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JKCIIepMMeHTa/ibHOe n3yueHue BaAnsIHus SNP TATA-G0KCOB
reHoB GRIN1, ASCL3 n NOS1 Ha B3auMoOJelicTBHue
¢ TATA-cBs3bIBaIOIIM O€JIKOM

E.b. lllapsinosa, I1.A. ApaukoBa, V1.B. Hapaesa, M.IL. IToHomapeunko, A.K. CaBunkoBa ®

DepepanbHbii NccnefoBaTeNbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
® savinkl@mail.ru

AHHoTauusa. leHbl GRINT, ASCL3 n NOST cBA3aHbl C pa3nyHbiMu GeHOTHMaMN HEPBHO-MCMXNYECKMX PACCTPOCTB.
DTV reHbl fenatoT BKag B pa3sutume WwWinsodpeHun, 6onesHein AnbureiMmepa u MapKUHCOHA, SNUENcum 1 Ap. 1 acco-
LMMPYIOTCA TaKXKe C pasfiMyHbIMM OHKOormyecknmmn 3abonesaHuamm. Hanprmep, nosblweHHas skcnpeccna ASCL3
HabsnofaeTca Npy pake MonoYHol xenesbl, NOST — B KNETOUHbIX JIMHMAX paka ANYHMKOB. PaHee Ha OCHOBE HaLmnX
N NUTepPaTYpPHbIX AaHHbIX Mbl MONYYUN pe3ynbTaTbl, CBUAETENbCTBYOWME B NONb3y Toro, yto SNP, HapyLwatowme
3pUTPONO33, C 6OMbLLON BEPOATHOCTBIO MOTYT ObITb CBA3aHbI C KOTHUTVBHBIMU 1 HEPBHO-MCUXNYECKUMU PACCTPOA-
CTBaMM y yenoBeka. B HacToAwen paboTe nccnefoBaHo BAUAHKE BbiABNEHHbIX ¢ momolblo SNP_TATA_Z-tester He-
aHHoTUpoBaHHbIX SNP TATA-60KkcoB npomoTopoB reHoB GRINT, ASCL3 n NOST, yyacTBytoWmx B HEPBHO-NCMXMYe-
CKMX PACcCTPONCTBAX 1 OHKOMOrMYecKnx 3aboneBaHnsx, Ha B3ammogernictane TATA-cs3biBatoLero 6enka (TBP). ns
U3yYeHWs in Vitro KMHeTUYECKUX XapaKTepuCTK obpasoBaHnsa kommnnekcos TBP/TATA 1 adpdrHHOCTY C MOMOLLbIO
meTofa 3ajepxku [HK B rene ncnonb3oBaHbl AByLENOYeUHble ONNIOAe30KCMPUOOHYKNEOTUAbl, NAEHTUYHbIE
TATA-cofepalymm yyactkam npomoTtopos reHoB GRINT, ASCL3 n NOST (pedepeHCHbIM 1 MUHOPHBIM afnenam), n
pekoMbuHaHTHbIN TBP uenoseka. Moka3aHo, Hanpumep, 4Tto annenb «A» rs1402667001 npomoTtopa reHa GRINT no-
BblwaeT apduHHocTb TBP/TATA B 1.4 pa3a, a annenb «C» TATA-60Kkca npomoTopa reHa ASCL3 cHuKaeT adpdUHHOCTD
B 1.4 pasa; Npu 3TOM BPEMA XM3HW KOMMIEKCOB B 060X Clyyasx yMeHbLIaeTcAa NpuMepHo Ha 20 % 3a cueT n3me-
HeHUA CKopocTel obpa3oBaHUa 1 guccoumaumm komnnekcos (k, n ky cOoTBeTCTBEHHO). Hawm sKcneprimeHTanb-
Hble pe3ynbTaTbl COMNAcyoTCA C IMTEPaTYPHbIMU JaHHBIMU, MOKa3blBalOLWMMK HU3KYIO SKcnpeccuto reHa GRINT npu
LWN30dpPEHNYECKNX PACCTPONCTBAX N MOBbIWEHHbIV PUCK BO3HUKHOBEHMA paka LUeK/ MaTK/, MOYeBOro Mny3bips,
noyek 1 NMMGOMbI NPU MOHUKEHHOW dKcnpeccun reHa ASCL3. BnusiHne annens «A» SNP -27G>A (rs1195040887)
npomoTopa reHa NOST runoTeTnyecky MOXeT CBUAETENbCTBOBATb O MOBbILEHHOM PUCKE BO3HUKHOBEHMWA ULIEMU-
YeCcKOoro noBpexaeHna Mo3ra y HocuTtenein. CpaBHeHVe sKCneprMeHTasbHbIX 3HaueHuin adduHHocTr (Kp) TBP/TATA
«guknx» (WT) 1 MAHOPHbIX annenei ¢ MPOrHO3MpyeMbIMU NOKa3ano, YTo AaHHble XOPOLLO KOPPENnpyoT Apyr C
apyrom: KoapduumeHT nuHenHon Koppenauum r=0.94 (p < 0.01).

Kniouesble cnoBa: GRINT; ASCL3; NOST; TATA-csi3biBatowuin 6enok; abdpuHHOCTb; TBP/TATA B3anMogencTame.

Anauyntuposanums: LWapbinosa E.b., ipaukosa N.A., Yagaesa W.B., MoHomapeHko M.I1., CaBuHKkoBa J1.K. SkcneprmeH-
TanbHoe nsyyeHue snuaHna SNP TATA-60kcos reHoB GRINT, ASCL3 n NOS T Ha B3amopeicTeue ¢ TATA-CBA3bIBAOLLMM
6enkom. Basunosckuli xxypHan 2eHemuku u cenekyuu. 2022;26(3):227-233. DOI 10.18699/VJGB-22-29

An experimental study of the effects of SNPs in the TATA boxes
of the GRIN1, ASCL3 and NOS1 genes on interactions
with the TATA-binding protein

E.B. Sharypova, I.A. Drachkova, L.V. Chadaeva, M.P. Ponomarenko, L.K. Savinkova ®

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
@ savinkl@mail.ru

Abstract. The GRIN1, ASCL3, and NOST genes are associated with various phenotypes of neuropsychiatric disorders.
For instance, these genes contribute to the development of schizophrenia, Alzheimer’s and Parkinson’s diseases,
and epilepsy. These genes are also associated with various cancers. For example, ASCL3 is overexpressed in breast
cancer, and NOST, in ovarian cancer cell lines. Based on our findings and literature data, we had previously obtained
results suggesting that the single-nucleotide polymorphisms (SNPs) that disrupt erythropoiesis are highly likely to
be associated with cognitive and neuropsychiatric disorders in humans. In the present work, using SNP_TATA_Z-
tester, we investigated the influence of unannotated SNPs in the TATA boxes of the promoters of the GRINT, ASCL3,
and NOST genes (which are involved in neuropsychiatric disorders and cancers) on the interaction of the TATA boxes
with the TATA-binding protein (TBP). Double-stranded oligodeoxyribonucleotides identical to the TATA-containing
promoter regions of the GRINT, ASCL3, and NOST genes (reference and minor alleles) and recombinant human TBP
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were employed to study in vitro (by an electrophoretic mobility shift assay) kinetic characteristics of the formation
of TBP-TATA complexes and their affinity. It was found, for example, that allele A of rs1402667001 in the GRINT
promoter increases TBP-TATA affinity 1.4-fold, whereas allele C in the TATA box of the ASCL3 promoter decreases
the affinity 1.4-fold. The lifetime of the complexes in both cases decreased by ~20 % due to changes in the rates of
association and dissociation of the complexes (k, and kg, respectively). Our experimental results are consistent with
the literature showing GRINT underexpression in schizophrenic disorders as well as an increased risk of cervical,
bladder, and kidney cancers and lymphoma during ASCL3 underexpression. The effect of allele A of the —27G>A
SNP (rs1195040887) in the NOST promoter is suggestive of an increased risk of ischemic damage to the brain in
carriers. A comparison of experimental TBP-TATA affinity values (Kp) of wild-type and minor alleles with predicted
ones showed that the data correlate well (linear correlation coefficient r = 0.94, p < 0.01).

Key words: GRINT; ASCL3; NOST; TATA-binding protein; affinity; TBP/TATA interaction.
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BBepeHune

Panee ¢ momompio BeO-cepBuca SNP_TATA Comparator
(Ponomarenko M. et al., 2015) u 3KCTIEpEMEHTOB 71 Vitro MBI
n3ydanu Biusaue SNP TATA-O0KCOB KOp-TIPOMOTOPOB Te-
HOB YeJIOBEKa JJIS MPOrHO3UPOBAHMS NOTCHIHATBHBIX SNP-
MapKepoB YCTOWIMBOCTH K IpoTUBOpaKoBoit Teparmu (Typ-
Haes U 1p., 2016), oxupenuto (Arkova et al., 2015), ayro-
MMMYHHBIM 3a0osieBanusimM (Ponomarenko M.P. et al., 2016),
6omne3nn Anpireiimepa (Ponomarenko P. et al., 2017), napy-
meHni nupkaaHoro putMa (Ponomarenko P. et al., 2016) u
sputponodsa ([apsimosa u ap., 2018), aHomManMK JKEHCKOTO
penponykrusHoro noteHmana (Chadaeva et al., 2018), arpec-
cuHoctu (Chadaeva et al., 2016) u ap. 3arem Ha OCHOBE JIH-
TECpaTypHbIX CBe}IeHI/Iﬁ 1 COOCTBEHHBIX JIaHHBIX MBI ITOJTY YT
Ppe3ybTaThl, CBUICTEICTBYIONIHIE B 103y TOTO, 4TO SNP,
HapyIIAIOIIKe 3PUTPOIIOI3, C OOJIBIIOI BEPOSITHOCTHIO MOTYT
OBITh CBSI3aHBI C KOTHUTHUBHBIMHU U HEPBHO-TICUXNUYCCKUMHU
paccrpoiictBamu y gemoBeka (Ponomarenko M. et al., 2020).

Lenp HacTOsIIEH paOOTHI 3aKITI0YAIach B IIOUCKE M OKCIIE-
pUMEHTAaIbHOW BepUDHUKALIH i1 Vitro BIMSHUS HEAHHOTHUPO-
BaHHBIX SNP TATA-60xcoB mpomotopoB reHoB NOSI, GRINI
n ASCL3, y4acTBYIOIIUX B HEPBHO-IICUXUUECKUX PACCTPOIL-
CTBaxX M OHKOJIOIMYECKUX 3a00JieBaHusX, Ha a(PUHHOCTD U
KHHETHYECKHE XapakTepucTuku komriekcoB TBP/TATA.
YcTaHOBIICHNE TPUYUHHBIX PEryJISTOPHBIX MEXaHU3MOB 3a-
00JIEBaHMI CTAHOBUTCS OOBIYHBIM SABJICHUEM, HO OKCIICPUMEH-
TaJbHasi aHHOTAIMS BapHalUi B TEHAX-MHUILIECHSAX, 0COOEHHO
B PETYJIATOPHBIX OONACTSIX, BCE €IIE SIBJISETCS OCHOBHBIM
Y3KUM MECTOM JJI UCITIOJIb30BAHU B HepCOHaJ’II/IBI/IpOBaHHOf/'I
meunuHe. [ToaToMy 3KCrieprMeHTaIbHbIE KOJINYECTBEHHBIE
MeTozbl aHHOTauuu SNP perynatopHbIX paliOHOB KOHKpET-
HBIX TEHOB OCTAIOTCS aKTyaJIbHOM 3a7a4eil. B manHoi paborte
MIPE/ICTABIICHBI IPOTHO3bI BINSHHS HEAHHOTUPOBaHHBIX SNP
TATA-60kcoB reHoB GRINI, ASCL3 u NOSI Ha Tepmou-
HaMHUYC€CKHNE U KNHCTUYCCKUE XapPAKTCPUCTUKN KOMITJICKCOB
TBP/TATA u pe3yasraTsl UX SKCIIEPUMEHTAIBHON BEpUPH-
Kaluu in vitro.

T'en GRINI pacnionoxxeH Ha Xxpomocome 9q34.3, konupy-
et cyosenuunny GluN1 (NR1) penenropa N-metun-D-ac-
rapTara M UrpaeT KJIIOUEeBYIO pOJIb B CHHATHYECKNX (DyHK-
musix (Sin et al., 2002). benok, kogupyemsiii reHom GRINI,
SIBTSIETCSI KPUTHIECKOH CyObeInHIIIeH perenTopoB N-MeTHII-
D-acniaprara, 4JeHOB cynepceMeicTBa KaHaIo0B PELETITOPOB
rIyTamara, KOTOpble TPEICTaBISIOT cO00il reTepoMepHbie

0€eJIKOBbIE KOMIUIEKCHI ¢ HECKOIIBKUMH CYObEAMHUIIAMH, Pac-
TIOJIO)KCHHBIMH TaK, YTOOBI 00Pa30BBIBATH JINTAH/I-3aBUCHMBIH
MOHHBIH KaHal. DTH CyObeIMHUIIBI OY€Hb BaXKHBI B TJIACTHY-
HOCTH CHHAIICOB, KOTOpas, KaK I0JIaraoT, JISKUT B OCHOBE
MaMSATH U 00y9IeHUsL.

IIpoBenennslit Bepseie B padote (Forero, 2020) meTaana-
TU3 ¥ aHam3 cxonumocTH noctymHbx GWES (genome-wide
expression studies) Ayt SMMUIIECTITOICHE3a Y YeI0OBEKa M MO-
JIEIIbHBIX )KUBOTHBIX MO3BOJIMI HACHTH(ULINPOBATh HECKOJIb-
KO IVIaBHBIX T€HOB-KaHIU1aTOB, B ToM uncie GRINI. conb-
30BaHUE MOJIEICH KHUBOTHBIX U IOCMEPTHBIC UCCIICTOBAHUS
MO3ra IalKueHTOB [0Ka3ald, YTO YPOBHU TPAHCKPHIILHMU H
skcripeccun reHa 6enmka GluN|1 npu mm3odpeHnu OTaAnYIaich
OT KOHTpOJICH (YCIIOBHO 3/I0POBBIX JTOOPOBOJIBIIEB), XOTS B
Pas3IMYHbIX OT/IeNIaX MO3Ta IPOUCXOIUITH Pa3HbIe N3MEHEHHUS
(Ding et al., 2017).

CewmeiictBo reHoB achaete-scute complex-like (ASCL) co-
crout u3 natu wieHoB: ASCLI, ASCL2, ASCL3, ASCL4 n
ASCLS5. Ter ASCL3 pacnionoxeH Ha xpomocome 11. TTepso-
HaganmbHO ASCL3 (SGN1) xapakrepusoBaics Kak (akTop
TPAHCKPUIILNH, CIIEIM()UUECKH JIOKATM30BaHHBIN B KIIETKAX
mpoTokoB cioHHBIX kene3 (Park et al., 2017). ITokazano,
YTO HapyIICHHE PETYISINU T'eHOB ceMelicTBa achaete-scute
complex-like (ASCL) urpaeT KIrOUYEBYHO POJIb B MCHXHA-
TPUUECKUX M HEBpOJOTHUecKuX paccrporictBax (Hanahan,
Weinberg, 2011). Bee renst ASCL xoqupyIoT OCHOBHBIE (ak-
TOPBI TPAHCKPUIILMHN CITUPAIIb-TIETIISI-CIIUPalb, KOTOPbIE KOHT-
ponmpytoT pa3BuTHe HepBHOU cuctemsl (Rugel-Stahl et al.,
2012), mosTOMy MX Ha3bIBAIOT MPOHEHPATBHBIMHU I'CHAMH.
Dxcnpeccus reHoB cemerictBa ASCL 1 ux BiIMsIHUE Ha KJIET-
KM HE OTpaHUuMBalOTCs HEPBHOU cuctemoi. Hampumep, ux
JKCIIpeccusi 0OHapyXeHa B KIIETKaxX-TPEAIIeCTBEHHNKAX
BO BpeMsi TUGGEPEHIIMPOBKH MBIIII] M KJICTOK KUIICYHHUKA
(Fox, 1998).

