCOME OOTBIINHCTBA
mrammoB K. pneumoniae (Yang et al., 2014; Hooper, Jacoby,
2015).

B nocename roasl 3aMeTHOM MPoOIeMOii CTall poCT pe3u-
CTEHTHOCTH KJI€OCHENIbHBIX IITAMMOB, B 0COOCHHOCTH BHYT-
PHOOIBEHIYHBIX U30JISITOB, KO BCEM KJIMHUYECKH 3HAYHMBIM
aHTHOMOTHKaM. VIMEHHO pe3UCTEeHTHOCTD JIeNIaeT KIIeOCHesT
JMAEpaMH CPE/IH OTIIOPTYHUCTHIECKHX naroreHoB (Yeboraps
u ap., 2020). Ilens Haiero uccienoBaHUs — aHAJIU3 TeHe-
THYECKUX U (PEHOTHIHUECKUX MapKEPOB PE3UCTEHTHOCTH,
BKJTIOYAst OeTa-JaKTaMbl, (PTOPXUHOJIOHBI 1 aMUHOTIIMKO3HIBI,
KJIMHUYECKUX U30JSITOB KileOCcuelll, BblJIelIeHHbIX B I. HoBo-
cubnpcke (Poccws).

MaTtepwuanbl n metogbl
BakTepuanbHbie iTaMmmbl. B pabote rccnenoBanu 72 mram-

Mma Oaxrepuii pona Klebsiella, Beinenenubix B HoBocuOupcke
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U3 KIMHUYECKHX 00pa3ioB. YncThle KyJabTypbl OakTepuit
MoJyvaiu, kKak onucano panee (Kosmosa u np., 2017); mpu-
HaJUIeXKHOCTS K pony Klebsiella oripenensiy 1o KyinbTypaib-
HO-MOP(OJIOTMYECKUM ITPU3HAKAM C UCIIOIb30BaHUEM CEJIeK-
TUBHBIX cpefl — arapa MakKonku (BioMerieux, ®pannus) u
arapa Jlesnna (OXOID, BenukoOpuranus). IllTammer geno-
HupoBain B Koyutekiuu sKkeTpeMopMIbHBIX MUKPOOPIaHU3-
MOB ¥ THUIIOBBIX KyJbTyp IHCTUTyTa XHUMHUUECKON OMOJIOTHH 1
¢dynnamentansHoit Mmeanael (KOMTK UXBOM) CO PAH
(http://www.niboch.nsc.ru/doku.php/emtc_collection).

Hnentuduxanus 6akTepuaJbHbIX IITAMMOB. Biiosyro
MIPUHAJUIC)KHOCTh OAKTEpUil yCTaHABIMBAJIN CEKBEHHPOBa-
HueM nocienoBarensHoctei rena 16S pPHK (1342 m.H.)
(Kozmnosa u ap., 2017) u moATBepKaaai CEKBEHUPOBAHUEM
¢parmenra rena rpoB (501 n.H.) (Morozova et al., 2019).
Jliist orpezesieHus BUJIa MCIIOIB30BAJIM Hanbolee On3kue
pedepeHcHBIE TTocnenoBaTeIbHOCTH pona Klebsiella, mpu-
cyrcrBytomue B 6aze nanabix NCBI GenBank (https:/www.
ncbi.nlm.nih.gov), npu ypoBHE CXO/CTBA MMOCIICAOBATEIIBHO-
creif He MeHee 98 %. [TocnenoBarensHOCTH TeHOB 16S pPHK
neroruposan B 6a3y nanapix NCBI GenBank mog Homepamu
MT436838-MT436841, MT436848, MT436849, MT436851—
MT436856, MT439052-MT439054, MT439056-MT439058,
MT439061-MT439079, MT439081-MT439103, MT439106,
MT489341-MT489346. TlocienoBarenbHOCTH T€HOB 7poB
nenoHupoBainy B 0a3y manHsix NCBI GenBank mox Homepa-
M MT447755-MT447758, MT447760-447768, MT447770,
MT447771, MT447773-MT447775, MT447778-MT447798,
MT447825, MT447828-MT447830.

MoJiekyJsipHOe CepOTHIIHPOBaHUE IITAMMOB K. pneu-
moniae u K. quasipneumoniae. CepoTunupoBaHue KoJieK-
IIMOHHBIX IITAMMOB IPOBOJIWIN IIyTEM CEKBECHHPOBAHUS
MOCIIEA0BATENILHOCTEH TeHA Wzi, OTHOCSIIEroCs K KI1acTepy
IeHOB CHHTE3a MOJIMCaXapuHON Karcylibl KieOCHesI, KaKk
ommcano panee (Brisse et al., 2013; Morozova et al., 2019).
Jlnist onpernienieHnst cepoTHITa NCTIONB30BAIN Hanbosee O1n3-
KH€ MOCIIeJOBATeIbHOCTH T'eHa wzi pe()epeHCHBIX IITaMMOB
K. pneumoniae, mpucyTtcTByomue B 6a3e maHasix NCBI
GenBank. B xozne paboTsl MOJIEKyIsIpHOE CEPOTHUIIHPOBAHUE
ObLIO ITPOBEEHO st 13 KOJUIEKIIMOHHBIX IITaMMOB K. pneu-
moniae 1 K. quasipneumoniae. IlocnegoBareabHOCTH re-
HOB wzi OBLITH IeTIOHHPOBaHEI B 0a3y nanHsx NCBI GenBank
nox Homepamu MT434694, MT447742-MT4477754. Oc-
TaJIbHBIE KOJUIEKI[MOHHBIE INTaMMBbI K. pneumoniae n K. qua-
sipneumoniae ObUM THIIUpOBaHb! paHee (Morozova et al.,
2019).