C nomo1pio OMONH(OPMATHIECKOTO aHAIN3a BBISBICHO
[OTEHLIUAIBHOE YYaCTHE HECKOIbKUX IIPEACTAaBUTENICH CEMEN-
ctBa ASCL B BO3HHKHOBEHHH U TIPOTPECCHPOBAHNH OITyXOJeH
IpH pa3nuuHbIX TUNax paka. ASCL3 mposBIIsI MOBBIIIECH-
HYIO 3KCIIPECCHIO TPU pake MoyiouHoi keine3bl (Hanahan,
Weinberg, 2011), Ho HA3KYI0, TIO CPaBHEHHIO C HOPMOH — ITpH
pake ToueK, KN MaTK{ U MOYEBOTO ITy3bIpsL, TUM(OME 1
MellaHOMe. AHaJIM3 Pa3IMYHBIX MOATHIIOB OITyXOJeH IMoYeK
mokasai, 9Tto ASCL3 TposBISI MTOHMKEHHYIO 3KCIIPECCHIO
IIpU TIoueyHOoi oHKonnTOMe. Kak yke 0TMeqaaocs, py JuM-
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(home, pake MIEHKN MaTKH, MOUEBOTO ITy3bIPsI, TOYEK U JITUTE-
7wt OBLITO BRIIBIIEHO CHIbKeHHMe sxcnpeccn ASCL3 (Hanahan,
Weinberg, 2011), 9ro mo3BonsieT paccMarpuBarh 3TOT T€H B
KauecTBE ITOIXOJIEH MHIICHU ISl U3yYEHHs HE TOJIBKO
MICUXUATPHUYECKUX M HEBPOJOTMYECKUX PACCTPOMCTB, HO H
OHKOJIOTHUECKHX 3a00JIeBaHNH.

T'ern NOS1 siBnsieTcst OCHOBHOU M30()OPMOIA CHHTA3 OKCH 1A
a30Ta U IMIMPOKO IKCIIPECCUPYETCSA BO BCEX TKAHSX, MPOIY-
pyst npuomusuTesisHo 90 % NO B 1eHTpanbHON HEPBHOM
cucreme (Akyol et al., 2004). I'en kapTupoBaH Ha XpOMOCO-
Me 12q24. B psige paboT mpoaeMOHCTPUPOBAHO, YTO BapHaH-
TbI NOS! cBsi3aHBI C TAKUMHU PaccTpoiicTBaMu, Kak OOJIe3Hb
Anbureiivepa (Mishizen-Eberz et al., 2004), mmzodpenus
(Shinkai et al., 2002; Saadat, 2010) u 6one3ns [lapkuHcona
(Hancock et al., 2008; Yu et al., 2018). Mcnonp3ys MeTox M0-
JIMMEpPa3HON LIEMTHOW peakiyu ¢ 0OpaTHOM TpaHCKPHITIHEH
(RT-PCR), aBtops! (Freudenberg et al., 2015) moka3zanm, 9to
ypoBeHb dKcrpeccun Oenka Nosl ObUT KOHCTHUTYTHBHO BBI-
COKHM B KJIETOYHBIX JIMHUSIX paKa sIMYHUKOB, YPOBEHb JKC-
npeccuut MPHK NOS' BappupoBai B pa3HbIX JUHUAX KIETOK
paka ssmgHUKOB. COIVIacHO pe3ysibTaTaM IPOBEIEHHOTO HC-
cinenoBanust, NOSI criocoOCTBYeT PyHKIIHOHUPOBAHHUIO KJIC-
TOK paKa SIMYHHUKOB, BKIJIOYAs Mposndepannio, NHBa3HIo U
XMUMHOPE3UCTCHTHOCTh, 00ECNeYrnBas MOTEHINAIBHYIO MH-
ICHb IS JICYCHUSL.

MaTtepwuanbl n metogbl

ITocnenoparensHocTu JHK. HeannotupoBanusie SNP rena
GRINI — 151402667001, rena ASCL3 — 1s1049743008:c u
rera NOSI — rs1195040887 B3sitbl u3 0a3bl maHHbIX dbSNP
(Sherry et al., 2001). [TocnemoBaTeIbHOCTA TPOMOTOPOB B
npenenax [-100; —1] orHocuTensHO TSS (transcription start
site), a Taxxe Haymure B HUX TATA-O0KCOB IOTyueHbI 13 6a3bl
nmauHbix EPD (eukaryotic promotor database) (Praz et al., 2002).

Anaaus nocaenoparenabHocreii JIHK in silico. ITocaeno-
BarenbHOCTH JIHK renoB GRINI, ASCL3 n NOSI 4enoBeka
Mex 1y Hykieotunamu ot —100 10 —1 BBepX OT cTapTa TpaHc-
KPHIIIIH, U3BICUCHHBIE U3 pPe(EePEHCHOTO TCHOMA, aHAJIU-
3MPOBAJIM C TIOMOIIBIO Hamero Bed-cepsuca SNP_TATA Z-
tester, Mmopnduuuposannoi Bepcun SNP_ TATA Comparator
(Ponomarenko M. et al., 2015).

CuHTeTHYeCKHE JBYleN0YeYHbIe OJUI0Ae30KCHPHO0-
HykJgeoruasl (OH). s sxcriepuMeHTalIbHONH MPOBEPKU
ucnons3oBamy O/TH mmmHO# 26 Tap 0CHOBAaHUA, UICHTUIHBIC
pedepeHCHBIM 1 MUHOPHBIM ajutessiM reHoB GRIN1, ASCL3
1 NOSI, xoTopble CHHTE3UPOBAHBI U IOMOTHUTEIFHO OYHIIIE-
HBI ANIeKTpodope3oM B nonmuakpriamunaom rene (ITAAD) B
«bunocan» (HoBocubupck, Poccus).

[TocnenoBaTeabHOCTH JBYLETIOYEYHBIX OJMTOHYKJICOTH-
JIOB, MJICHTUYHBIX ITPOMOTOPHBIM paifoHaM reHoB GRINI,
ASCL3 n NOSI, conepxammm TATA-nonoOHbIe 371€MEHTHI
(pebepeHCHBIC 1 MUHOPHBIC AJIJICIIHN):

GRINI (WT) — 5'-tggagegeg ACAAAGACAgggtggtg-3'

GRINI (-34g>a)—5'-tggaggage ACAAAGACAgggtggtg-3'

ASCL3 (WT) — 5'-tcgaaaaaTAAAATAAA Ataaaacat-3’

ASCL3 (—45T>c) - 5'-tcgaaaaaTAAAAcA A AAtaaaacat-3’

NOSI1 (WT) — 5'-tgtttcct GATAGAA Aaaaaaaatgg-3'

NOSI (-27G>a) — 5'-tgtttcctGATAaA A Aaaaaaaatgg-3'

MeyeHne 0JIMI0/1€30KCHPHOOHYKJICOTH/I0B MO S5'-KOH-
uam 32P-yATP. JIns nonyueHus MEYEHBIX JIBYLENOUEYHBIX
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OJIH o6e nenu metunu 32P-yATP («Buocan», HoBocu-
6upck, Poccust) ¢ momompro T4-mOTUHYKICOTHAKHHA3HI
(SibEnzyme, HoBocubupck, Pocenst), orxuranu npu 95 °C
(B PKBUMOJISIPHOM COOTHOIIEHHUH) M MEUIEHHO OXJIAXKJaIu
JI0 KOMHAaTHOH Temneparypbl. OTOXKEHHbIE TyIUICKCHI OYH-
AT ¥ aHaIn3upoBain anekTpodopesom B 15 % ITAAL B
HeJIeHaTypUPYIOIINX YCIOBUSX C TOCIEAYOLIeH paoaBTo-
rpadwueii Ha pochopumumrepe Molecular Imager PharosFX
Plus (Bio-Rad). Hemeuensie myrurekchl Oydany Tak ske U
UCIIOJIb30BaIM O€3 JONOIHUTENbHON ouncTky B [TAAT.

Broinejenne u ouncTka pekomMouHaHTHOro TATA-
cBsI3bIBalONIero oenka. B pabore ncnoip3oBaan pekom-
ounanTtHbli TATA-cBs3biBatomuii 6enok (TBP) uenosexa,
SKCTIPECCUPOBAHHBIN B KeTKax Escherichia coli BL21(DE3)
c mrazmuasl pAR3038-hTBP (ir06e3H0 penocrasieHa nmpogd.
B. Puhg (IlenTp perymsuu rena, OtaeneHne OHOXUMUU U
MOJIEKYISIpHOHM Omonoruu, YHUBepcUTeT llenscunbpBanny,
CIIA). Okcnpeccnto n ounctky TBP mpoBoaumm cortacHo
(Pugh, 1995), 3a ucknrouennem koutenrpanuu UIITI (1 MM
BMmecTo 0.1 MM) u Bpemenn nHAyKInH (3 9 BMecTo 1.5 1).

KoncranTtpl ckopocTu accounanuu (k,) 1 KOHCTAHTBI
CKOPOCTH auccouuanum (kq), XapakTepusyrome CKOpoCTH
00pa3oBaHMs W pacraia KOMIUIEKCOB, ONPENEIIsN, CHUMAs
kuHeTuKy cBsizbiBanus TBP ¢ TATA-conepkamumu aByLe-
noueunbiMu OJTH, unertuansimu TATA-OokcaM TUKOTO THITA
(pedepencusrnii annens) u TATA-6okcam, Hecymum SNP.
DKCIEPUMEHTBHI BBITIOJTHSIIN C UCTIOIB30BAaHNEM HECKOIBKHUX
kouuentpanuii 32P-OJ[H u GpUKCHPOBaHHON KOHIIEHTPAIUN
TBP (06br9r0 0.4 HM). DKCIIEPUMEHTHI 1O CBSI3BIBAHUIO
TBP/OJIH nposomumu mipu 25 °C B Oydepe, comeprkamiem
20 MM HEPES-KOH (pH 7.6), 5 MM MgCl,, 70 MM KCl,
1 MM DTT, 100 mxr/ma BSA, 0.01 % NP-40 u 5 % rmunepus,
nozipo6Ho cM. (Drachkova et al., 2014). Dnekrpodopes mpo-
BOHUTH B HATUBHOM 5 % [TA AT Ha Tpuc-munuHOBOM Oydepe
(pH 8.3) B Teuenne 40 muH npu temmeparype 10 °C. T'enmu
BBICYIIIMBAJIN U SKCIIOHUPOBAIH ¢ SKpaHoM Imaging Screen-K
(Kodak) miist hochopumumrepa Molecular Imager PharosFX
Plus (Bio-Rad). Dxpan ckarnpoBanu Ha pochopumMuIKepe 1
OCYIIECTBIISIIN KOJMYECTBEHHBIN aHAN3 PagroaBTOrpadoB
¢ momoIpko mporpammsl Quantity One v. 4.5.0 (Bio-Rad).

CratucTHyeckuii aHaIu3 JaHHbIX. CpaBHEHHE IIPOTHO-
3UPYEMBIX M SKCIEPHUMEHTAJIbHBIX 3HAUCHUH apPpUHHOCTH
komriekcoB TBP/TATA «HOpManbHBIX» U MUHOPHBIX all-
Jieield BBITIONHEHO B makeTte nporpamm Statistica (Statsoft™,
CIIA).

Pe3yanaTb| n OﬁCY)K,D,EHI/Ie

TpaHckpuIIys, Kak MpaBuiio, HanOoJIee TyBCTBUTENbHA K
BHYTPEHHUM M BHELIHUM CUTHAJIaM, TIOCTYIAIOIINM B KJIET-
Ky, U SIBIISIETCS] OCHOBHBIM MEXaHU3MOM, KOHTPOJIHPYIOIINM
9KCIIPECCHI0 TeHOB. MBI paccMaTpuBaeM €€ HadaJbHBIN
stan — B3aumozelicteue TATA-cBs3biBatomero oeinka (TBP)
C IPOMOTOPOM, 3aITyCKaroliee COOPKy TPaHCKPUIIIMOHHOTO
KOMITJIEKCA.

Pesynbrarsl BepudUKauu in vitro, cieJaHHbIE C TOMOIIBIO
BeO-cepBuca SNP TATA Z-tester mporHO30B BIUSHUS 3aMEH
B TATA-06okcax renoB GRINI, ASCL3 n NOSI na apdun-
HocTh TBP/TATA, KOTOpBIE BKITIOYAIOT SKCIIEPUMEHTAIbHBIE
3HaueHus adpdunnoctn (Kp) mnsa nukoro tuna (WT) n mu-
HOPHBIX aJulesied M 3HaueHMsl KOHCTaHT accoruanun (k,) 1
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JKcneprMeHTanbHas BepudurKaLmsa in vitro nporHo3oB BAnAHWA rs1402667001, rs1049743008 v rs1195040887
reHoB GRINT, ASCL3 n NOST Ha abPpUMHHOCTb 1 KUHETUYECKME XapaKTepuCTKm Komnnekcos TBP/TATA

MporxHo3 JKCnepuMeHT
-In(Kp) Alnep.  -In(Kp)
GRIN1 WT 17.59+0.08 0.00 14.95+0.05
-34G>a 17.74+0.08 0.15 15.42+0.08
rs1402667001
ASCL3 WT 19.04+0.08 0.00 18.24+0.09
-45T>c 18.75+0.08 0.29 17.90+0.08
rs1049743008
NOST WT 18.56+0.08 0.00 18.77+0.08
-27G>a 18.96+0.08 0.34 18.95+0.08
rs1195040887

MprmeyaHme. «k» — CTaH[apPTHOE OTKNIOHeHNe; K
norapndmuyeckux eaunmnuax; A = —In[Kp, TATAy ] = (=In [Kp, 1a7al); t1/2 = In2/ky.

Kp, HM Alnen.  ky, (MT-c)-10% kg <2107ty MUH

320+50 0.00 1.4+£03 45+04 25.7+3

200+50 2.32 2.8+04 57+0.8 20.3+5
12+5 0.00 7.0+£1.0 8.0+3 144+6
17%3 0.85 6.2+0.5 10.0x1 11.5%1
7020 0.00 2.8+0.3 20x04 58.0+6
59+9 0.18 4.7+04 2.8%0.3 38.0+5

ky/kyi O - pasHnua mexay apdrHHocTbIo TBP K O1H, conepalumm v He copgepxatym SNP, BbipakeHHas B

GRINTWT 5"-tggagggggACAAAGACAGGGTGGTG-3'

-

-

O0H + ++ ++ + + + +4+ 4+ + + + ++ + +++ ++ + ++ + ++ ++ + ++ 4+
TCB + ++ ++ + +.+ +4+ ++ + + F - E o+t + ++ + + ++ + -
" N . .- o B o v
TCB-OOQH
Bpems, MuH I2 51020 3060 90120I I2 5 1020 3060 90120I I2 5 1020 3060 90120I I2 51020 3060 90120I
32p-Q[IH, HM 30HM 60 HM 120 HM 240 HM
GRINT SNP -34G>a 5'-tggaggaggACAAAGACAGGGTGGTG-3’
O0H + ++ ++ + + + +++ + + + A+ 4+ + + 4+ + + ++ o+
TGB +++ ++ + + + ++ + + + + + - 4+ + A+ + 4+ + + + 4+ + + 4+
TCB-OfH ¢ i

Ceo6. OH

Bpems, MuH

L2 51020 3060 90120,

(2 510203060 90120, 2 5

1020 3060 90120 251020 3060 90120

32p-OfiH, M 30 HM 60 HM

120 UM 240 HM

Puc. 1. Snektpodoperpammbi, NosTyYeHHbIe NPV N3MEPEHUN KMHETUYECKUX n30TepM cBA3biBaHMA TBP ¢ O[JH, naeHTuuyHbIMK
TATA-anemeHTy npomoTopa reHa GRINT (WT) n muHopHomy annento «a» (SNP -34G>a).

muccoranui (ky), OTpakaroUIIX CKOPOCTH 0O0pa30BaHUS U
pacnana komiuickcoB TBP/TATA, npezacraBieHsl B TaONHUIIE.
[IpuBeneHHBIC B TAONNIIE JAHHBIE TOTYYEHBI C TOMOIIBIO
metona EMSA. Ha puc. 1 B xadecTBe mpumMepa Mnoka3aHbl
anexTpodoperpamMmsr 1iist reHa GRINI.

Kak BumgHO M3 pe3ynpraToB Tabmuusl, cpoactso TBP/
TATA B cityuae rena GRINI nuxoro tuna (WT) MoxHO oxa-
pakTepu3oBaTh Kak Huskocrneuugpuueckoe (Kp= 320 HM).
[TocnenoBarensHocTs TATA-amemenTa xotst u AT-Ooraras
(ACAAAGACA), Ho Tpetnii «T», nMeronmii MakcCUMaIbHBIH
Bec B TATA-Ookce, orcytcTByeT. Kpome Toro, koHpopmanu-
OHHasl INTACTHYHOCTH TPEX «A», KOTOPBIX SIBHO HEJOCTATOYHO
JuIs 00pa30BaHMs HYXHOM KOH(OPMAIMK ISl CBSI3BIBAHUS
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TBP, 3a0mokupoBana ¢ JByX CTOPOH TYTOIIaBKUMH «C» U
«G». 3amena (—34G>a) Bo ¢uankupytomeit TATA-anemenT
MOCJIE/IOBATEIbHOCTH HE yBEJIMUMBACT 3HAYUTEIILHO IIACTHY-
HocTh 3T0T0 YuacTka JJHK, onqHako y MHHOpHOTO ajuiens 1o
CPaBHEHHIO C IMKUM THIIOM CPOZCTBO YBEINYNBACTCS TIOUYTH B
1.4 paza (Kp =200 HM), a ckopocTs 00pa30BaHMs KOMITIEKCOB
TBP/OJIH — B 2 paza (1.4 u 2.8 M~!- ¢ 1) (puc. 2). Hemuoro
Bo3pacraet (Ha 20 %) ¥ CKOPOCTh AUCCOIHMAIIH KOMILJICKCOB B
CllydJae MUHOPHOTO ajuienisi. Bee 310 mpuBoauT K HEOOIBIIOMY
YMEHBIICHUIO BPEMEHH TOTypactiaia KOMIUIEKCOB — ¢ 25 110
20 MuH, T. €. IeNlaeT UX MeHee MPOYHbIMU. M3 mocienoBarelib-
HocTH ncnoib3dyemoro OJIH, koTopast MAEHTHYHA Yy4acTKy
IpOMOTOpHOW obmnactu rena GRINI, BUIHO, YTO ITPOMOTOP
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Puc. 2. KuHeTuyeckue nsotepmsl cBAsbiBaHusa TBP ¢ OOH, ngeHtnyHbimu TATA-60Kcy npomoTtopa reHa GRINT (WT) (a) u muHopHoMy anniento «a» (6).

V130Tepmbl CBA3bIBaHNA, 3HaYeHNA Kk, U ky NONyyYeHbl Ha OCHOBaHUM anekTpodoperpamm (cm. puc. 1) ¢ nomoubio nporpammel GraphPad Prism 5.

HE COIEPKUT KOHCEHCYCHOH mocnenoBarenbHOCTH TATA-
Ooxkca, Ho conepkuT G-0orarhlit OOKC, KOTOPBIH CBSI3bIBACTCSI
T® SP3, 9T0 aKTHBHPYET TPAHCKPHIILINIO TEHOB B IMOpPHO-
HaJIbHBIX KOPTUKAJIBHBIX HEHPOHAX LBITUICHKA M PEIpPEecCH-
pyet B HequddepernupoBanubix kierkax (Chaudhary et al.,
2017), xak moka3zaHo TpH uccieqoBaHny reHa GRIN KypHIIbL.

[Monyuennas namu Huskast ahpduaaocts TBP ¢ TATA-mo-
JOOHBIM 251eMeHTOM npoMoTtopa GRINI, xotopast Koppeiu-
pyeT ¢ Hu3Koi 3kcmpeccueii rena (Liu et al., 2019), cormacy-
eTcs ¢ pe3yJabTaTaMy O HU3KOH SKCIIPECCHH T'eHa MPH IIH30-
(hpeHUYECKHX PACCTPOICTBAX HAa MOJICIIBHBIX )KUBOTHBIX. Ha
OCHOBaHHUH HAIINX JaHHBIX O MOBHIIeHNN apdruaHocTH TBP/
TATA nns munopHOTO amrens «a» (rs1402667001) runore-
THUYECKH MOYKHO MPEATOI0KHUTh, YTO HOCHTEIIN 3TOTO aJlIesist
MMEIOT TOHMKEHHBIH PUCK BOSHUKHOBEHUS IN30()PEHUH 110
CPaBHEHHIO C HOCUTEISIMHI MakopHoTo ayutenst «Gy. Creyer
OTMETUTD, YTO HECMOTPA HAa aKTUBHBIC UCCJIEJOBAHUA, POJIb
GRINI B >THONMOTHH MHM30(PEHUH OCTACTCS A0 HEKOTOPOH
crernenn HeonpenesneHHor. Tak, X. Zhao ¢ komneramu (Zhao
et al., 2006) paccMaTpuBaiin CIIy4ali-KOHTPOJIb, YTOOBI U3Y-
YUTH CBSI3b MEXIY TeHoM GRINI m puckoMm mm30(ppeHnH B
MOMYJSIIUY CeBepHO yacTi KuTas ¢ Bcnosib30BaHNEM CeKBe-
nHuposanus J{HK no Canrepy. Pacipenenenue kak reHOTHIIA,
Tak 1 ayens rs117783907 (—1945G/t) nocToBepHO pa3nuya-
JIOCh MEK/Ty CIIy4aeM M KOHTPOJIbHOM rpymmoii (p < 0.0083).
Yacrotsl reHoTunoB 15138961287 n rs11146020 Toxe craTu-
cTHYeCKHU pa3nuyaiuch (p < 0.05), uTo yka3pIBaeT Ha TO, 4TO
rs138961287, rs117783907 u rs11146020 cBsi3aHbI ¢ MIH30-
(hpenueii. B nipyrom mccie10BaHUK aCCOIHALINN B CEBEPHOU
KATAHCKOHM MOMy sy XaHb COOOIIANIOCH, YTO AJJIeNb «C»
rs11146020 camxaer puck mmzodpennu (Begni et al., 2003),
TOTIa KaK B UTAJBSIHCKOM TOMYJISILIMU ATOT aJljIellb SIBIISUICS
(haxTopom pucka muzoppernn (Saadat, 2010). Kpome Toro,
B pe3ynbTare MeTaaHanmsa B padore (Zwicker et al., 2018)
CZIeNIaHo MPEOIOKEHHUE, UTO ajuienb «c» rs11146020 moxeT
OBITh CBSI3aH C MOBBIIIEHHBIM PUCKOM Pa3BUTHS IN30()PEHNH.
Taknm 00pa3om, pe3yabTaThl IPOTHBOPEUNBLIC. BeposiTHO, B
Pas3IMYHBbIX S THUYCCKUX I'pyNIiax BIUAHUC DKOJOTHYCCKUX U
TEHETHYIECKNX (PaKTOPOB U MX B3aMMOJCHCTBHE MOTYT Pa3-
JMYaThCS 110 BIMSHHUIO HAa PUCK IICHXWYECKUX PACCTPOMCTB
(Zwicker et al., 2018). BeposiTHOCTh pa3BUTHSI TICUX03a BO3-
pacTaeT Mo Mepe HAKOIUICHUS] MHOTOYHCIICHHBIX BapUaHTOB
TEHETHYECKOTO PUCKA M BO3JICHCTBISI MHOXXECTBEHHBIX HeOla-
TONPHATHBIX (PaKTOPOB OKpyKatomiel cpezpl (Gray etal., 2015).

J. Ding ¢ xommeramu (Ding et al., 2017) uccrenoBanu
9KCTIPECCUIO OOIBION I'PYIIIBI TEHOB B TOCMEPTHOM MO3TE

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

MAIMEHTOB ¢ OONBIINM JICTIPECCHUBHBIM PACCTPONCTBOM U
KOHTpOJIEeH. Pe3ynbrarsl 10Ka3ai1u IOBBILIEHHbIE YPOBHU 9KC-
TIpeccry OONBIINHCTBA ITyTaMaTepriudeckux reHoB (GRIN,
GRIN2A-D, GRIA2-4, GRIK -2, GRMI wn np.), npoTecTupo-
BaHHBIX B JIOPCOJIATEPAIBHOM MPePpOHTATIBHOI Kope (B OC-
HOBHOM Y >KeHIIHH). McX0Zst M3 3THUX JaHHBIX MOXKHO TIpei-
MOJIOKUTH, UTO HccraenoBaHHbIA HamMu 151402667001, yBenu-
yuBatoumii appunHocts TBP k TATA-11ono6HOMY 351eMeHTY,
THITOTETUYECKN MOXKET ObITh KaHIu1aTHBIM SNP 1moBbImIeH-
HOTO pHcka mm3odpernn. HecMoTpst Ha poTHBOpEUYNBEIE
pe3ynbrarel, Z. Zou ¢ COaBTOpaMM CUHUTAIOT, YTO CBSI3b I€Ha
GRINI c mm3odpenHneii 1 IpyruMH IICHX03aM1 HEOCTIOPHMA, a
Kozpyemast M cyonseuauna NR 1 MoxeT ObITh epcrieKTrB-
HOH TepareBTUYECKOi MUIIEHBIO IJIsl JICUSHHUS! N30 peHUH
(Zou et al., 2020).

Kak BuaHO M3 NpHBEAECHHON MOCIEN0BATEIBHOCTH TPO-
MoOTOpHOro paiiona reHa ASCL3, nAEHTUYHON y4acTKy, e
00pruHO pacnonoxkern TATA-6oke (—20, —70 m. 0. ot crapra
TPAHCKPUIINH), OHA o0oraiieHa HyKJIeoTHAaMH «A» U Co-
JepkuT «T», KOTOpbI UMEET MaKCUMaJIbHBIA BEC B IIOCIIE-
noBaTenbHOCTH TATA-OOKCa W MOXET 3aHUMATh TPEThE
MOJIOKEHUE B JAaHHOM ciyvae, npu cBsizpiBanuu ¢ TBP. Tlo-
9TOMYy MBI HaOmonaem Bbicokyto apduuuocts TBP/TATA:
Kp = 12 aM. SNP 45T>C (rs1049743008), 3amenstommii
«T» Ha TyromnaBkuii «C», IPUBOIUT K CHIDKCHUIO apuH-
HocTH B 1.4 pasa (Kp = 17 HM), X0Ts CKOpOCTh 00pa30BaHUs
komrutekcoB TBP/TATA Bo3pactaet HesHaunTenbHO (12 %),
a CKOpPOCTh IHCCONUanuu HeMHOro Oombiie — Ha 20 %.
B pe3ynbrare Bpems MOIYKU3HH KOMIUIEKCOB C MHHOPHBIM
ajyeneM Takke HeMHOTo cokpamraercs (14.4 u 11.5 mun), T. €.
YMEHBIIACTCS X ITPOYHOCTB. Mcxo/s 3 TOro, 4TO M3MEHEHHE
appunnoctu B3aumoneiicreusi TBP/TATA koppenupyer c
n3MeHeHneM 3kcnpeccuu rera (Mogno et al., 2010), MoxxHO
MPEIIONOXKHTE, YTO HOCUTENH ayutens «C» ¢ TOHMKEHHOH
appunnocTeio TBP/TATA (u sxcripeccueit ASCL3) umeror
MOBBIIIEHHBIN PUCK BOSHUKHOBEHUSI OHKOJIOTHYECKHX 3200-
JIeBaHMI — paKa MEWKN MaTK{, MOYEBOTO Iy3bIPsl U MOYEK,
auMpombl, dmuTenus. [1oATBEpkKIAOT 3TO MPEANOI0KEeHNE
u pe3yasrarhl nceaenosanus (Hanahan, Weinberg, 2011), aB-
TOPBI KOTOPOTO MOKA3aJIH, YTO IATh U3 21 MpoaHaIn3upoBaH-
HOI'0 MU THIIA OILYXOJIEH UMEIIU KOPPEJIALIUIO C TIOHUKECHHON
B pa3HOii cremnenn sxcnpeccueit ASCL3.

IIpomotop rera NOS! conepxutr TATA-momoOHBIN 3iie-
MeHT ¢ nocienoBarenbHocThio GATAGAAA, ¢ koTopoit
TBP B3anmoneiictByeT ¢ adpdurHOCTHIO 70 HM. [IpH 3amene
TyrormiaBkoro «G» Ha «A» apUHHOCTh HE3HAYUTEIILHO I10-
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Puc. 3. [loctoBepHasa Koppenauna mMexay us-
MepPEeHHbIMM SKCMepPYMeHTaIbHO BeMUYMHaMM
adduHHocT TBP/OHK un npepckasaHHbIMU
in silico ¢ ncnonb3oBaHuem Beb-ceparca SNP_
TATA_Z-tester.

LLITprxOBbIMM NMMHUAMMN NOKa3aHbl rpaHuLbl 95 %
[l0BepUTENIbHOrO MHTepBana AnA NNHUW perpec-
CUVi; OLIEHKW CAenaHbl C UCMOob30BaHeM nakeTa
Statistica (Statsoft™, CLUA).

Beimaercs, Ha 14 % (Kp = 59+ 9 uM).
[Tpu 3TOM CKOPOCTH 0Opa30BaHUS KOM-
wiekcoB TBP/TATA (k,) Bo3pactaer B
1.7 paza, cKOpOCTh AUCCOIMALIMH KOM-
wiekcoB (ky) — B 1.4 pa3a, a Bpemst xKu3-
HHU KOMIIJIEKCOB COKPAIAETCsl ITOYTH B
1.4 paza.

Ha ocHoBanum pe3ynbraTtoB paboThI
(Zou et al., 2020), cBUOCTENBCTBYIO-
IIMX O TOM, 9YTO HHTUOUTOpBI NOSI MO-
ryT 3G (PEKTUBHO CHUKATH CTEIICHB UIIIC-
MHUYECKOTO MOBPEKJCHHUS TOJIOBHOTO
MO3Ta, THITOTETHYECKA MOXHO TpeJIIo-
JIOKUTb, 4TO ajutesib «A» (SNP-27G>A,
rs1195040887) ¢ moBbImIeHHO¥ ah HUH-
Hoctbio TBP/TATA n skcnipeccueii reHa
MOXKET OBITh KaHAWIATHBIM JUIS TIOBBI-
IIEHHOTO PHCKA BO3HUKHOBEHMS HIIIE-
MHYECKOTO TIOBPEXICHHSI MO3Ta, CBSI-
3aHHOTO C 1epeOpaIbHBIM MapaTHIOM.
Ces3p NOS! ¢ pa3nuaHbIMHE 32007€Ba-
HUSIMH TIpEJIIIOJIaraeT IiIeHoTpOITHYO
poinb NOS! Bo MHOTHX (u3MOIOTHYE-
CKHX TIPOIECCaxX M, BEPOSITHO, MOTEH-
IIUATIBHO OOIINI TaTOMEXaHU3M.

CpaBHEHHE HKCIIEPUMEHTAITHBIX 3Ha-
yeHnii cpoacTsa (Kp) komruiekcoB TBP/
TATA pedepeHcHbIX (HOpMa) 1 MUHOP-
HBIX aJjiesiell ¢ MPOrHO3UPYEMBIMH C
momorsio Beb-cepsruca SNP TATA Z-
tester (Ponomarenko M. et al., 2015)
M0Ka3ajo, YTO JaHHbIE XOPOIIO KOp-
penupyoT apyr ¢ apyrom (puc. 3).
Koadduiment nuHelHON Koppensiuu
r=0.94(p<0.01).

Wrax, mb1 onpenennan ahpPpUHHOCTD
W KMHETHYECKNE XapaKTePUCTUKH B3a-
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umonericteust TBP ¢ TATA-6okcamu, comepkainumMu HeaHHOTHpPOoBaHHBIE SNP,
KOTOPBIC MOTYT OBITh MOTCHIIHAILHO ()YHKIIMOHATIBHO 3HAYMMBIMH U aCCOLIMUPO-
BaHbI C TIOBBIIIICHHBIM PUCKOM BO3HUKHOBEHUS TAKHX HEPBHO-TICUXHATPHUUECKUX
3a00JIeBaHMH, KaK HIIIEMUYECKOE TIOBPEKICHIE MO3Ta, CBI3aHHOE C IIepeOpaTbHBIM
napajgnyoM, MU30(QPEHUS U JIp., @ TAKIKE BOSHUKHOBEHHUS OHKOJIOTHYECKHUX 3a00-
JICBaHUH — paKa MCHKH MaTK{, MOYEBOTO ITy3bIPS U IMOYCK, TUM(OMBI U JITUTEIIHU.