OueHKy runepMyKOMIHOCTH IITAMMOB IIPOBOANIIH, HC-
nonb3ys crpyHHbIN TecT (Lee H.C. et al., 2006). {nst aToro
CTaHIAPTHOW OAKTEPHOJIOTHYCCKON MEeTIeH pacTsIruBaiu
CIIM3UCTBIN TAXK U3 OAKTEPUATBHBIX KOJOHHH, BHIPAIIEHHBIX
Ha KpOBsIHOM arape ¢ 5 % oBeuneil kposy, rpu 37 °C B Teue-
Hue Houu. [Ipu hopmupoBanmu BI3KoH HUTH JUIMHOH >10 MM
IITaMMBbI OLIEHUBAJINCH KaK TUTIEPMYKOUIHBIE.

OmnpenesieHue (peHOTHUNUYECKOH AaHTHOMOTUKOPeE3HC-
TEHTHOCTH IITAMMOB. AHTUOUOTUKOPE3UCTEHTHOCTh
IITaMMOB BBISIBIISUIH JUCKO-TH((y3HOHHBIM METOZOM CO-
IIacHO pexoMeHanusM EBporeiickoro komMureTa 1mo omnpe-
JICJICHUIO YyBCTBUTEIBHOCTH K aHTUMHKPOOHBIM MHperapa-
tam (EUCAST, https://eucast.org) ¢ UCTIONBE30BaHUEM arapa
Mromepa—Xwunrtona (OXOID, Benukoopuranus). Hccie-
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JIOBAJIM YyBCTBUTEJIILHOCTh LITAMMOB K CIIEIYIOIINM aHTH-
6motrkam (OXOID): aMOKCHUIIAIITHH/KJIaByTaHOBas KHCIIOTA
(AMP/CAL, 20/10 mxr); aMmnunmnias/cyas0akram (AMP/
SUL, 10/10 wmxr); nunepanuuins/Tazodakram (PIP/TZB,
30/10 mxr); medrazugum (CAZ, 10 mxr); amukanud (AMK,
30 mkr); reatamutie (GEN, 10 mkr); neBodokcarun (LEV,
5 mkr); nunpoduokcauud (CIP, 5 mkr); umunenem (IPM,
10 mxkr); meponeneM (MEM, 10 mkr); xymopamdeHIKONT
(CLM, 30 mxr); azrpeonam (ATM, 30 mxkr). Itamm E. coli
ATCC 25922, He o0Onaaromuii pe3uCTEHTHOCTBIO K aHTHOHO-
THKaM, MCTIOJIb30BAJIN B KaU€CTBE KOHTPOJIS.

®enorunuyeckoe onpenejenue bBJIPC. Brisinenue
BJIPC, pe3dnucTeHTHBIX K KJIABYJIaHAT-3aIlUIICHHBIM IEHH-
IIIDTHHAM, TIPOBOIVIIN, Kak ornricaHo panee (Hoa et al., 1998;
Ounensurreiin, 2001). ltamm K. pneumoniae ATCC 700603,
npoxayupytommii BJIPC, nucnonb3oBaiu B Ka4eCTBE MOJTOXKHU-
TEJILHOTO KOHTPOJIS.

BeisiB/IeHHE IPOAYKIIMH MeTaL10-0eTa-1akTamas. [Ipo-
naykuuio MBJI mtammamu kiieOcuelns HCciienoBald MeTo-
JIOM JIBOMHBIX JANCKOB C HCIIOJIb30BAaHHEM ATHUIICHANAMHH-
terpaanerara Harpus (9[]TA) o meToxy, onncanHoMy paHee
(Lee K. etal.,2001; Yong et al., 2002; iBanos, Eropog, 2008).
YBenuueHne Ha 8 MM 30HBI HHTHOUPOBAHUS POCTa BOKPYT
JTUCKa, cofeprkaniero antuonotuk u DI TA, 1o cpaBHEHHUIO ¢
MCXOJHBIM JIMCKOM C aHTUOMOTHKOM, HHTEPIIPETHPOBAIIN KaK
MOJIOKUTENBHBIN pe3yasTar (Yong et al., 2002).

BoisiB1eHHE TeHOB AHTHOHOTHKOPE3HCTEHTHOCTH Me-
TonoM IITIIP B peainbHOM BpeMeHHU. BoiieneHue Hykieu-
HOBBIX KHCIOT mpoBoamiu u3 100 MKII cycrieH3uu KIETOK
Klebsiella spp. ¢ momomipio Habopa pearentoB «Peanbect
JIHK-3kcmpece» (AO «Bekrop-bect», Poccust) B cooTBet-
CTBHMHU C MHCTPYKINEH Mpou3BoanTemst. [ eHbl pe3ncTeHTHO-
CTH BBISIBJISUTH C UCTIOJIb30BaHUEM OJIMTOHYKJICOTH 0B, IPE/I-
cTapieHHbIX B Ta0n. 1. Takxke mTaMMbl aHAIM3UPOBAIN Ha
HaJnu4ue TeHoB OeTa-makramas cemeiictBa OXA: blapyy.,,
blapxi.i0, blaox 23, blapya.o4, blapxy.ss; TEHOB YCTOHYNBO-
CTH K KapOarieHeMaM CeMeWcTB kpc, vim, ndm, imp; TeHOB
YCTOMUYMBOCTH K aMUHOTIIMKO3UAAM aac3, aphb, ant2, anto;
reHa yCTOWYMBOCTH K propxunononam gnrA. [lepeancieHnsie
reHbl 00Hapy)KeHbI He ObUTH, M TIOCIJIE0BATEIbHOCTH COOT-
BETCTBYIOIIUX OJIMTOHYKJICOTHIIOB HE TIPHBOJSTCS.