3aKntouyeHue

[omy4yeHHbIe pe3yIIbTaThl TOKa3bIBAIOT BIMAHUE BBIIBICHHBIX SNP (151402667001,
rs1049743008 m rs1195040887) TATA-00kcoB mpomotopoB reHoB GRINI, ASCL3
u NOS1 na apduaHOCTS U cCKOpOocTH 00pazoBanus (k,) 1 pacnana (ky) KOMIUIEKCOB
TBP/TATA. DkcriepiMeHTaNbHBIC JaHHBIE CBUACTENBCTBYIOT B TIOJB3Y TOTO, YTO
BBISIBJICHHBIC KaHAMaTHble SNP-Mapkepbl HEHpOHAIBHBIX T€HOB MOTYT JIeJIaTh
BKJIQJl B Pa3BUTHE KaK HEPBHO-TICUXWYECKUX, TAK M OHKOJIOTHUYECKHUX 3a0oeBa-
HUH, 4TO COMIACYeTCs C JINTEpaTypHbIMU NaHHBIMU. Pesynbrarsl BiusHus SNP
Ha apduunocTs TBP/TATA u, cienoBarenbHo, Ha KCIPECCHUIO PACCMOTPEHHBIX
TEHOB MPEATNOIATaloT X BO3ZMOXKHYIO POJIb B TOBBIIIEHHOM PHCKE BOSHUKHOBEHUS
3a00JIeBaHUH, KOTOPBIE ACCOLMHUPYIOTCS C STUMHU T'€HAMU, M UIMEIOT ITOTSHIN A JUTs
YITyUIISHHUS 310POBbsI YETIOBEKA M pa3padOTKH HOBBIX IMArHOCTHYECKUX MAPKEPOB.
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PoJIb HAHOYACTUIL BLICOKOAVICIIEPCHOT'O KpeMHe3eMa
B peanmnsauum 3p@PEeKTOB rpaHy/ie3bl HA KOMIIETEHTHOCTbD
K CO3pEeBaHUIO U OIVIOOAOTBOPEHUIO OOIIUTOB Sus scrofa domesticus

T.J. Kysbmuna! @, V.B. Yncrsaxosal, A.O. IMpuryxasosa! @, A.H. Tatapckas?

T Bcepoccuiickiii HayUHO-CCeA0BATENbCKUI UHCTUTYT FeHETUKM 1 Pa3BeeH A CeNbCKOXO3ANCTBEHHBIX KIBOTHBIX — Gunnan QefepanbHOro HayuHoro
LieHTpa »K1BoTHOBOACTBA — BUXK nm. akagemuka J1.K. IpHcTa, MywknH, CaHkT-MNeTepbypr, Poccns

2 NleHnHrpaaCKuii rocyfapctBeHHbi yHuBepcuteT um. A.C. MywkuHa, MywkuH, CaHkT-MeTepbypr, Poccna
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AHHOTaLuA. PenpoayKT1BHbIE TEXHONOMMN ABAATCA OQHUM M3 KNIOYEBbIX HanpaBneHnii B yCNoBUAX HEOOXoaUMO-
CTN COXPaHeHWA 1 0TOOPa BbIAAIOLWMXCA MO XO3ANCTBEHHO MOJIE3HBIM NMPU3HaKaM 0Cobell CenbCKOX03ANCTBEHHbIX
KMBOTHbIX. COBEPLUEHCTBOBaHME NMEIOLLMXCA MOAENEN CO3peBaHA OOLUTOB in vitro B pa3nnyHbIX Bapuauuax crno-
COGCTBYET peLleHuto MPo6sieMbl H3KOTO BbIXOAa SMOPUOHOB CBUHEN Ha 3aBepLUAOLLMX CTaAUAX AOMMIIaHTaLu-
OHHOrO pa3BMTUA. B HacToAwWweM nccnefoBaHUM C UCMONb30BaHMEM TEXHONOMUM CO3PEBaHMNA U OMOAOTBOPEHMSA
IOHOPCKMX OOLIMTOB CBUHEN in Vvitro npefnoxeHa Mofesnb cpeabl ana KynstusmposaHus ramet (NCSU-23 ¢ 10%
romMosiIorMyHon donnmkynsapHom xugkoctbto, 10 ME XY n 10 ME XTI nowagw), MogepHU3MpoBaHHas BBeAeHneM
1-108 knetok rpaHynesbl (KM Ha 1 M cpeabl 1 0.001 % HaHOYACTWL, BBICOKOAUCTIEPCHOIO KpeMHeseMa (HBJIK). AHa-
N3 cTaTyca XpoMaTHa OOLMTOB MO MeToAy TapKOBCKOTO 1 OLieHKa YPOBHA AECTPYKTUBHbIX U3MEHEHWIA XPOMaTUHA
COMaTMYeCKMX K1eTOK oBapurabHbix GOMIMKYNOB (aNONTo3, NMMKHO3) BbIABUAN 3HaUYMTEIbHOE MOBbILIEHVE MOKa-
3aTeniell ANEPHOro CO3PEBaHNA raMeT U CHUXEHVE JONN KNETOK rpaHynesbl ¢ AereHeprpoBaHHbIM XPOMATVHOM
npy NPUMeHeHUN pa3paboTaHHON CUCTEMbI KynbTUBUPOBaHUA. OBHapy»KeHO MNO3NTUBHOE BJIMAHNE COBMECTHOO
BBefeHuA KI n HBIK B cuctemy fo3peBaHus, NO3BOMBLUETO YBEANUYNTD MNOKa3aTeNM MENOTUYECKOrO CO3peBaHNA
1 OMI0A0TBOPAEMOCTY 0OLMTOB. ONTManbHble Nokasatenu ¢epTUAbHOCT OOLUTOB JOCTUMHYTbI NPY COYETaHHOM
MCMosb30BaHMK B cucteme fospesanus KI v HBK (mona co3pesLumnx knetok gocturna 89 %, yposeHb OOLUTOB C fie-
reHepauvei xpomocom coctaBun 12 %, 39 % sM6PUOHOB AOCTUMIM 3aBepLUaloLLeN CTagumn JOMMMIAaHTALNOHHOIO
pa3suTnA). NonoxutenbHbln 3dpdekT HBK Ha nokasaTeny onnofoTBOPAEMOCTM OOLUTOB CONPOBOXAANCA PE3KMM
CHVXKEHMeM JeCcTPyKTMBHbIX npoleccoB B KI' npu nx KynbTMBNpoBaHUK B npucyTcTBun HBAK. YpoBeHb NnkHO308B
coctaBun 32 %, a yposeHb anonto3oB (TUNEL-test) — 21 % no cpaBHeHuto ¢ KoHTponem (43 1 31 % coOTBETCTBEHHO,
p<0.01). Takum o6pa3om, BbiiBNeHa BbiCOKasa 3GPeKTMBHOCTb CMCTEMbI CO3PEBAHUA OOLMTOB CBUHEN B YCIIOBUAX
COBMECTHOTO KOKYNbTUBMpoBaHuaA rameT ¢ KI' u HBAK, uto no3sonseT pekomeH[oBaTb MOAeNb pa3paboTaHHoOW cpe-
[bl B TEXHOJNOT MM SKCTPAKOPMNOpPanbHOro CO3peBaHuWsA )KEHCKUX raMeT Sus scrofa domesticus pnisi NOBbILWEHNA Kade-
CTBa [JOHOPCKUX ANLEKNETOK, NCMOJb3YeMbIX B KNETOYHON U FreHETUYECKON NHXKEHEPUN.

KnioueBble c10Ba: 0OLMUTbI CBUHEN; CO3PEBaHMe in Vitro; HAHOYACTULbI BbICOKOAMCMEPCHOrO KpemHesema; anonTos;
rpaHynesa.

Ana yntuposaumsa: KysbmuHa T.N., Ynctakosa U.B., Mputyxanosa A.O., Tatapckasa [.H. Ponb HaHOYacTUL, BbICOKO-
LMCNEepCHOro KpeMHesema B peanmsaummn 3GpeKToB rpaHysiesbl Ha KOMNETEHTHOCTb K CO3PeBaHNIo 1 OMI0A0TBOpE-
HUo ooumnTOB Sus scrofa domesticus. Basunosckul )xypHan eeHemuku u cenekyuu. 2022;26(3):234-239. DOI 10.18699/
VJGB-22-30

The role of highly dispersed silica nanoparticles in the realization
of the effects of granulosa on the maturation and fertilization
competence of Sus scrofa domesticus oocytes

T.I Kuzminal @, LV. Chistyakoval, A.O. Prituzhaloval! @, D.N. Tatarskaya2

T Russian Research Institute of Farm Animal Genetics and Breeding — Branch of the L.K. Ernst Federal Research Center for Animal Husbandry,
Pushkin, St. Petersburg, Russia
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Abstract. Reproductive technologies are some of the key directions in the context of the need to preserve and
select highly productive farmed animals in terms of economically useful traits. Improvements of the existing models
of the in vitro oocyte maturation system help to solve the problem of low yield of porcine embryos at the final stages
of preimplantation development. In the present study, a model of culture medium for gametes (NCSU-23 with 10 %
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Ponb HaHouYaCTVIL, BbICOKOAMCNEPCHOTO KPEMHE3EMa B peanvisaLum
3¢ deKTOB rpaHynesbl Ha Co3peBaHne OOLUTOB CBUHEN in Vitro

homologous follicular fluid, 10 IU hCG and 10 IU eCG) modernized by the addition of 1-10° granulosa cells (GCs) per
ml and 0.001 % of highly dispersed silica nanoparticles (HDSn) is proposed for use in the IVM and IVF technology
of donor porcine oocytes. Analysis of the oocyte chromatin status by the Tarkowsky method and assessment of
the level of destructive changes in chromatin (apoptosis, pyknosis) revealed a significant percentage increase in
matured oocytes and a decrease in the proportion of granulosa cells with degenerated chromatin when using the
original culture system. The positive effects of a joint addition of GCs and HDSn to the maturation system have
made it possible to increase the indicators of the meiotic maturation and fertilization of oocytes. Optimal results
of developmental competence of oocytes were achieved with the joint use of GCs and HDSn in the maturation
system (the proportion of matured cells reached 89 %, the level of oocytes with chromosome degeneration was
12 %, 39 % of embryos reached the final stage of preimplantation development). The positive effect of HDSn on
oocyte fertilization was accompanied by an abrupt decrease in destructive processes in GCs during culture in the
presence of HDSn. The level of somatic cells with pyknotic nuclei was 32 % and the level of apoptosis (TUNEL-
test), 21 %, compared with the control (43 and 31 %, p <0.01, respectively). Thus, a high efficiency of the porcine
oocyte maturation system in the joint culture of gametes with GCs and HDSn was revealed. It makes it possible to
recommend a model of this culture medium at the IVM of female gametes of Sus scrofa domesticus for improving the
quality of donor oocytes used in cell and genetic engineering.

Key words: porcine oocytes; maturation in vitro; highly dispersed silica nanoparticles; apoptosis; granulosa.

For citation: Kuzmina T.l, Chistyakova I.V,, Prituzhalova A.O., Tatarskaya D.N. The role of highly dispersed silica nano-
particles in the realization of the effects of granulosa on the maturation and fertilization competence of Sus scrofa
domesticus oocytes. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2022;26(3):234-

239.DOI 10.18699/VJGB-22-30

BBepeHune

Knerounsie peniponykruBHbie u JIHK-0noTexHONMOT I UTpatoT
B)KHYIO POJIb B MFHTCHCH(DHKAIINH CEJICKIIMOHHOTO ITpoliecca
B )KUBOTHOBO/ICTBE, IIOCKOJIBKY OHU ABJIAIOTCA MHCTPYMCHTOM
JUISL YBEJIMYCHHMS YHCIIa BBIIAFOLIMXCS [0 XO3SHCTBEHHO MO~
JIe3HBIM Npu3HaKam ocobeii (Romar et al., 2019). bruorexHo-
JIOTHYCCKUHN UHTEpeC K BUAYy Sus scrofa domesticus BO3poc
U3-32 BOSMO)KHOCTHU €r0 HCIIOJNB30BAaHUS B OMOMEIHMIIMHE, B
cuity ocobenHocrel ¢usnonorun (O1M30cTh K BUny Homo
sapiens), JUIs KCEHOTPaHCIUIAHTAlMK OpraHoB. [Ipon3BoacTBO
in Vitro »XM3HECIIOCOOHBIX HAaTHUBHBIX U PEKOHCTPYHPOBaH-
HBIX (KJIOHMPOBAaHHBIX, TPAHCTCHHBIX) YMOPHOHOB CBHHBH
B MAacCOBBIX MaclITa0ax BO3MOXKHO, OJIHAKO B HACTOSIIIEE
BpeMsi OTAEJIbHBIC JTAlbl TEXHOJIOIHU IKCTPAKOPIOPAIb-
HOTO CO3pEBaHMUs AULEKIETOK S. scrofa domesticus n UX
OILIONOTBOpEHHs TpeOytoT coBepuieHcTBoBanus (Fowler et
al., 2018). PazpaboTka cTaHOAPTH3UPOBAHHBIX MPOTOKOIOB
METOZOJIOTHH TOJTyYeHUsI SMOPHOHOB CBUHEH in Vvitro HeoO-
Xoauma, 1ITO6I)I B TIOJTHOM MEPEC UCIIOJIB30BaTh BO3MOKHOCTH
MHHOBALMOHHBIX KIIETOYHBIX PENPOIYKTHBHBIX TEXHOJIOTHH
B CBUHOBOJICTBE ¥ OMOME/MIIMHE, B TOM YHCIIC JUISl CO3TIaHUS
IeHETUYECKU MOJM(DUIIMPOBAHHBIX CBHHEH.

Db hEeKTUBHOCTD PA3IHMYHBIX 3TAIIOB SKCTPAKOPIIOPATEHOTO
MOJy4YeHHUsT SMOPHOHOB CBHHEH HEOoAHO3HauHa. PemieHus
po6ieM TpeOyroT pazpaboTka CHCTEM I03PEBAHUS OOIIUTOB,
HHU3KOE€ MPOLEHTHOE COAEPIKAaHHE MOHOCIEPMHBIX 3UTOT
W 3UTOT, KOTOpPBIE Pa3BHBAIOTCS JIO 3aBEPIIAIONICH CTaUH
JIOMMITIAHTAllMOHHOTO pa3BuThsi — Onacrouuctsl (Martinez
et al., 2019). Ha maHHBIIT MOMEHT CYIIECTBYEeT MHOXKECTBO
MCCIE0BaHuil 10 pa3paboTke YHU(PHUITMPOBAHHOW CHCTEMBbI
CO3pEBaHMs JOHOPCKUX OOLIMTOB CBUHEH in Vifro, HO BBIXOJ
9MOPHOHOB Ha 3aBEPIIAOLINX CTAAUIX JOMMIUIAHTALMHHOTIO
Pa3BHTHS 10 CHX MO He pesbiaet 45-50 % (Soriano-Ubeda
etal., 2017).

BBImIen3noxeHHOe TT03BOJISIET ONPENeNIUTh 3a/1ady MoJe-
JIMPOBAHMS COCTaBa KyJIBTYPAIBHBIX CpeJl JUIsl 3aBEPIICHUS
MEHOTHYECKOTO CO3pEBaHUA CBUHBIX OOLUTOB BHE OpraHu3-
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Ma KaK BBICOKOAKTyallbHYIO. B opranmsme dopMmupoBanue
SIMLEKJIETKU MPOXOAUT B TECHOM B3aMMOCBSI3U C COMaTH-
YECKUMH KJIETKAMH OBapHabHOTO (OTHKYNA (KyMYIIoC,
rpaHysiesa), KOTOpble MPOAYLHUPYIOT Psia OMOaKTUBHBIX
MOJIEKYJI, BOBJICUEHHBIX B IIPOLECCHI POCTA M CO3PEBaHUs
oonutoB. ITnonepusre padorsr L.R. Abeydeera mokazamn
3¢ }EeKTHBHOCTB NCHOIB30BAHMS CTEHOK (POJUTHKYIIA 1 (hoITH-
KYJISIPHOM YKHJIKOCTH B COCTaBE CUCTEM JI03PEBAHUSI OOLIUTOB
(Abeydeera et al., 1998). OnHako mporexypsl IO TMpemapH-
poBaHNIO (OIUTHKYIA, 0OBEKTUBHOCTB OLICHKH €T0 KadecTBa
AMOPUOTEXHOJIOIOM HPOJOHTUPYIOT JUIUTEIBHOCTH NEPBOTO
3Tarna TEXHOJIOTUH MOIy4eHHs: SMOpHOHOB. crionb3oBaHne B
cHCTeMe JI03pEBaHMs TaMeT KMUBOTHBIX {71 Vitro MHHOBAaIIMOH-
HBIX MarepuasioB, B TOM YHCJIC UX HAHOPA3MEPHBIX YaCTHIL, —
CTPEMHTENBHO PA3BUBAIOIIASICS OTPACTb ONOHAHOTEXHOIOT U
(Remido et al., 2018). Psoom uccnenoBareneii mpoBeICHBI
OLIEHKH LIUTO- ¥ TeHOTOKCUYHOCTH HAaHOYACTHUI] Pa3JINYHOTO
MIPOUCXOXKICHUSI Ha ITOJIOBBIX KJIETKaX MilekonuTaronux (Roy
et al., 2020).