[1LIP B peaslbHOM BpEMEHH OCYIIECTBIISUIN C UCIIOIb30Ba-
HueM amiutdukaropa c guryopecrenTHol gerekipeit CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, CIIIA).
Yenosust ammuindukaryn: nporpes npu 94 °C — 1 muH, nanee
50 nukios (94 °C - 10 ¢, 60 °C - 20 ¢).

Pesynbratbl

BupoBas npuHaanexHoCTb, MONeKynsapHoe
CepoTUNVPOBaHME 1 BbIsIBIEHNE rTMNepMyKONAHOCTY

W3 1512 xnmHIYECKHX 00pasloB OT MAIMEHTOB C Pa3HBIMHU
3a0oseBaHUsIME OBLITO BIIBICHO 72 (4.8 %) 00pasia, comep-
)Kamux kiaedcuemsl. M3 Hux 46 mraMMOB OBLIN BBIACIEHEI
13 00pasnoB OT aMOyIaTOPHBIX OONBHBIX, a 26 MTaMMOB —
OT FOCTIMTAJIM3NPOBAHHBIX TAIIMEHTOB. B pe3ynbrare BUIoBoi
UACHTU(UKAIIUY C UCTONb30BaHueM reHoB 16S pPHK u rpoB
Cpeau MTaMMOB OT aMOyJIaTOPHBIX OONBHBIX OBLIO BBIZE-
neno 34 mramma K. pneumoniae (74 %), 5 — K. grimontii,
4 — K. aerogenes, 2 — K. oxytoca u 1 — K. quasipneumoniae.
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Table 1. Synthetic oligonucleotide primers for the detection of antibiotic resistance genes

Gene/gene family

Oligonucleotide

Sequence

Cpenu ITaMMOB OT TOCTIMTAIN3UPOBAHHBIX MAIIMEHTOB OBLITO
23 mramma K. pneumoniae (88 %), 2 — K. grimontii u 1 —
K. aerogenes.

MeTo10M MOJIEKYIISIPHOTO CEPOTUIIMPOBAHUS 110 TTOCIIEI0-
BaTEIbHOCTH reHa wzi 0bu1 BhisiBiieH 21 K-cepotum (Tadm. 2).
K nanbonee BupynentaeiM cepotumaMm K1 u K2 mpunamme-
JKasy 15 mramMMoB OT aMOyIIaTOPHBIX OOJIBHBIX M 7 ITAMMOB
OT I'OCITUTAIM3UPOBAHHBIX MAlMEHTOB. 13 00pa31oB, B3SThIX
OT MAIMEeHTOB C Auapeeit npu noctymieHnn B Mapeknnon-
HYI0 KIMHU4YecKyto 6ompauIly Ne 1 . HoBocuOupcka, 6pu10
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BbIsIBIIEHO 4 mrtamma K47-ceporumna. Eme 11 mrTamMoB
(ceporunbl K22/K30 1 K17) ObutH nosTyueHbl OT NAlMEHTOB
kimmanKn HoBocnbupcekoro HNUU TpaBmaTonoruu u opTore-
qun uM. S1.JL. [usesna (HHUNTO). K-cepoTuit HEKOTOPBIX
IITAMMOB OIPEACIUTh HE YAAI0Ch,; MOXKHO OBLIO JIMIIb 3a-
KJIFOYNUTh, YTO AAHHBIM MITAMM OTHOCHUTCS K HEKOH IpyIie
cepoturioB (cM. Tadu. 2). [To-BuauMomy, Uist TAKHX IITAMMOB
HEO0OX0IMMO MPOBOIUTH CEPOTHITUPOBAHIE UMMYHOJIOTHYE-
CKUMH METOJAaMH WJIM CEKBEHHPOBATh BECH KJIACTEP TCHOB
CHHTEe3a MOJIMCaxapuIHOHN Kancyisl (35 ThIC. 1. H.).
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Table 2. K. pneumoniae and K. quasipneumoniae strains:
serotypes and hypermucoviscosity

K serotype

Number of strains of the K serotype/
number of hypermucoviscous strains

Note. K serotypes were identified by molecular serotyping with the sequence
of the wzi gene.

* The wsi sequence is insufficient for precise serotyping. **
(KQ_1250) belonged to K. quasipneumoniae.

One of the strains

90 r
Outpatient strains

801 B Inpatient strains

Resistant strains, %

Genetic characterization of clinical Klebsiella
isolates circulating in Novosibirsk

KonmnuecTBo runepMyKoUAHBIX Cpean mMTaMMoB K. pneu-
moniae 0T aMOyJIaTOPHBIX ¥ TOCTIUTAIN3HPOBAHHBIX OOJIBHBIX
coctaBmiio 13 n 19 % cooTrBeTcTBEHHO. DTOT (haKTOP MATOTCH-
HOCTH IPUCYTCTBOBAJI y IITAMMOB, OTHOCHUBIIIMXCSI K PA3HBIM
K-ceporunam (cm. Tabm. 2).