B Hammx pabortax paHee BBISBICHBI MOJOKUTEIbHBIE
3] dexT HaHOYACTHI] BRICOKOJMCIIEPCHOTO KpeMHe3e-
ma (HBJIK) Ha (yHKIMOHMpOBaHME KIETOYHBIX KOMIIApPT-
MEHTOB HATHBHBIX M JACBUTPU(DUIMPOBAHHBIX KEHCKUX
TaMeT CEIbCKOXO3SHCTBEHHBIX JKUBOTHBIX, JECTPYKTHBHBIE
MPOIIECChl XpOMAaTHHA B SIIPAX TIOJIOBBIX W COMAaTHYECKUX
KJIETOK OBapuaiibHbIX (osumnkynaoB (Kyssmuna u ap., 2017,
2020). Criemys BBIIIECKa3aHHOMY, JIOTHIHBIM TIPEICTABIISACTCS
BBE/ICHHE B COCTaB 0a30BBIX KYJBTYPAJIBHBIX CpPENl KICTOK
rpaHylie3bl Kak MOTEHIUAIbHOTO IIOCTABIIUKA OMOJIOT HUECKH
AKTHBHBIX BELIECTB MIPUPOJHOTO MTPOUCXOKICHUS, B TIEPBYIO
o4epesb CTEpPOUI0B, M HAHOYACTHUI] PA3IMYHOTO HPOUCXOXK-
JICHUSL.

Lens HACTOAIIEr0 MCCIEAOBAHUS — OLIEHUTh POJIb HAHO-
YacTHIl BBICOKOIMCIIEPCHOTO KpeMHE3eMa B pean3anuu
3¢ dheKxToB BBEICHHS KIETOK IPaHyJIe3bl B CUCTEMY SKCTPaKOp-
MOPaJIbHOTO J03PEBAHUS OOIMTOB CBHHEH Ha IOKa3aTeln
(hepTHIBHOCTH raMeT.
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MaTtepwmanbi n metToabl

Bce peareHTsl, HCIIONB30BAHHBIE NP BBIOJHEHUN JKCIIE-
PUMEHTOB, 32 UCKJIIOYCHHEM O003HAYCHHBIX B TEKCTE, MPO-
n3BojcTBa KoMnanuu Sigma-Aldrich (CIIA). ITnacTukoBas
naboparopHas nmocyna ¢pupmsl BD Falcon™ (CIIIA).

Oonut-kymymocHbie koMmrniekehl (OKK) Obuti BeIIeIeHbI
13 aHTPAIBbHBIX (DOJTMKYIIOB SUYHUKOB S. scrofa domesticus
TIOPOJIBI JTAHIpac post mortem B Bo3pacte 6—8 mecsiies. JKu-
BOTHBIX OBAPHOIKTOMHUPOBAIIN Ha MSICOKOMOWHATE, SMIHUKA
JOCTaBIISUH B 1aboparoputo B pactBope 0.9 % NaCl mpu Tem-
neparype 30-35 °C, comeprxkariem 100 ME/mi neHumiHa,
100 mkr/mn crpentomuituHa 1 0.25 Hr/MII aMpoOTepHUIITHA.
OKK acnmpupoBaiy U3 aHTPaJIbHBIX (OILTHKYIIOB (C BBICO-
KHM TYPropoM, IHaMeTPOM OT 3 710 6 MM, BLICOKOW CTENIEHBIO
BacKyJIsIpU3aIyn). B skcepruMeHTaxX HCIoIbh30BaIH OOIIUTHI
C TOMOTE€HHOM 00IUIa3MOM, PaBHOMEPHOH! 10 IIMpPUHE 30HON
TIEJITIONN/A, OKPYKEHHBIE KOMITAKTHBIM CJIOEM KyMYIIOCHBIX
KJIETOK (He MeHee 5—6 ciioeB).

[Tocne mopdonoruueckoit onenkun OKK B konuuectse
40-50 mt. momemanu B kKamm (06bem 500 MKIT) cpen ams
KyJIBTHBHUPOBAHUS CIEAYIOIETO cOocTaBa: rpymnma I — cuaTe-
Thueckas nuraresnpHas cpega North Carolina State Univer-
sity-23 (NCSU-23) + 10 ME XopnOHHY€CKOTO TOHa0TPOTINHA
yenoseka + 10 ME XoproHHY€eCcKOro roHaIoTpon1Ha J0LIa I
+ 10 % QommkynsapHOii KuAKocTH (InameTp (OIIHKYIOB
3—6 MMm); rpymma Il — cuHTeTHYeCcKas MUTaTrenbHas cpefa
NCSU-23 + 10 ME xoprnoHH4€CKOro roHaJOTpOIIMHA YEJIOBE-
ka+ 10 ME xopuonnueckoro ronajorponuHa jomagu + 10 %
GOUTHKYISIPHON KUIKOCTH (quaMeTp (GOILIHKYIOB 3—6 MM)
+0.001 % sBJK; rpynma III — cuaTeTndeckas nmurareabHas
cpena NCSU-23 + 10 ME xopuoHH4YecKoro roHaioTporuHa
yenoBeka + 10 ME XoprHoHHUYeCKOTO TOHAI0TPOTTHHA JIOIIa I
+ 10% ¢ommuKyIsIpHOH XKUAKOCTH (JUaMeTp (OITHKYIOB
3—6 mm)+1-10° knerox rpanynesst (KI) va 1 M cpensr;
rpynma [V — cuHTeTndeckas nurarenbHas cpega NCSU-
23+ 10 ME XopuoHMYECKOro TOHaJ0TPONMHA YeOBEKa +
10 ME xopuonHueckoro roajgorpomnuHa jomaau + 10 %
GhOMTUKYIIAPHOM KuUIKOCTH (IuameTp GouKynoB 3—6 Mm) +
1 - 106 KT na 1 mut cpenpi +0.001 % uBJIK. uBJIK cunTesupo-
BaHbI B IHCcTUTYTE NpuKkiiagHoi xumun uM. A.A. Uyitko HAH
VYxpaunsl. [Ipu BIOOpE KOHLIEHTPAIH PYKOBOICTBOBAIHCH
peKOMEeHAAIUAMHA pa3padboTyrnkoB (3r0310H 1 1p., 2015). OKK
KOMIUIEKCHI KyIbTuBUpOBasn 22 4 ripu remneparype 38.5 °C,
B armMocdepe 5 % CO, B BEIIIE0003HAUYEHHBIX CPEIax, 3aTeM
TIPOBOJIFT CMEHY CpeJ C MCKIIOUCHHEM BO BCEX HCCICIY-
€MBIX I'pyIIax FOPMOHAIBHBIX 100aBOK M IMOCIEITYOIIM
KyJIbTUBUPOBAHUEM €llle B TeueHue 22 4.

Jlns orieHKH cTaryca XpoMaTHHa Py MEHOTHYIECKOM CO-
3pEeBaHUM OOLIUTOB U YPOBHS IIMKHO3a B KJIETKAaX I'PaHyJI€3bl
HCIonb30Bany muToorndeckuii meroxn (Kyspmuna u np.,
2008). OKK momemramu Ha 5—10 muH B Temsrii (37 °C) 0.9 %
TMIIOTOHWYECKHUH PacTBOp 3-3aMEIeHHOT0 IMTpaTa HaTpHs 1
OYHIIANIN OT KyMYJTIOCa, 3aTeM KJIETKHU MEPEHOCHIIHN Ha CyX0e
00e3KUPEHHOE CTEKIIO U (PUKCHPOBATN CMECHIO0 METaHOJA U
yKkcycHOM kucinoThl (3:1). Beicoximme oOpa3isl 00IUTOB U
CYXOBO3YIIHbIE TpenapaThl KJICTOK IPaHyIe3bl OKpalIiBa-
m 4% pactBopoM PomanoBckoro—I mm3a (a3yp-203MHOM) B
TeueHue 3—4 MUH.

Yposenp anonrto3a B KI' mocie ux KyJIbTUBUPOBaHUS Ha
npotrsbkenuu 22 4 B cpeae NCSU-23 ¢ 10 ME xopuonuue-
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CKOTO roHajoTponuHa yenoseka, 10 ME xopuoHHueckoro
roHagoTponuHa jomann, 10 % GonnukynIpHOH KUAKOCTH
(mmametp QommukymnoB 3—6 MM) 1 yepe3 22 9 (obriee BpeMs
KyJIbTHBUpOBaHUs 44 4) mOcie CMEHBI cocTaBa cpejbl (Hc-
KIIFOUCHHE TOPMOHAIBHBIX J00ABOK) OLIEHHBAIN METOIOM
TUNEL (Janowski et al., 2012). OnpITHAS TpyIIIa JOTOTHS-
Jach BBeieHHeM B cocTaB koHTposbHOU 0.001 % HBJIK Ha
BCEX JTarnax KyJIbTHBUPOBAHMSI.

J1st BKCTPaKOPIIOPAIbHOTO OIUIOIOTBOPEHUS MCIIOIB30-
BaJu MoauduIupoBaHuyo cpexy mTBM, coxepxanryro
113.1 MM NaCl, 3.0 MM KCl, 7.5 MM CaCl, - 2H,0, 20.0 MM
Tpuc, 11.0 MM mmoxo3sl, 5.0 MM HaTpus nupysara, 1| MM
kogennan 0.1 % BSA. Uepes 44 1 KyIbTUBHPOBAHHS OOLIUTHI
MEXaHUYECKH (ITUIETHPOBAaHNEM) OCBOOOXK/IAN OT KIIETOK
KyMmymioca. 3aTeM B konmudectBe 10 IMT. moMermany B Karl-
mu cpensl mMTBM (o6bemoM 90 MK o mapaduHOBBIM
MaciioM) B 35 MM YallIKy A KyJbTUBHpOBaHUA Ha 30 MHUH
B CO,-nnKyOarop as sxkpunuopanuu. OnaogoTBOPsAIM OOLH-
TBI HATUBHOMH cTIepMOH (MCXOIHAs KOHIIEHTpanus B pa30aBy-
tene 3 - 10° cmepmarosonos Ha 1 mi). [Tocne TpexKpaTHOro
ueHTpudyrupoBanus 10 My CyCHeH3UH CIEPMAaTO30M/0B
(80 g B TeueHwe 3 MHH ITpH KOMHATHOM TEMIIEPaType) 0CaIOK
pecycnenauposaiu B 10 ma DPBS ¢ 0.1 % BSA u noBoamiu
KOHIIEHTPAIMIO CTIEpMaTo30ua0B 10 2-100 xi./min. 16 Mk
CYCIIEH3UH CIIEPMATO30H/10B JOOABIISIIN B KAIlIA C OOLUTAMH
obbemom 90 MK 1 KyssTHBHpOBaTn B CO,-nHKyOaTope npu
38.5 °C B armocdepe 5 % CO, 1 90 % Bnaxuoctu. Yepes 6 4
MocjIe MHKYOUPOBAHHS CO CIIEPMATO30MIaMH OOIUTHI OBLTH
neperecensl B 500 Mkt cpeast NCSU-23 ¢ 0.4 % BSA nns
kyasTuBUpoBanus B CO,-unkybarope B TeueHue 7 aueit npu
temrneparype 38.5 °C B armocdepe 5 % O,, 5 % CO, n 90 %
N, co cMeHO# cpesibl uepes Kaxk/ple 48 u KylnbTHBUPOBAHUS
(Egerszegi et al., 2010).

Urto0bI onpeniennuTh ypoBeHb anonTo30B B KI, ux cycren-
3MI0 TTOMEINAIHM Ha MOKpBITEIE poly-L-lysine mpeamerHble
CTEeKJIa U MOJCYIIMBAIM Ha Bo3ayxe. Jlajee TecTupoBaHue
YPOBHSI allONTO30B NPOBOAMIN B COOTBETCTBHU C MHCTPYK-
el GUpMBI-TIPON3BOANTEISI 1 METOAOM, aaNTHPOBAHHBIM
K KJIETKaM TpaHylie3bl, npescTaBieHHbM B (Janowski et al.,
2012). dnst atoro KI' duxcuposanu B 4% (v/v) pactBope
napagopmManbaeruaa B reueHue 30 MUH, BRIICPKUBAIH 2 MUH
B 10 % pactBope Tpurtona X-100 na 0.1 % murpare HaTpus.
3arem KI' unkyoupoBanu ¢ peareatom TUNEL (Roche
Diagnostics, GmbH, I'epmanus) 60 mus npu 37 °C, B TeM-
Hote. Ilocine MHKyOaMU KIETKH NPOMBIBAIM B PAcTBOpE
DPBS, okparmmmanu B pacteope 0.1 % (w/v) nponuguym
fomuna (oxcmo3urus 20 MUH), BHOBB ITpombiBanu B DPBS
1 9KCIIOHUPOBAJIN | 4 B TEMHOTE ITpH KOMHATHOH TeMmepa-
Type. XpaHuiu 00pasibl B XOJIOAMIBHUKE IPH TEMIIEpaType
ot +3 mo +5 °C. Ob6pa3nsl aHATU3UPOBANH TPH TTOMOIIN
(iryopecuentaoro mukpockona ZEISS AxioLab. Al (Carl
Zeiss, 'epmanus).