DeHoTUNMYECKas PE3NCTEHTHOCTb K aHTMONOTIKam

Cpenu mTaMMOB OT aMOYITaTOPHBIX OOJTBHBIX Yallle BBISBIIS-
Jlach PE3UCTEHTHOCTh K aMIMIMIIIMH/KJIaBy1aHary (Oosee
40 % cmyuaeB), MOYTH HE BCTpEUYaAIach PE3UCTEHTHOCTh K
kapOanenemam, BJIPC nmpomyuuposanu 28 % mTamMMOB.
[rammoB, nponyuupyromux MBJI, ne BeisiBieno. Cpenn
IITAMMOB OT FOCIUTAIU3UPOBAHHBIX ALIMEHTOB PE3UCTEHT-
HOCTB K pPa3HbIM KJIacCaM aHTHOMOTHKOB OKa3aJ1ach BBIIIE (CM.
pucyHok). Ceeime 70 % mTaMMOB OBUTH HETyBCTBHUTEIIEHBI
K 3allUIIEHHBIM MeHuImuInHaM, 6onee 40 % nposBisiun
PE3UCTEHTHOCTD K MeporeHeMy, 11.5 u 60 % mramMMoB ABIs-
nuck nponyuentamu MBJI u BJIPC coorBercTBeHHO. Takxke
CpeJu IITaMMOB OT aMOYJIaTOPHBIX U TOCHHUTAIN3UPOBAHHBIX
MaIMeHTOB OBIJIO BBISIBIEHO COOTBETCTBEHHO 21.7 11 54 % 110-
JMPE3UCTEHTHBIX TaMMOB, 00JIaJaBIITMX YCTOMYMBOCTBIO K
YeThIPeM KJlaccaM aHTHOMOTHKOB.

leHeTnYecKe feTepMUHAHTbI Pe3NCTEHTHOCTM

LITaMMOB OT aMbynaTopHbIX 60/IbHbIX

ITamMMBbl, YyBCTBUTE/IbHBIE K HCIOJIL30BAHHBIM AaHTHOUO-
THKaM. B xoze uccnenosanust Ob110 okazano, 9to 30 (65 %)
mraMMoB Klebsiella spp., MOMydeHHBIX OT aMOYJIaTOPHBIX
OOJIbHBIX, YYBCTBUTEIbHBI K HCIIOJIb30BAHHBIM aHTHOHO-
THUKaM JIMOO PE3NCTEHTHBI TOJBKO K OJHOMY-JIBYM M3 HHX
(tabi. 3). B To e BpeMs y OOJIBIIMHCTBA IITAMMOB OBLIH
oOHapy>KeHBI TeHbI OeTa-JlakTamMa3 ceMeiicTBa shv, a Takxke
XPOMOCOMHBIE T€HBI 0gxA M 0gxB cucteMsl 3¢ iokca, Ko-
TOpasi JOJDKHA CIIOCOOCTBOBATH BHIBEJICHUIO (PTOPXMHOJIOHOB
n3 kietk. Hanudue reHoB 0gxA v ogxB 'y 1yBCTBUTEIBHBIX
IITAMMOB COTJIACYeTCsI C JINTEPATypHBIMH AaHHBIMH, TaK
KaK M3BECTHO, YTO ITU T€HbI IPUCYTCTBYIOT y OOJIBIIMHCTBA
mrramMMoB K. pneumoniae (Yang et al., 2014; Hooper, Jacoby,
2015). IlItamm KP 2634 coneprxan ren aadA, Ho ObLI 4yB-
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Amikacin
Gentamicin
Levofloxacin
Ciprofloxacin

Chloramphenicol
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Table 3. Resistance genes found in outpatient strains sensitive to antibiotics tested

[eHeTnyeckan xapakTepucTnKa KINMHNYECKmX 2021
N301ATOB Knebcvenn, UupKynmpyowyx B HoBocmbupcke

Strain designation
(K serotype)

Strain origin

Detected genes

Antibiotics to which the strain is resistant,
(I) intermediate resistance

KP_270 (K43)
KG_1621
KG_2641
KG_3113
KG_3768
KG_3770

Feces (AEIl), urine

KP_2291 (K25
KP_2646 (K71
KP_2405 (K1)

KA_2531
KA_2891

KP_3632 (K1)
KP_3649 (K1/KN2)

Note. Here and in Tables 4 and 5: KA — K. aerogenes, KG - K. grimontii, KO — K. oxytoca, KP — K. pneumoniae, KQ - K. quasipneumoniae; AE|, acute enteric infection;
DFD, diabetic foot disease. Strain numbers correspond to numbers in the Collection of extremophilic microorganisms and type cultures, Institute of Chemical
Biology and Fundamental Medicine, Novosibirsk. Strains were tested for sensitivity to antibiotics: amoxycillin+clavulanic acid (AMP/CAL, 20/20 ug), ampicillin/sul-
bactam (AMP/SUL, 10/10 pg), piperacillin/tazobactam (PIP/TZB, 30/10 pg), ceftazidime (CAZ, 10 pg), amikacin (AMK, 30 pg), gentamicin (GEN, 10 pg), levofloxacin
(LEV, 5 ug), ciprofloxacin (CIP, 5 pg), imipenem (IPM, 10 pg), meropenem (MEM, 10 pg), chloramphenicol (CLM, 30 pg), aztreonam (ATM, 30 pg); n.t. — not tested.
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Table 4. Resistance genes found in outpatient strains resistant to antibiotics tested