Pesynbrarer 00pabaTeiBaiv B AKETe CTATUCTHIECKON MTPO-
rpammebl SigmaStat (Jandel Scientific Software, CILIA). s
OLICHKH JIOCTOBEPHOCTH TIEPEMEHHBIX YaCTOTHBIX 3HAUYCHUH
ucTonb30Bany Kputepuit x2 [lupcona. 3HaYMMOCTE pasiu-
YN CPaBHUBAEMBIX 3HAUCHNH OLIEHWBAJIN MIPU CJICTYIOLINX
ypoBHsx: p < 0.05, p <0.01 u p <0.001 qng Tpex-naru He-
3aBUCHMBIX IKCIIEPUMEHTOB.
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Pe3ynbTaTbl n 06CyXAeHMe
Kietku rpanynessl U KymMynroca CEKpPEeTUPYIOT OIPOMHOE
KOJIMYECTBO POCTOBBIX U MHBIX (PAKTOPOB, ACTEPMUHHPYIO-
mux GopMHUpOBaHKE SHIEKIECTKH U OCIEAYIOIIEee Pa3BUTHE
sM6puonoB (Canipari, 2000). HaHO9acTHIIBI pa3IMYHBIX
XHMHUYECKUX coeauHenuii, B Tom uucie BJK, cnocoOHs
CHHXPOHHU3UPOBAThH SAJCPHO-LIIUTOIIIA3MAaTHIECKOE CO3pEBa-
HUE OOIMTOB XMBOTHBIX M 3alUINATh BHYTPHKICTOYHBIC
KOMITOHEHTBI OT TYOMTENbHBIX JJIsl UX (YHKIIMOHUPOBAHUS
(hakTOpOB, BKIIOUAsi aKTUBHEIE Gopmbl kuciaopoma (ADK)
(Kyssmuna u ap., 2017, 2020). Ha puc. 1 npencrasieHsl
JTaHHbIC aHAJIM3a CTATyCa XPOMAaTHHA OOIMTOB CBHHEH MpHU
KyJBTUBUPOBaHUM C KJIeTKaMu IrpaHyse3sl 1 HBJIK.
Beenenne HBJIK B cpemy [u1st 103peBaHus ciocoOCTBOBAIO
PEHHHUIIMAIINY U 3aBEPILICHUIO Meiio3a (puc. 2) B OOIHTAX,
MPOKYNETHBHPOBAaHHBIX 0e3 KT, o cpaBHEHUIO ¢ KIETKaMU
KOHTpOoJbHOH rpynisl (79 u 75 % nporus 89 n 84 %, p <0.05).
Bonee Toro, crumynupyromuii a¢ ekt HB/IK Ha co3peBanme
OOIIMTOB HAOIONANN U ITPU KOKYIbTHBHpOBaHuH rameT ¢ KI'
(851 79 % nporus 93 u 89 %, p < 0.05). BasxkHO OTMETHTB,
yto mobasienue HBJIK obecrieunsio cHWKEHUE MOMH Jere-
HEPUPOBAHHBIX OOLUTOB B ONBITHBIX IPYINAax B CPABHEHUH
C KOHTPOJIGHBIMH, MPOKYJIBTUBHPOBAHHBIMU C MJIHM O€3 CO-
Matngeckux kieTok (15 u 12 % mpotus 25 u 18 %, p <0.01).
Bo BTOpO#i cepun S3KCIEPUMEHTOB MbI OLICHUJIN BIUSHUE
HBJ/IK Ha nectpykrusHsbie npoueccs! B KI' npu KyasTHBHpO-
Bauuu in vitro (puc. 3). [lokasan uHruHOUpyonwmi 3¢hdext

Ponb HaHOUaCTUL, BbICOKOAUCMIEPCHOTO KpeMHesema B peanusauyum 2022
3¢ deKTOB rpaHynesbl Ha Co3peBaHVe OOLUTOB CBUHEN in Vitro 26-3

HanouacTull BJIK Ha necTpyKTHBHBIE MPOIIECCHl XpOMaTHHA
(armomnTo3, MMKHO3) B KJIETKAX I'PAHYNE3bl MPH IIPOJIOHTHPO-
BaHHOM KyJIETUBHpOBaHHH. Tak, yepes 22 4 KyJI6THBUPOBAHUS
JIOJISL KJIETOK C MUKHOTHYECKUMH siipamMu Oblia Hike Ha 7 %
B IpymIe, NpoKyasTuBUpoBaHHON ¢ HBJIK, 1o cpaBHEHUIO C
koHTposeM (21 u 28 %, p < 0.01), a gons AaMONTOTHYECKUX
KJIeToK — Hike Ha 6 % (13 u 19 %, p < 0.05). [Tocne 44 4y
KyJIIBTHUBUPOBAHMS JI0JIsI KJIIETOK B COCTOSTHUM ITUKHO3a B KOH-
TponbHOM Tpymme mocturia 43 % (p < 0.01), B cocTosHIA
anonrro3a — 31 % (p < 0.01). B onbITHO! rpymne 3TH Mmoka-
3aTely OKa3aJInCh 3HAYUTENbHO HIDKE: 32 1 21 % (p <0.01).
Pesynbrarl aHanM3a mokasaresnei (pepTHIILHOCTH OOIIUTOB,
CO3PEBIIUX B PA3IHUUHBIX CHCTEMAX, IPECTABIEHBI Ha pUC. 4.
IIpu oboramennu cpenst it no3peBanns HB/IK BeiiBIeHO
MOBBIIIIEHUE KOMIETEHTHOCTH OOLUTOB K OILUIOJOTBOPEHHUIO,
BBIPA3UBILIEECS B YBEJIIMUSHUH JIOJIN PA3ipOOHBIIMXCS KIIETOK
Ha 12 % (51 %, p < 0.05) 1 BBIXOJa JOMMILIAHTAIIMOHHBIX
9MOpHOHOB Ha cTaauu Omacronuctel Ha 11 % (23 %, p <0.01)
B CPaBHEHUH C KOHTPOJIbHOH rpymnmoit (39 u 12 % cootset-
CTBEHHO). [Ipy 3TOM MaKkcHMasbHBIE TIOKA3aTeIH OII0I0TBO-
PSAEMOCTH OTMEUCHBI CPETH OOLIUTOB, TPOKYIETHBHPOBAHHBIX
COBMECTHO ¢ KiieTkamu rpanysiessl 1 HBJIK (61 u 39 % coor-
BeTCTBEHHO, p < 0.01 OTHOCHTETHFHO KOHTPOIBHBIX TPYIII).
OKCHIaTUBHBIHN CTPECC SIBIISIECTCS] OJHUM U3 OCHOBHBIX (aK-
TOPOB, CHIDKAIOIIUX KOMIIETEHTHOCTh K Pa3sBUTHIO OOLIUTOB
npu KynsTuBHpoBaHum (Wei et al., 2016). IlonoxuTtensHOE
BIIMSTHUE HAHOYACTHIl HA CO3PEBaHNE OOLMTOB, BO3MOXKHO,
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CraTVcTYecKan 3HaUMMOCTb pasnuuuin (kputepuil x2 Mupcora): a:b; c:d; e:f; g:h;izj - p<0.05;a:d; e:h;i:l- p<0.1.
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Puc. 2. PenpeseHTaTBHOE M3006paXkeHre XpomaTiHa oounToB S. scrofa
domesticus Ha cTaguax gunnoTeHbl (a) n meTadasbl Il (6).

LinTonornueckuii npenapart, OKpaLurBaH1e azyp-3031MHOM 1Mo POMaHOBCKOMY—
MMm3e; mukpockon ZEISS Axio Lab. A1 (Carl Zeiss).
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Puc. 3. [lecTpyKTUBHble MPOLLeCChl XPOMaTUHA B KNIETKaX rpaHysne3bl OBa-
puanbHbix GONNNKYNOB CBUHEN (YCO KNeToK — 7539).

CTaTUCTUYeCKas 3HAaUMMOCTb pasnnunin (Kputepuin x2 Mupcona): a:c;a:d; e:l -
p<0.05;a:b;b:c;b:d; c:d; e:f; e:k; f:k; f:I; k:1- p<0.01.
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Puc. 4. AHann3 nokasaTteneln oniofoTBOPAEMOCT OOLIUTOB S. scrofa domesticus, CO3pEBLINX B PA3INYHbIX CNCTEMAX KYNbTUBU-

poBaHus (4ncno ooumToBs — 736).

CTaTUCTYeCKas 3HaUMMOCTb pasnunumin (kputepui 2 MupcoHa): a:b, e:g - p < 0.05; a:d, c:d, e:f,e:h,f:h,g:h - p<0.01.

oOwsicusercst cnocodbnocteio HBJIK HuBenuposars pas-
pyliatomiee AeicTBHE CBOOOAHO-PaIUKAIBHBIX MTPOIECCOB
B IIPOIIECCE KyIbTHBUPOBAHMS KIETOK IIyTEM CHUKCHHUS
00pa3oBaHU MPOAYKTOB OKHUCIUTEIBHON MOIM(PUKAITUN
oenkoB (CaBuenko, 2013). Kpome Toro, B pe3ysibTare BIUSHUS
OKCHJIaTHBHOTO CTpecca Ha KJIETKH B 3HAOIUIA3MaTHIECKOM
pEeTUKYITyMe MPOMCXOAUT CHHTE3 W COOpPKa JIMMUIHBIX Ka-
TeJTb, IETEPMUHUPYIOLIMX [UTOIPOTEKTOPHBINA AP deKT npu
JIEHCTBUM peakTUBHBIX (hOpPM KHCIOPOAa Ha MEeMOpaHHBIC
CTPYKTYPbI OpraHesll, a Tak)Ke CHAOKAIOIMX MUTOXOHIPUHI
JKUPHBIMU KucioTamu Jutst ipousBojctea ATD (Lee et al.,
2012; Zhang X., Zhang K., 2012). U3BecTHO, 9TO BHYTPH-
KJeTouHast (popMa JIMIHUIHBIX Karesb B BUJE «TPAHYI» U UX
Juddy3HOE pacrookeHue 00ecreunBaoT MOOMIIN3ALIUIO
KHUPHBIX KUCIIOT, CIIOCOOCTBYSI HOPMAJILHOMY CO3PEBAHUIO
OOIMT-KyMYJTIOCHBIX KomIuiekcos (Bradley et al., 2019). B
HAIMX PAaHHHUX UCCICIOBAHUAX ObLIO Moka3aHo, uro HB/IK
CIOCOOCTBYIOT HAKOIUICHUIO M (POPMHPOBAHHUIO B OOITUTAX
CBHUHEH B IIpoIecce CO3PEBAHUS i Vitro JINTHHBIX Karesb C
mddy3HOI ToKanM3anuen, 4To 00ecreYrBaeT HopMalbHOe
pasButne rameT (HoBuukoBa, Ky3smuna, 2019).

W3zBectHO, yTo kKoMMyHuKarys KT, Kak ¥ KJIETOK KyMyJIroca
C OOLIUTOM, A€TEPMUHHUPYET POCT U (POPMHUPOBAHHUE KEHCKOI
raMeThl. YCIEIIHOE CO3PEBAHUE OOLIUTOB U NAJIbHEHIIIEE M-
OpHOHATIBHOE PA3BUTHE 3aBUCAT OT JICUCTBHUS OIIPE/ICIICHHBIX
TOPMOHOB, B YaCTHOCTH ITPOTECTEPOHA U ACTPAHNOIIA, CEKpe-
THUPYEMBIX TPaHyJIE3HBIMHU KII€TKaMu. B cBoto ouepens, BIus-
HHE yKa3aHHBIX TOPMOHOB Ha OOLIUTHI OIIOCPETyETCs KJIeTKa-
MU JIyYHCTOTO BeHIIa, dkcnpeccupyromumu FSHR (penentop
(hONITHKYITO CTUMYIHPYIOIIETO TOPMOHA ), KOHTPOJIUPYIOIIETO
MIPOLIECCHI MPOH(EpANH KyMYIIOCHBIX KJIETOK U Pa3BUTHUS
rametsl (Okazaki et al., 2003). beiio nokaszano, 4To BBejie-
HHE B KyJIbTYPaJIbHYIO CPEy IPOTECTEpOHa U B-3CcTpaanona
crocoOCTBYeT yBeln4YeHHUI0 ypoBHs skcnpeccun FSHR,
BBDKMBAEMOCTH KYMYJIFOCHBIX KJIETOK U CHHIKCHHUIO YPOBHSI
anornrto3a (Okamoto et al., 2016). aBJIK npenorspamaror
arorTo3 B COMAaTHYECKUX KJIETKaX M MYKCKHX raMeTax
JKUBOTHBIX IYTEM CTHMYJISIIMU paOOThl aHTHOKCHIAHTHON
CHCTEMBI, B3aHMOJICHCTBYSI C PEIENITOPaMH Ha TIOBEPXHOCTH
kietku (boiiesa u ap., 2017; Ky3smuna u ap., 2017).

3aknioyeHune

Pa3pabotka 3¢ peKTHBHBIX TPOTOKOJIOB MOTyYEHHUS HATHBHBIX
U PEKOHCTPYHMPOBAHHBIX dMOPHOHOB S. scrofa domesticus
in vitro MO3BOIMT 3HAYUTEIBHO HHTCHCH(HUIMPOBATH ITAITBI
MHHOBALMOHHBIX KJICTOYHBIX PEIPONYKTHBHBIX TEXHOIOT U,
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UCTIONIb3YEMBIX B )KHBOTHOBOJICTBE, BETCPHHAPUH, OOMEIN-
nuHe. Hacrosmee uccienoBaHue HalpaBlIEHO Ha COBEp-
IIEHCTBOBAHUE CHCTEM JKCTPAKOPIOPATBHOTO J03PEBAHMUS
JIOHOPCKHMX OOIMTOB CBUHEH ISl TONyYCHHS SHIEKIICTOK,
KOMITETEHTHBIX K OIUIOJIOTBOPEHHUIO U Pa3BUTHIO SMOPHOHOB.
C y4eToM 3HaYMMOCTH COMaTHYECKUX KJIETOK OBapHAIbHBIX
(homMKyI0B B ()OPMHUPOBAHHUH 3PEIIOTO OOIUTA B SKCIIEPHU-
MEHTaX HCIOJIb30BAIN KOKYJIbTHBUPOBAHUE OOLMT-KyMY-
JIFOCHBIX KOMIUIEKCOB C KJI€TKaMu rpanyiesbl. CucteMy 110-
3peBaHMs MOJICPHU3UPOBAIIH ITyTeM BBe/IeHus B cpeny HBJIK.

[Ipu npoBeeHNH IKCIIEPUMEHTOB OOHAPYKEHO MOJIOKH-
TEJIbHOE BIHMSHUE Pa3pabOTaHHON CHCTEMBI Ha TOKa3aTeln
(hepTHIBHOCTH OOIMTOB (BBIXOJ] CO3PEBIINX OOIUTOB, YpO-
BEHb JJPOOJICHNUS 1 JOCTIIKEHUE SMOPHOHAMH 3aBepIIAIOIIEH
CTagu¥ JOUMIUIAHTAIMOHHOTO pa3BUTHs). [103nTHBHBEIH
3¢ (deKkT MakCUMalbHO BBIPAXKAJICS NPH COBMECTHOM HC-
MOJIb30BaHUM B cucteMe KyabriBupoBanusi HBJIK u kietok
rpaHyiessl. Beicokne mokaszarenu (epTHIBHOCTH OOIUTOB,
cospeBmmx B cpene ¢ HBJIK, BeposiTHO, 00yCIIOBIICHBI CHHU-
JKEHHEM YPOBHSI IECTPYKTHBHBIX U3MEHEHUI B OKPYKAIOIHX
UX KJIETKaxX KyMyloca (CyOmOmymsius KIeTOK TPaHyIe3bl).

B nccnenoBannm odonapyxeno, uro eeaenue HB/IK B cpe-
JTy KYJIbTHBUPOBAHUSI BBI3bIBAET CHU)KEHUE YPOBHSI allONITO30B
Y TIUKHO30B B KJIETKAX I'PaHyJIe3bl, 4TO allpPUOPH CBUETEIb-
CTBYET 00 yBEJIIMUECHUH KOJIMIECTBA )KU3HECTTIOCOOHBIX KIIETOK,
X TOPMOHCHHTE3MPYIOIIell aKTUBHOCTH U 00ECIeunBaeT
(hM3HONOTHYHOCTD TIPOIIECCOB, BOBJICYCHHBIX B (hPOPMHPO-
BaHME SMIIEKIETOK C BBICOKOH (epTmiibHOCTHIO. Hanbornee
3HAYMMBIM ITOKa3aTejeM MpH OleHKE 3()(HEKTUBHOCTH JIHO-
001t pa3pabOTaHHOI CHCTEMBI JO3PEBAHUS SBISCTCS BBIXOM
9MOpHOHOB. B Hammx mccinenoBaHUSX BBIXOJ AMOPHOHOB
Ha 3aBeplIaloleil CTa K JOMMIUIAHTAIIMOHHOTO Pa3BUTHSI
IIPA COBMECTHOM HCIIOJIB30BAHUU B CHUCTEME JO3PEBAHMUS
HBJ/IK n kietok rpanynessl Obl1 MakcUMalbHBIM (39 %),
YTO MO3BOJISIET PEKOMEHI0BAThH MPEUIOKEHHYIO CHCTEMY
KyJIbTUBHPOBAHUS JJIS1 SKCTPAKOPIIOPAIBHOTO CO3PEBAHUS
JIOHOPCKUX OOLUTOB S. scrofa domesticus.
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Biochemical and technological properties
of moose (Alces alces) recombinant chymosin
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Abstract. Recombinant chymosins (rChns) of the cow and the camel are currently considered as standard milk
coagulants for cheese-making. The search for a new type of milk-clotting enzymes that may exist in nature and
can surpass the existing “cheese-making” standards is an urgent biotechnological task. Within this study, we for
the first time constructed an expression vector allowing production of a recombinant analog of moose chymosin
in the expression system of Escherichia coli (strain SHuffle express). We built a model of the spatial structure of
moose chymosin and compared the topography of positive and negative surface charges with the correspondent
structures of cow and camel chymosins. We found that the distribution of charges on the surface of moose chymosin
has common features with that of cow and camel chymosins. However, the moose enzyme carries a unique positively
charged patch, which is likely to affect its interaction with the substrate. Biochemical and technological properties
of the moose rChn were studied. Commercial rChns of cow and camel were used as comparison enzymes. In some
technological parameters, the moose rChn proved to be superior to the reference enzymes. Compared with the cow
and camel rChns, the moose chymosin specific activity is less dependent on the changes in CaCl, concentration in
the range of 1-5 mM and pH in the range of 6-7, which is an attractive technological property. The total proteolytic
activity of the moose rChn occupies an intermediate position between the rChns of cow and camel. The combination
of biochemical and technological properties of the moose rChn argues for further study of this enzyme.