Strain designation Strain origin Detected genes Antibiotics to which the strain is resistant,
B S () intermediate resistance ..o
KP_3041 (K3/K31) Discharge from a septic  blagy, blarg, AMP/CAL, AMP/SUL, PIP/TZB
woundin DFD PHEHG o S
............................................................................................. QXA QX8 T
KA_2420 Feces (AE) e AMP/CAL PIPTZB()
e PV
............................................................................................. Mt ATMCIM
KP_2473 (K47) Feces (AEIl) blag,, CAZ (1), PIP/TZB (1)
L«
............................................................................................. LSO o L)L
KP_2685 (K47) Feces (AEIl) blacry, blagyy, blarg, CAZ, ESBL, AMP/CAL, AMP/SUL

aph6-ld ] T

9ac(6)1b-cr,ogxA ... e
............................................................................................. LTI o L1 WO

KP_2827 (K25) Vaginal smear blag,, CAZ (l), AMP/CAL, AMP/SUL, PIP/TZB (I)
OGXAODB T
............................................................................................. LT .- B
KP_2826 (K9) Vaginal smear blacry, blagyy, CAZ, ESBL, AMP/CAL, AMP/SUL, PIP/TZB (1)

e MK

aac(6)-1b-cr,oqxA,qnrB . e
............................................................................................. LSO OO OO o L1..{ OSSO TSSOSO

KP_2337 (K13/K64) Feces (AEIl) blacry, blagyy, blarg, CAZ, ESBL, AMP/CAL, AMP/SUL

KP_2548 (K2), Urine blacry, blag,y, blaey, CAZ, ESBL, AMP/CAL, AMP/SUL

KP_2576 (K2) - GEN

KP_3597 (K1/KN2) Feces
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CTBHUTEJICH K aMHHOIVIMKO3HMJAM, TOT/Ia KaK PEe3MCTCHTHBIH
Kk munpodiokcanuny mramMMm KP 3425 obmaman, mommmo
TEHOB 0gXA 1 0gxB, nnasMuaHEIM TeHOM gnrS (cM. Tadm. 3).
[To-BuaMMOMY, IPUCYTCTBUE OJIMHOYHBIX T'€HOB PE3UCTEHT-
HOCTH B KJIETKaX KJICOCHEIT HEe BCETa KOPPEIUpyeT C Mpo-
SIBJICHHEM (PEHOTHITNYECKON PEe3MCTEHTHOCTH, HAINYNE KO-
TOPOI1 3aBUCHUT OT IKCIIPECCUH ITHX I'CHOB MIIU MOXKET OBITh
OIIOCPEOBAHO JPYTMMH MEXaHN3MaMH.

IITaMMBI, yCTOHYHMBBIE K HCNOIBb30BAHHBIM AHTHOHO-
THKaM. B 3Ty rpynmny 06111 00beTMHEHBI ITaMMBI, yCTOHYH-
BBIC K TpeM 1 Oonee anTuOnoTukam. I[Ipu 3Tom ycrounBocTh
K IByM WK O0Jiee 3aIluieHHbIM neHumuiHaM (AMP/CAL,
AMP/SUL, PIP/TZB) conpoBoskiaiach HaIMYHEM I'eHOB Ce-
MeHcTB blagyy n blarg), y Bcex mrammoB, kpome KA 2420,
KP 2826 n KP_2827. IIpucyrcrBue rena cemeiicta blacry
BO BCEX CIIy4asiX COIPOBOXK/IAIOCH PE3UCTEHTHOCTHIO K 1e(-
tasugnmy (CAZ) u npoaykuueit BJIPC. Pe3ncteHTHOCTD K
KapOarieHeMaM OblTa BBISBJICHA B JABYX IITaMMax, U3 HUX
KP 3597 conepxkain reH blagy,.4s, a B uramme KA 2420 e
00HapyKEHO HUKAKNX T€HOB PE3UCTCHTHOCTH U3 U3y4aeMOro
crekrpa (taom. 4).

Pesucrentnocts k amuHonuko3uaam (AMK n/unu GEN)
MPUCYTCTBOBaNa y 11 mITaMMOB, HO TOJIBKO y YETBIPEX M3
HUX OBITH HAl/ICHBI TTOCIIEI0BATEIbHOCTH TeHOB aadA n/vmm
aph6-1d. TlocnenoBarenbHOCTh aph6-Id BeIsIBIAIACH Uy
IITaMMOB, HE 00TaJaBIINX PE3NCTEHTHOCTHIO K aMUHOIIIU-
Ko3uaaM (cm. Tadm. 4).

[Tonnas (R) win npomexyrtounas (I) pe3ucTeHTHOCTH
Kk ¢ropxunononam (LEV wu/unu CIP) Gpina BRISBICHA Y
11 mrammoB; y 10 n3 Hux ObUTH HaleHsl rensl aac(6')-1b-cr,
0qxA, ogxB, gnrB n gnrS B paznu4yHbIx koMOnHanmsax. Hamo
OTMETHUTD, YTO MPUCYTCTBUE TOJIBKO T€HOB 0gXA M/uim ogxB
HE KOppeJUpYeT ¢ HATMYUEM PE3UCTEHTHOCTH K (PTOPXUHO-
nonam (cM. Tabn. 3 u 4).

leHeTMYecKMe feTepMNHaHTbI Pe3NCTEHTHOCTM LUTAMMOB
OT rOCMMTann3MpPoBaHHbIX NaLYEHTOB