Key words: moose; recombinant chymosin; milk-clotting activity; biochemical properties; cheese-making; Alces alces.
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BuoxumuyecKue 1 TeXHOJOTM4Yeckle CBOCTBa
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AHHOTaLMA. 3TaNOHHbIMU KOAryfiasHTamMmy MOSIOKa /1A CbIPOAENUA B HACTOALLEE BPEMA CUMTAIOTCA PEKOMOMHaHTHbIE
XUMO3UHbI (pPXH) KOpOBbI U Bepbntoaa. HaxoxaeHre MonokocBepTbiBaloWmX GepMeHTOB, CMOCOOHbIX MPEB30NTM
STasflOHHbIe KOarynsaHTbl MOMOKa, ABMAETCA aKTyaNnbHOW OMOTeXHONMOrMyeckon 3agayeir. Hamm cKoHCTpympoBaH
JKCMPeCCHpyoLWmin BEKTOP, KOTOPbIN NMO3BOMWI BrEPBbIE MOYUYNTb PEKOMOVHAHTHBIN aHanor XMMo3nHa Nocs B
cucteme sKkcnpeccuu Escherichia coli (wtamm SHuffle Express). MocTpoeHa Mogenb NPOCTPaHCTBEHHOW CTPYKTYpPbI
XMMO3WHa N1OCA, U MPOBeAEHO CPaBHeEHVEe Tonorpadum MONOKUTENbHbIX M OTPULIATENbHbIX MOBEPXHOCTHbBIX 3apAf0B
C COOTBETCTBYIOLMMY CTPYKTYpamu XMO3MHOB KOPOBbI 1 Bepbntoga. O6Hapy»KeHo, UTo pacnpeeneHune 3apanos
Ha NMoBEPXHOCTV XMMO3MHa JTOCA MeeT 06LL1e YepTbl C pacnpeaeneHem 3apsaaoB XMMO3MHOB KOPOBbI 1 Bepbsiiofa.
OTtnnumnTenbHaa 0CO6EHHOCTb XMMO3MHa NOCA — Hannune NOSIOKMUTENbHO 3apAXEHHOrO MOBEPXHOCTHOO YYacTKa,
KOTOpbI, BEPOATHO, BAMAET Ha €ro B3aumogencTare ¢ cybcrpatom. MiccnepoBaHbl OCHOBHbIE GOXMMMYECKUE 1
TexHonornyeckne cBoncTBa pXH flocA. B KauectBe depMeHTOB CpaBHEHMA MCMONb30Bany KoMMmepueckre pXH
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KOpPOBbI 1 BepbsiioAa. YCTaHOBEHO, UTO MO HEKOTOPbIM TEXHONOTMYECKMM MOKa3aTeNisiM pXH I0CA NMPeBOCXOAN
bepmeHTbl cpaBHeHuA. o cpaBHeHMO C pXH KOpOBbI U Bepbniofa cneundurueckas akTMBHOCTb PXH loca B
MeHblLLEl CTeNeH 3aBUCHT OT M3MeHeHNA KoHueHTpauun CaCl, B AnanasoHe 1-5 mM v pH B AnanasoHe 6-7, uto
ABNAETCA NPUBEKaTebHbIM TEXHOIOTMYECKM CBOMCTBOM. 10 06LLei NpoTeoNUTUUECKON aKTUBHOCTU PXH noca
3aHUMAET MPOMEXKYTOUHOE NMONOXKeHNe Mexy GepmMeHTamMmn KOpoBbl 1 Bepbtoga. COBOKYNMHOCTb GOXMMUYECKIX 1
TEXHOJOMMYECKNX CBOMCTB PXH N10CA CBUAETENbCTBYET O HEOOXOAVMOCTM JasibHeLLero n3yyeHuvs 3toro epmeHTa.
KntoueBble cyioBa: IOCb; PEKOMOMHAHTHBIV XMMO3MH; MOJIOKOCBEPTbIBaloLas akTUBHOCTb; OMOXUMUYECKMe CBOWA-

CTBa; cbipopenue; Alces alces.

Introduction

The segment of recombinant enzymes occupies a significant
part of the modern biotechnology market (Trono, 2019).
One of the first industrial enzymes obtained using genetic
engineering technologies was cow’s recombinant chymosin
(Flamm, 1991), which has been considered the standard of
amilk-clotting enzyme (ME) in cheese-making for a long time
(Belov etal., 2009; Jacob etal., 2011). The rapid development
of molecular biology methods (primarily next-generation se-
quencing and genetic engineering) has intensified the search
for enzymes with superior biochemical and technological
properties compared to the milk coagulants traditionally used
in the industry.

The main goal of such a search is to find the enzymes
possessing approximately the same sensitivity to pH and
concentration of calcium ions in milk compared with a bovine
(Bos taurus) chymosin but would outperform it in a milk-
clotting activity (MA) and, at the same time, would demon-
strate a lower overall proteolytic activity (PA) and thermal
stability (TS).

Previously, researchers have obtained and studied rChns of
sheep (Ovis aries) (Rogelj et al., 2001), goat (Capra hircus)
(Vega-Hernandez et al., 2004; Vallejo et al., 2012; Tyagi et al.,
2016), water buffalo (Bubalus arnee bubalis) (Vallejo et al.,
2012; Tyagi et al., 2017), and camel (Camelus dromedarius)
(Kappeler et al., 2006). It was shown that the rChns of goat,
buffalo, and sheep are ordinary ME and cannot compete with
the bovine Chn. The camel rChn showed a higher affinity
toward bovine k-casein (k-Cs) and had a better MA/PA ratio
than the cow rChn, but was inferior to the bovine enzyme in
TS (Bansal et al., 2009). Nevertheless, after a comprehensive
study of its biochemical and technological properties, the
camel’s rChn is widely used in the practice of cheese-making
(Bansal et al., 2009; Moynihan et al., 2014; Gumus, Hayalo-
glu, 2019) and is now considered a reference ME along with
the bovine rChn.

Later, the rChns of yak (Bos grunniens) (Luo et al., 2016;
Ersoz, inan, 2019), alpaca (Vicugna pacos) (Belenkaya et al.,
2018), and Altai maral (Cervus elaphus sibiricus) (Belenkaya
etal., 2020a, b) have been obtained and studied. The complete
biochemical and technological characteristics of the yak rChn
have not yet been established. The available literature data
indicate, on the one hand, that the yak rChn has a low techno-
logically significant threshold for TS, and on the other hand,
a higher total PA, compared to that of the bovine rChn (Belen-
kaya et al., 2020c). According to our data, the rChn of maral
has an excessively high total PA and TS, limiting its potential
use only to the production of cheeses with short ripening and
storage periods (Belenkaya et al., 2020a). The genetically
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engineered Chn of alpaca surpasses the bovine rChn in the
MA/PA ratio but is inferior in this parameter to the rChn of the
camel. In addition, similar to the rChn of camel, the rChn of
alpaca has a higher TS than the bovine rChn. Taken together,
the facts mentioned above show that despite the presence of
some interesting characteristics, the complex of biochemical
and technological properties of the rChns of yak, alpaca, and
maral hardly allows these enzymes to be considered as an
alternative to the rChns of cow and camel.

Here we present a new milk-clotting enzyme — recombinant
chymosin of moose (rChn-Alc) in a prokaryotic expression
system and investigate some of its biochemical properties
in comparison with standard milk-clotting enzymes. The re-
combinant prochymosin (rProChn) of moose developed in the
prokaryotic expression system was activated by a stepwise pH
change method, and an active rChn-Alc preparation capable
of effectively coagulating cow’s milk was obtained. It was
shown that compared to the reference milk coagulants, the
specific enzymatic activity of rChn-Alc was less sensitive to
changes in the H* concentration in the pH range of 6.0-7.0.
Concerning an important technological indicator, the total PA,
rChn-Alc was found to occupy an intermediate position be-
tween the cow rChn and the camel rChn. The specific MA of
the moose rChn was lower than that of the cow and camel
rChns, possibly due to incomplete refolding of the enzyme
obtained in the E. coli expression system. The results obtained
expand the understanding of the biochemical and technologi-
cal properties of Chns of various species and create a basis
for further search for technological coagulants of cow’s milk
that would surpass the existing reference milk-converting
enzymes in their properties.

Materials and methods
Work organization. The optimization of the structure of the
moose prochymosin gene and the construction of a producer
strain were carried out at the State Research Center of Virology
and Biotechnology “Vector”. Works on obtaining a prepara-
tion of recombinant moose prochymosin and determining its
biochemical and technological properties were carried out
at Altai State University. All work was carried out in 2019.
Strains and media. Escherichia coli strain NEB Stable
used to construct and propagate all plasmids was purchased
from New England Biolabs (NEB, Ipswich, USA). E. coli
strain SHuffle express was purchased from New England
Biolabs (NEB, Ipswich, USA) and used as a heterologous host
to produce the rProChn of moose (GenBank MT542132). The
medium Lysogeny broth (LB) (1.0 % bacto-peptone, 0.5 %
yeast extract, and 1.0 % NaCl) in liquid or solid (1.5 % agar)
form was used to culture NEB stable cells at 37°C. E. coli
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SHuffle express cells were cultured at 30°C in LB medium
(AppliChem, USA) with the addition of isopropyl-p-D-1-
thiogalactopyranoside (IPTG) for induction (final concentra-
tion 1.0 mM).

Subcloning of prochymosin gene into pET21a expres-
sion vector. Codon optimization of the moose prochymosin
sequence (accession number MT542132) for the selected
expression system was performed by the online service Inte-
grated DNA Technologies (https://eu.idtdna.com/CodonOpt),
followed by synthesis and integration into pGH cloning
plasmid. Synthetic gene sequence containing BamHI and
HindIlII restriction sites at the 5'- and 3’-ends, respectively,
was digested and subcloned into the expression vector pET21a
(Novagen, Germany). The structure of the recombinant
plasmid was verified by Sanger sequencing. As a result, the
expression vector pET21-CYM-Alc was obtained.

E. coli transformation and recombinant protein produc-
tion. For obtaining the target protein, the chemical transfor-
mation of E. coli strain SHuffle express was carried out with
the resulting construct. Individual E. coli colonies containing
recombinant plasmids were cultured overnight on an orbital
shaker (Biosan, Latvia) in LB medium containing 100 pg/ml
ampicillin at 37 °C and 180 rpm. The inoculum in a ratio
of 1/100 was transferred to an Erlenmeyer flask containing
LB medium and grown at 37 °C and 180 rpm. After the optical
density (OD600) reached a value of 0.8, IPTG (Anatrace Pro-
ducts, USA) was added to the mixture to a final concentration
of 1.0 mM. The culture was additionally incubated on a shaker
for 12 h at 25 °C and 180 rpm. The biomass was centrifuged
for 20 min at 5000 g and 4 °C to precipitate the inclusion
bodies. E. coli cells were then resuspended in STET buffer
(AppliChem, USA) (8.0 % sucrose; 50 mM Tris-HCL; 20 mM
EDTA; 5.0 % (w/v) Triton X-100, pH 8.0) in proportion of
20 ml per 1 gram of biomass and incubated overnight at
4 °C. Thereafter cells were destroyed using a Soniprep 150
Plus ultrasonic homogenizer (MSE, PRC). Inclusion bodies
were precipitated by centrifugation at 20,000 g for 20 min
at 4 °C (Wei et al., 1999). The sedimented inclusion bodies
were solubilized in buffer A (50 mM KH,PO,, 150 mM NaCl,
pH 10.7) containing 8.0 M urea, incubated for 24 h at 15 °C
and centrifuged at 20,000 g for 20 min.

Further work was carried out with a supernatant containing
recombinant ProChn (rProChn). The target protein was re-
naturated according to the method of Wei et al. (1999). The
supernatant was diluted 3x with buffer A and incubated for
12 hat 15°C. Following the incubation, the supernatant diluted
with alkaline buffer was adjusted to pH 8.0 with 1.0 M HCI,
kept at 15°C for 1 h, and dialyzed against buffer B (50 mM
Tris, 150mM NaCl, pH 8.0) overnight at 4°C (Wei et al.,
1999). As a result, an experimental preparation of moose
rProChn was obtained.

The recombinant protein production in E. coli cells was
analyzed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) according to the Laemmli method
(Laemmli, 1970). To analyze the electrophoretic mobility of
the protein and determine molecular weights, the molecular
weight markers PageRuler Unstained Protein Ladder (Thermo
Scientific, USA) were used. Protein concentration was mea-
sured by the Bradford method (Bradford, 1976).
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Activation of moose recombinant prochymosin. Activa-
tion of the moose rProChn was carried out by a stepwise chan-
ging of pH (Belenkaya et al., 2020b). To avoid autocatalytic
conversion (Pedersen et al., 1979) of zymogen to an active
enzyme after the isolation from inclusion bodies and partial
purification, the preparations of moose rProChn were stored
in weakly alkaline conditions (buffer B) prior to activation.
For activation, HCI (2.0 M) was added to the rProChn sample,
adjusting pH to 3.0 with continuous stirring. Then stirring
was stopped, and the mixture was incubated at pH 3.0 for
2 h. After incubation, pH of the sample was adjusted to 5.8
using 0.5 M NaOH. As a result, the rChn of moose (rChn-Alc)
was obtained.

Comparison preparations of commercial reference
coagulants. Biochemical properties of rChn-Alc were com-
pared with the properties of commercial reference coagulants:
bovine rChn (rChn-Bos) (granular dry form with declared
MA — 2201 IMCU/g) and commercial camel rChn (rChn-
Cam) (liquid form with declared MA — 1000 IMCU/ml),
produced by “Chr. Hansen” (Denmark).

Three-dimensional structure modeling and imaging.
The homology model of the moose Chn three-dimensional
structure was built on Swiss-model server (Waterhouse et
al., 2018). The bovine Chn structure was used as a template
for the modeling (Jensen et al., 2013). The images of surface
charges were built with Coulombic Surface Coloring function
of Chimera 1.14 software package.

Milk-clotting activity assays. A 10.0 % solution of stan-
dardized skimmed milk powder (MZSF OJSC, Russia) in
5mM CaCl,, pH 6.5, was used as a substrate. A 0.5 % aqueous
solution of a dry bovine rChn with a certified MA value was
used as a control. Prior to determining the MA, the control
sample and the liquid preparation of rChn were kept in a water
bath at 35 °C for 15 min and cooled to room temperature. The
procedure for determining MA was carried out in a water bath
at 35 °C. Substrate solution (2.5 ml) was placed into a glass
tube and heated at 35 °C for 5 min. An aliquot (0.25 ml) of an
enzyme was added to the substrate, a stopwatch was turned on,
and the resulting reaction mixture was immediately thoroughly
mixed. The time when the first flakes of the coagulated sub-
strate were observed in the drops of reaction mixture applied
onto the tube wall was considered to be the clotting time. The
milk-clotting activity was expressed in arbitrary units (AU)
per 1 ml (AU/ml) and calculated using the equation:

MA=0.005-A-T,/T,,
where A — certified MA value of the control rChn sample in
AU per 1 gram, 0.005 — the dilution factor, 7| — coagulation
time for the control rChn sample of chymosin, 7, — coagula-
tion time for the test rChn sample.

Determination of total MA in each sample was performed in
triplicate (n = 3). The relative MA of rChn-Alc was calculated
after determining the total MA and protein concentration. For
determining the relative MA of commercial reference chy-
mosins, a 1.0 % aqueous solution of rChn-Bos was prepared,
and the liquid rChn-Cam was diluted 10 times with distilled
water. Protein concentration was determined in the resulting
solutions with the Bradford assay. The MA values declared
by the manufacturer were used to calculate the relative MA
of the commercial reference enzymes. The relative MA was
expressed in AU per milligram (AU/mg). To convert IMCU
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(International Milk Clotting Units) values into AU, a multi-
plication coefficient of 125 was used.