W3 26 mTaMMOB TOJIBKO MATH HE 0071211 MHOXKECTBEHHOMN
YCTOMYUBOCTBIO K aHTHOMOTHKAM, U 42 % ITaMMOB ObLIH
pe3UCTeHTHBI K KapOarneHemam (tadu. 5). Kak u B mrammax
0T aMOyJIaTOPHBIX OONBHBIX, YCTOMYUBOCTD K e Ta3UIH-
My u nponykuusa BJIPC coBnaganu ¢ mpucyTcTBHeM reHa
cemeiictBa blacry, a yCTOMUUBOCT K KapOareHemMaM Obuia
CBsI3aHA C HATMUUeEM TeHa blapy . 4s. [€H blapyy 43 TAKOKE OBLT
accoruuposat ¢ npoaykuuei BJIPC y mrammos KP 3521,
KP 3522, KP 3533, y xotopbix blacry He BbIsBisics. [e-
HOB KapOarmeHemas ceMeicTB vim, ndm, kpc, imp He OBLIO
obHapysxeno, xors ntaMmbl KP 3521, KP 3526 n KP 3533
oOnajanyu pe3uCTEeHTHOCThIO K KapOareHemaM, MoJiaBJis-
emoii B mpucyrctBun DJITA (cm. Ttabmn. 5). [lo-Bunumomy,
PE3UCTEHTHOCTh K KapOareHemMaM 00ycJIOBICHA IPyTUMHU
TeHETUYECKUMH MEXaHH3MaMH.

[HlecTHannarh MTaMMOB OT TOCTIUTAIM3UPOBAHHBIX MAIH-
enroB (61 %) ObuTH ycTOHYMBBI K aMUHOTITHKO3HM1aM (AMK
n/um GEN), y 12 13 Hux ObUIM BBISIBJICHBI TeHBI aadA w/vinu
aph6-1d. YcTOWIMBOCTH OCTABIIUXCS 4 MTaMMOB OblIa 00y-
CJIOBJICHA JIPYTMMH MEXaHU3MaMH, TaK KaK y HUX He oOHa-
PYXEHBI UCCIIEyeMbIe TeHbI PE3UCTEHTHOCTH (CM.Ta0I. 5).

Pesucrentaocts kK propxunononam (LEV u CIP) 6puta
BbIsiBIIeHa y 20 TaMMOB, y 18 U3 HuX HalieHs! TeHbl aac(6')-
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Ib-cr, 0gxA, 0gxB u gnrS B pa3nu4yHbIx koMOUHaIMsX. Tak xe,
KaK ¥ B MOMYJSILUH IITAMMOB OT aMOYJIaTOPHBIX OOJIBHBIX,
BBISIBJICHHE TOJIBKO TCHOB 0gXA W/WIN 0gxB He KOppeaupo-
BQJIO C HAJIWYMEM PE3UCTEHTHOCTU K (PTOPXMHOJIOHAM (CM.
Tad. 3-5).

O6cyxpeHue

B xome nccinenoBanus cpenn 72 KIMHUYECKHAX IITAMMOB
kieOcuerut ObUTO BBISIBIEHO 57 mramMMoB K. pneumoniae.
U3 15 ocraBmmxcs mtaMMOB ceMb ObUTH OTHECEHBI K K. gri-
montii, 1ATh — K K. aerogenes, nBa — k K. oxytoca n onuH
mramM — K K. quasipneumoniae (cM. Tadmn. 3—5). UersipHa-
1arh M3 3THX 15 MTaMMOB MOKa3ajld YyBCTBUTEIBHOCTh K
OOJIBIIMHCTBY HCIIOIb30BAaHHBIX aHTHOMOTHKOB. Vckitoue-
HueM ctan mramm K. aerogenes KA 2420, ycTroiuuBsiil k
3alMIICHHBIM NEHUIWUIMHAM, UIMUTICHEMY, a3TpEOHaMy U
xsopampeHukomy (cM. Tadm. 4). [Ipu 5TOM HI Y OTHOTO IITaM-
Ma, Bkimodass KA 2420, He BBISBIEHO UCCIENTYyEMBIX T€HOB
PE3UCTEHTHOCTH, KpoMe 0gxA, ogxB y mrammoB KO 2335,
KO 2487uKQ 1250. Bo3MOXHO, TeHETHIECKHE MEXaHU3MBI
PE3UCTEHTHOCTH Pa3JInYHBI Y ITAMMOB KJIEOCHEIT, OTHOCS-
MIMXCS K Pa3HBIM BHJIAM.

OcHOBHYIO Ipo0IeMy AJIS TEPAITHH MPEACTABIAIOT ITaM-
MBI K. pneumoniae, TOCKOIBKY IMEHHO OHU SIBIISTIOTCS TIOJIU-
PE3UCTEHTHBIMH (CM. Ta0. 5). AHanu3 57 mrrammoB K. pneu-
moniae Ha HAJTWYWE TEHOB OeTa-lakTaMas ceMeucTB blagyy,
blargyy, blacry n 6era-nakramas cemeiictBa OXA (blapyy.s,
blapxi.i0, blapys.»s, blapys.ss, blapy,.as M blagy,.ss) BRISIBAI
TeHBI MEPBBIX TPeX CEMENCTB W TeH blapyy 4s. 1TeH blagyy
npucyTcTBOBal Y 84 % amOynaTtopHbIX mraMmoB K. pneumo-
niae co claboBBIPAKCHHOW PE3UCTEHTHOCTHIO (Tal. 3, 6) u
y 100 % pe3uCTeHTHBIX INTAMMOB KaK OT aMOyIaTOPHBIX, TAK
M OT TOCTIUTAIM3UPOBAHHBIX OONBHBIX (CM. Tabm. 4-6). I'en
blargys OTCYTCTBOBANI y UyBCTBUTEIBHBIX K aHTHOMOTHKAM
IITAMMOB OT aMOYITaTOPHBIX OONBHBIX, HO OBIIT 00HAPYKEH Y
80 % pe3nCTeHTHBIX IITAMMOB OT aMOYJIaTOPHBIX OOJBHBIX U
sk y 40 % mTaMMOB OT TOCIMTATN3HPOBAHHBIX MAIUEHTOB
(cm. Tabi. 4-6). Hamuuwme blagyy wwm blarg), He Bceraa co-
YETaJIOCh C PE3UCTEHTHOCTBIO K HCCIIEJOBAHHBIM OeTa-TaKTa-
MaM, TIOATOMY OHU HE MOT'YT OBITh KOPPEKTHBIMU MapKepamMu
PE3UCTEHTHOCTH, B OTIIN4NE OT blacry u blagy 45 (cM. TaOI. 4
U 5), BBISIBIICHHE KOTOPBIX MOXKET OBITH MCIONB30BAHO JUIS
6wicTporo onpenenenus nponykiuu bJIPC u pesucreHTHOCTH
K KapOarieHeMaM COOTBETCTBEHHO.

CornacHO MHOTOIIEHTPOBOMY AITHAEMHOJIOTHYECKOMY HC-
cienoBaHuIo, npoeneHHomy B Poccum B 2015-2016 rr.,
75.6 % HO30KOMHAIBHBIX MITAMMOB K. pneumoniae mpony-
nuposanu BJIPC, 26.5 % mTamMMOB mpogynupoBaId Kap-
6anenemasbl (OXA-48 — 21.5 %, NDM — 4.3, OXA-48 u
NDM - 0.6, KPC - 0.1 %) (CyxopykoBa u zp., 2019). B nzy-
YEHHOH HaM1 BBEIOOPKE ITaMMOB OT I'OCIIUTATU3HPOBAHHBIX
MAIMEHTOB A0JIs mTaMmMoB-tiponynentoB BJIPC Oputa mo-
xokeit (65 %), HO Topaso BBIIE OKa3aach M0 IITAMMOB,
YCTOWYMBEIX K KapOameHemaM W cojep)amux blagyy ss
(56 %); mpu 3TOM TCHOB YCTOMYMBOCTH K KapOarmeHeMaMm
ceMeucTB vim, ndm, kpc, imp HaM1 He BBISIBIICHO.

Cpenu ucciieJ0BaHHBIX T'€HOB YCTOHYHBOCTH K aMHUHO-
mMKo3uaaM aac3, aph6, ant2, ant6, aph(6)-1d, aadA 6vuin
00OHapy>XeHbI TOJIBKO TOCIeAHUe JBa. VIX MpuCyTCTBHE HE
BCET/Ia KOPPEIMPOBAIIO C (PEHOTUITNYECKON PE3UCTEHTHOCTHIO
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Table 5. Resistance genes in strains from inpatients

Strain designation  Strain origin* Detected genes Antibiotics to which the strain is resistant,
AKSCIOWYPR) | et et ) INtErmediate resistance
KG_1801 Discharge from a septic - -
....................................... WOUNAINDED RCH) oo s s s s s s st s e
KP_1819 Discharge from a septic
K21/K13/K46/K61)  woundinDFD(RCH) .
KP_3442 (K47) Pharyngeal swab from

a patient under invasive
ventilation (CCH)

KG_1838 Discharge from a septic
e OUN  DD RCH) e
KA3530 TN RO T LA S
KP_2067 (K2) Surgical wound punctate blag,, PIP/TZB ()
(RITO) - LEV, CIP

KP_3520 (K34/K57)  Pure culture (RITO)

KP_3521 (K2) Pure culture (RITO)
S e
KP_3523 (K22/K30) Urine (RITO)  blaoysss blacry, blagyy, blagey  1PM (1), MEM, CAZ, ESBL, AMP/CAL, AMP/SUL, PIP/TZB
KP_3524 (K22/K30) aadA, aph6-Id AMK, GEN
KP_3528 (K22/K30) ......................................................................................................................................................
KP_3531 (K22/K30) oA, oqxB BV e
KP_3537 (K22/K30) AT, LM
KP_3526 (K22/K30)  Urine (RITO) blaoys 45, blacry, blagyy, blazg,  IPM (1), MEM, CAZ, ESBL, MBL, AMP/CAL, AMP/SUL,
L PIPTZB
aadA,aphé-id AMK, GEN
ogxA,oqxB LBV
n.t ATM, CLM
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End of Table 5
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Strain origin*

Strain designation
(K serotype)

Detected genes

Antibiotics to which the strain is resistant,
(I) intermediate resistance

KP_3839 (K17) Wound discharge (RITO)

* RCH, Railway Clinical Hospital, Novosibirsk-Glavnyy Railway Station; CCH, Central Clinical Hospital, Siberian Branch of the RAS; RITO, Research Institute of
Traumatology and Orthopedics, Novosibirsk; CNMT, Center for New Medicinal Technologies, Novosibirsk.

Table 6. Percentage of K. pneumoniae strains bearing resistance genes

Gene or gene family

blagy, 84

bIaTEM ................................................... 0 ......................
b/aax ................................................... 0 ......................
bldoys s 0

oqu ................................................... 68 ......................
oqu ................................................... 47 ......................
aac(s)/b Cr ......................................... 0 ......................
anB ...................................................... 0 ......................
ans ...................................................... 5 ......................
aadA ..................................................... 5 ......................
aph6 /d ................................................ O ......................

(cMm. Tabm. 3—5), CBUIETENBCTBYS O TOM, YTO PE3UCTCHTHOCTD
K aMHUHOIJIMKO3HUJIaM MOXKET ObITh 00YCJIOBJIEHA U APYTHMH
MEXaHU3MaMH.

W3 22 mrammoB K. pneumoniae, 001aIaBIInX TeHAMH
aac(6")-1b-cr u/umu gnrB/qnrS, pe3uCTEHTHOCTD K (PTOPXHHO-
nonam (LEV u CIP) 6s11a onpenenena y 20 (90 %) mrammoB
(cM. Tabm. 3-5). Crietyet OTMETHTS, UTO TeH gnrB 0OHapyKeH
JIMLIB B TPEX City4asx (CM. Ta0u. 4 1 6) U, BOSMOXKHO, SIBJISIETCS
MaJIoOpacHpOCTPAHEHHBIM B HOBOCHONPCKUX MITaMMax. Tem
He MeHee BeisgBieHue aac(6')-1b-cr n/wm gnrB/qnrS xopo-
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Outpatient strains

Inpatient strains

resistant
100100 ..............................................
...................... 3040
...................... 8065
5 ........................................... 56 ..............................................
...................... 9333
73 ........................................... 33 ...............................................
73 ........................................... 43 ...............................................
...................... 200
...................... 3313
....................... 1 352
...................... 4039

II0 COIvIacyeTcsl C HaJMYUeM (PeHOTHUITMIECKOH PEe3NCTEeHT-
HOCTH M MOYKET OBITh MCIIOJIB30BAHO ISl OBICTPOTO MpecKa-
3aHHs YCTOHYMBOCTH U30JIATA K (PTOPXUHOJIOHAM.
Cumraercs, 4TO TUIa3MHIHBIC TCHBI PE3UCTEHTHOCTH K
(DTOPXUHOJNIOHAM CeMeICTBa gnr 4acTo acCOLMUPOBAHBI C
BJIPC-mipormyumpyrommvu m3omsatamu (Robicsek et al., 2006).
B namem mcciieioBaHNM Takasi aCCOIMAIMS OblIa BEISBICHA
Cpeau mTaMMOB, BbIICJICHHBIX OT aM6yJ'IaTOpHI)IX 60J'H)HI)IX,
Tak Kak 10 u3 12 mrammoB-nipoayterToB BJIPC comeprxanu
reHsl gnrB n/um gnrS (cM. Tadin. 4). B To e BpeMs TOJb-
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ko 3 u3 18 mrammoB-npoayrentos bJIPC, nomydeHHbIX OT
TOCHUTAIU3UPOBAHHBIX MALMEHTOB, COACPKAIN TeH gnrS,
1pu 5ToM 17 13 HUX OBUTH PE3UCTEHTHBI K (PTOPXMHOIOHAM.
OTO CBUAETENBCTBYET O JAPYIMX BO3MOXKHBIX MEXaHH3Max
PE3UCTEHTHOCTH, TAKUX KAaK yMEHBIICHUE MPOHUIIAEMOCTH
MEeMOpaHbI U CBEPXaKTUBHOCTH 3()H(ITIOKCHOW TOMITBI.

3aknioyeHune

Taknm 00paszoM, cpean KIMHIYECKUX IITaMMOB KJICOCHEIT,
BBIJICJICHHBIX y MAIMEeHTOB B I. HoBocHOMpCKe, TOMHUHUpPOBa-
1 mtammbl K. pneumoniae. OOHAPYKEHBI TaKXKe [ITaMMBbI
K. grimontii, K. aerogenes, K. oxytoca u K. quasipneumo-
niae. MeToJI0M MOJIEKYJISIPHOTO CEPOTUITMPOBAHUS IITAMMBI
K. pneumoniae 6vimm otHeceHsl K 21 K-ceporumy; 607b-
IIMHCTBO CPeIy HUX COCTABISUIM BHPYJICHTHBIC CEPOTHIIBI
K1 u K2. BeisiBiieHo, uto mtaMmbl K. pneumoniae obiaananu
HanOOIBIIEH Pe3NCTEHTHOCTHIO K AaHTHOMOTHKAM CPEIIN Pas3-
JIMYHBIX BUJIOB KileOcHeIut. [ eHeTHueckuMy AeTepMUHaHTaMU
PE3UCTEHTHOCTH K OeTa-IakTaMaM B UCCIIEI0BAHHOW HOITYJIst-
WU SBIBSUTACE blagyy, blargy, blacry v blapyy 4. Tlokazanbl
ACCONMAINU MEXy TIPUCYTCTBHEM blacry, blapy 4s ¥ TIpO-
nykiued BJIPC 1 ycTOWYMBOCTBIO K KapOareHeMaM COOT-
BeTCTBEHHO. Cpean MCCleI0BaHHBIX T€HOB YCTOHUHUBOCTH
K aMHHOIVIMKO3MAaM OblIIM OOHApY>KeHbI reHbl aph(6)-1d n
aadA, onHaKo MX HAJM4YHME HE BCETJa COBIAAAJ0 ¢ (heHOTH-
MTUYECKON PEe3UCTEHTHOCTHIO. PE3NCTEHTHOCTE K (PTOPXHUHO-
JIOHaM y OOJIBIIMHCTBA HITAMMOB COTIPOBOXKIa/Iach IPUCYT-
cTBUeM reHoB aac(6')-1b-cr, ogxA, ogxB, gnrB w gnrS B pas-
JMYHBIX KOMOMHAIWSIX. CIeayeT OTMETHTb, YTO IPUCYTCTBHE
OJIHUX TOJIKO T€HOB 0gXA WN/WIN 0gxB HEe KOppennpoBao ¢
HaJIMYUEM YCTOHYMBOCTHU K (PTOPXMHOJIOHAM.
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