General proteolytic activity assays. A 1.0 % solution of
Hammerstein-grade casein in a 20 mM Na-phosphate buf-
fer (pH 5.6) was used as a substrate. The investigated MEs
were introduced into the substrate solution in a 1:4 ratio and
incubated at 35 °C for 0 (‘zero’ point), 30, 90, and 180 min.
The reaction was stopped by adding trichloroacetic acid.
The precipitates were filtered, and the OD of the filtrate was
measured at 280 nm (OD280) with a ‘zero’ point as a control.
To assess the specificity of the rChn preparations, the OD280
values of the samples incubated for 180 min were designated
as the PA values. The specificity was defined as the ratio of
MA to general PA (MA/PA). When calculating the specific-
ity of rChn-Bos and rChn-Cam, the MA values stated by the
manufacturer were used. The enzymes studied were normal-
ized by MA.

Thermal stability assays. Aliquots of ME were heated
in the temperature range of 30-60 °C for 30 min and then
assessed for residual MA. The MA values obtained in the
samples heated at 30 °C were assigned as 100 %. The enzymes
studied were normalized by MA.

Dependence of rennet coagulation time on pH. Solutions
(10.0 %) of standardized skimmed milk (SSM) were adjusted
to pH levels of 6.0, 6.2, 6.4, 6.6, 6.8 and 7.0, and the rennet
coagulation time (RCT) of the studied preparations of rChns
was then determined. The RCT values at a pH of 6.0 was
assigned as 100 %. The enzymes studied were normalized
by MA.

Dependence of rennet coagulation time on the calcium
chloride concentration. Dry powder of CaCl, was added to
the SSM to a final concentration of 1-5 mM, and the clot for-
mation time was measured therein. The RCT values obtained
in CaCl,-free samples of SSM were taken as 1.0. The enzymes
studied were normalized by MA.

Results

Expression of recombinant moose prochymosin. We used
the E. coli strain SHuffle express to produce moose prochy-
mosin in the laboratory to study its biochemical properties
since E. coli is the most studied system for the expression
of heterologous genes; functionally active chymosins of
a number of mammals have already been obtained in this
system (Rogelj et al., 2001; Belenkaya et al., 2020a, b), and
despite the presence of drawbacks it allows obtaining samples
of recombinant proteins in quantities sufficient for primary
biochemical analysis in a short time. To obtain a producer
strain, the designed nucleotide sequence of the moose ProChn
gene, 1095 bp in size, was synthesized and cloned as part of
the pET21a plasmid vector. The production and purification
of the target protein were carried out as described previously
(Belenkaya et al., 2018, 2020a). In order to evaluate the ef-
ficiency of the synthesis of rProChn of moose, as well as to
determine its localization in the E. coli cell, an electrophoretic
analysis of protein preparations obtained from the cells of the
producer strain was carried out (Fig. 1).

Analysis of E. coli cells containing the pET21-CYM-Alc
plasmid after induction with IPTG showed a high protein
content, which coincides with the calculated one for rProChn
of moose in terms of electrophoretic mobility (41 kDa). Its
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Fig. 1. SDS-PAGE analysis of protein samples obtained from the producer
strain cells:

1 - producer cell biomass before IPTG adding; 2 - producer cell biomass after
5 h IPTG adding; 3 - soluble biomass fraction after treatment with STET buffer;
4 - insoluble fraction (inclusion bodies) after treatment with lysis buffer;
5 - molecular-weight markers (200, 150, 120, 100, 85, 70, 60, 50, 40, 30, 25, 20
and 15 kDa); 6 - moose rChn obtained as a result of zymogen activation.

content was >30 % (see Fig. 1, lane /) of the total amount of
cell proteins. It can be seen that the soluble fraction of E. coli
biomass after treatment with STET buffer and centrifugation
(lane 3) contains almost no target protein, while the fraction of
inclusion bodies is nearly completely represented by rProChn
of moose (lane 4).

Activation of rProChn and obtaining of rChn-Alc. The
initial MA of the rProChn was <1.0 AU/ml. After activation,
MA was equal to 843 AU/ml. Thus, as a result of activation,
the total MA of the preparation increased more than 840 times,
indicating the efficiency of the conversion of rProChn into ac-
tive rChn of moose. In this case, a propetide is cleaved from
the N-terninus of prochymosin molecule, resulting in a change
in the length of the protein in the polyacrylamide gel, which
is recorded using SDS-PAGE analysis (see Fig. 1, lane 6).

Three-dimensional structure and surface charges of
chymosin. Analyses of Chn sequences from different mam-
mals demonstrated that the moose Chn is close to the other
ones, especially the bovine Chn. Amino acid sequences of
the bovine and moose Chn share 93.5 % identity, differing
in 21 out of 323 positions. Three-dimensional structures of
proteins with such a high similarity level are expected to be
very close. In comparison, the camel and bovine Chn have
83.3 % identity, and their structures are similar. Therefore,
we built a homology model of the moose Chn and used it for
analyzing the surface charges.

Previous studies of camel and bovine chymosins revealed
three positively charged patches on their surfaces that can
contribute to the enzyme-substrate interaction (Jensen et al.,
2013). Patch 1 and patch 3 are identical in the bovine and
moose Chn, and patch 2 in the moose Chn has the same total
charge as patch 2 in the bovine Chn, but charge distribu-
tions are different. Also, an additional charged patch in the
moose Chn can be seen, designated as patch 4 (Fig. 2).

Technological properties

Specific MA. Milk-clotting activity is a basic technological
characteristic of any new rChn since it indicates its ability to
hydrolyze the Chn-sensitive peptide bond in the kappa-casein
molecule and cause milk coagulation. Specialists in cheese-
making are aware of the paradox “cow Chn — camel milk and
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Fig. 2. Surface charged patches on chymosin: bovine (a), camel (b), moose (c).

Molecular surfaces are colored with Chimera software by the potential values in kcal/mole at 298 K. All proteins oriented with the
C-terminal domain to the left and the N-terminal domain to the right, looking into the binding cleft (top) and rotated 180 degrees
around the horizontal direction (bottom). The sequences of the chymosin charged patches are aligned, charged residues are
highlighted.
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Fig. 3. Results of a comparative study of the following dependency patterns: general proteolytic activity (OD280) on the incubation time (a), residu-
al MA (%) on the heating temperature (b), RCT on the calcium chloride concentration (c) and pH (d).
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Table 1. Total and specific milk-clotting activity of recombinant chymosins

Sample Total MA, Protein concentration,
AU/ml mg/ml

rCh nA|c ........................ 3431 14 ........................... 0027 i oo 02 .................

rChnBOS ....................... 2751 .................................. 0033i0005 .................

rChnCam125ooo ............................. ogzgioozg .................

camel Chn — cow milk”. The paradox lies in the inability of
the cow Chn to coagulate camel milk, while the camel enzyme
effectively coagulates cow milk (Kappeler et al., 2006). There-
fore, the study of any new ME for cheese-making begins with
determining its MA in relation to cow’s milk as the main raw
material for cheese production. Only when one is sure that the
new enzyme is capable of coagulating cow’s milk is it reason-
able to start investigating its other technological properties.
Since the cow rChn and the camel rChn can be considered
reference MEs for cheese-making, it is advisable to compare
the biochemical properties of the new milk coagulant with
them in order to assess its technological prospects.

In terms of specific MA, the moose rChn was inferior to
the reference MEs — the cow and camel rChns — by 2.7 and
4.4 times, respectively (Table 1). The specific MA of rChn-
Cam is 1.61 times higher than the specific coagulation activ-
ity of rChn-Bos. This is in good agreement with the data of
(Kappeler et al., 2006; Belenkaya et al., 2020c), where it was
shown that the ratio of the specific MA of rChn-Bos to the
rChn-Cam is 1:1.7.

General proteolytic activity and specificity. To predict
the technological prospects of any new ME, it is necessary to
study its general PA. Excessive PA of milk coagulant is con-
sidered a negative factor in cheese production since it leads
to a decrease in the yield and deterioration of the organoleptic
properties of the cheeses produced (Singh et al., 2003; Harboe
etal., 2010).

Conventionally, the PA of milk coagulants can be divided
into specific and non-specific. The specific or milk-clotting
activity of ME provides the hydrolysis of the F105-M106
bond in the k-casein molecule, causing the destabilization
of casein micelles and leading to the formation of a milk
clot. Non-specific or general PA characterizes the ability of
ME to hydrolyze any peptide bonds, with the exception of
the F105-M106 bond of k-casein. The ideal milk coagulant
for cheese-making should exhibit the maximal MA with the
minimal general PA (Harboe et al., 2010). The ratio of MA
to general PA (MA/PA) is called specificity. The higher the
value, the more versatile the ME, and the wider the range of
cheeses to be produced.

The dynamics of accumulation of milk substrate proteolysis
products under the action of rChn-Alc is similar to rChn-Bos
and differs markedly from rChn-Cam (Fig. 3, a). These dif-
ferences are most clearly observed after 90 min of incuba-
tion. After 180 min of incubation of the enzyme-substrate
mixture, the general PA values (expressed in OD280 units)
of the rChns of moose, cow, and camel were 0.362+0.023,
0.565 £ 0.020, and 0.072+0.012, respectively. As expected,
rChn-Cam showed an exceptionally low level of non-specific
proteolysis, which is in good agreement with the data (Bansal
et al., 2009), according to which the PA of rChn-Cam was
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Specific MA, Specific MA,

AU/mg %
........................ 31197152637
........................ 85323112928100
........................ 13694412099161

Table 2. Specific MA, general PA, and specificity of recombinant
moose, cow, and camel chymosins

Sample Specific MA, General PA, Specificity,

% % MA/PA
rChnA|c ........ 37 ......................... 64 ....................... 06 ...............................
rChnBos 100 ....................... 10010 ...............................
rChncam ...... 65 ......................... 13 ....................... 50 ...............................

4 times lower than that of rChn-Bos. Apparently, low values
of the general PA are typical for the rChns of representatives
of the Camelidae family. According to our data, the general PA
of another member of this family, the alpaca, is about 3 times
lower than that of the cow (Belenkaya et al., 2018).

If we take the general PA of rChn-Bos as 100 %, then the PA
of rChn-Alc and rChn-Cam will be 64 and 13 %, respectively.
Using data on specific MA and general PA, specificity can be
calculated (Table 2).

By specificity, and hence by the degree of cheese-making
universality, the studied enzymes were arranged in the follow-
ing order: rChn-Cam > rChn-Bos > rChn-Alc. The ratio of
MA/PA calculated for the moose rChn was 1.6 and 8.3 times
lower than for the cow and camel rChns. It is possible that
the low specificity of rChn-Alc is a consequence of its low
specific MA, which, as we have already noted, may be due
to incomplete refolding of its zymogen. On average, the ef-
ficiency of restoring the correct folding (in terms of MA) of
genetically engineered chymosins obtained after solubiliza-
tion of inclusion bodies rarely exceeds 30 % (Wei et al., 1999,
2000; Chen et al., 2000; Eskandari et al., 2012).

Thermostability. Milk coagulants with a high threshold of
thermal inactivation may show undesirable PA at the stages of
cheese production associated with an increase in the heating
temperature of the clot, as well as during prolonged matura-
tion and storage of finished products. Therefore, the TS is an
important technological characteristic of any new ME that
claims to be used in cheese-making.

The proteolytic activity of MEs is registered in various types
of cheeses (Masotti et al., 2010; Sforza et al., 2012; Gumus,
Hayaloglu, 2019; Lamichhane et al., 2019; D’Incecco et al.,
2020; Mane, McSweeney, 2020) and makes a significant
contribution to the “proteolytic maturation” of the product.
Information about the TS of the milk coagulant used allows
one to regulate the degree of proteolysis and influence the
maturation time of cheeses by varying the processing tempera-
ture of the cheese grain or by using ME with different thermal
activation thresholds (Lamichhane et al., 2019).

It was found that the rChn of a camel is more thermally
stable than that of a cow (Kappeler et al., 2006; Jensen et
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al., 2013; Belenkaya et al., 2020c). It is also known that the
general PA of these enzymes increases with increasing tem-
perature — rChn-Bos shows the maximum PA at 55.0 °C, and
rChn-Bos at 52.5 °C (Kappeler et al., 2006). An increase in
the heating temperature of the clot from 50 to 56 °C when
producing very hard, granular, cows’ milk cheese using the
rChn of a cow or a camel leads to a significant decrease in the
concentration of products of proteolysis of aS1-casein. But
even after processing the clot at 56 °C, the concentration of
markers of proteolysis of aS1-casein was higher in maturing
and stored cheeses produced using a more thermally stable
rChn-Cam than when using rChn-Bos (Costabel et al., 2015).
This is despite the fact that the general PA of a camel enzyme is
3.5-4.0 times lower than that of a cow (Kappeler et al., 2006).

The ranges of TS of the rChns of the same species obtained
in different expression systems may differ. The thresholds of
total temperature inactivation of the camel rChn expressed
in higher mold fungi (4spergillus niger) and yeast (Komaga-
taella (Pichia) pastoris) differed by 10 °C (Belenkaya et al.,
2020c). The experimental rChn-Bos synthesized in the E. coli
BL21(DE3) system exceeded the commercial rChn-Bos ex-
pressed in 4. niger by 15 °C (Belenkaya et al., 2018). These
data indicate a possible role of posttranslational modifications
as a factor influencing the temperature stability of rChns.

The threshold of thermal inactivation was considered the
T (°C) at which the studied rChn lost >20 % of the initial co-
agulation activity. According to this criterion, the TS threshold
for rChn-Bos was 50 °C, and for rChn-Alc and rChn-Cam —
55°C (see Fig. 3, b). After 30 min of heating up at 55 °C,
rChn-Bos was completely inactivated. Despite the same TS
threshold, rChn-Alc and rChn-Cam differed in the dynamics
of thermal inactivation in the temperature range of 50-65 °C.
After heating up to 55 °C, the residual coagulation activity
of the moose rChn was almost 2.5 times higher than that of
rChn-Cam and amounted to 44.9 and 18.2 %, respectively.
The recombinant camel rChn was completely inactivated after
heating at 60 °C, while rChn-Alc still retained 6.5 % of the
original MA at this temperature, suggesting higher temperature
stability of rChn-Alc compared to rChn-Cam.

Thus, taking into account the same threshold of thermal
inactivation of rChn-Alc and rChn-Cam, according to the
TS criterion, the studied enzymes are arranged as follows:
rChn-Alc > rChn-Cam > rChn-Bos. Increased, in comparison
with reference enzymes, TS limits the scope of application of
the moose rChn assumes its use, first of all, in the production
of cheeses with short maturation and storage periods.

Dependence of rennet coagulation time on the calcium
chloride concentration. Most rennet cheeses are made from
pasteurized milk. It is known that during pasteurization,
denatured B-lactoglobulin binds to micellar k-casein, which
leads to an increase in the duration of RCT (Fox et al., 2017).
In addition, during high-temperature processing of raw milk,
part of the salts and calcium ions present in it precipitates
in the form of insoluble calcium phosphate. As a result, the
concentration of CaZ" in milk decreases, which also increases
the RCT. In order to avoid increasing the dose of introduced
ME and improve the coagulation ability of pasteurized milk,
CaCl, is added to it in an amount of 0.1-0.4 g/ (~1-4 mM).
However, an increase of the CaCl, concentration in the milk
substrate causes not only an increase in the coagulation activ-

246

Biochemical and technological properties
of moose (Alces alces) recombinant chymosin

ity but also in the general PA of the enzyme, especially at the
stage of milk coagulation (Wang et al., 2015). Therefore, the
use of ME with high sensitivity to Ca®" concentration is as-
sociated with the risk of negative consequences of increasing
its general PA. Based on this, it is necessary that the new milk
coagulant, in comparison with modern reference technological
enzymes, has a comparable or lower sensitivity to changes in
the concentration of CaCl, in the milk substrate.

Just as in the case of other MEs (Fox et al., 2017), the dura-
tion of RCT under the action of the studied rChns decreased
in response to an increase in the concentration of calcium
chloride. In the range of 0—10 mM of CaCl, clot formation
time is reduced by 0-58 % for rChn-Alc, 0-79 % for rChn-
Bos, and 0-73 % for rChn-Cam. The dynamics of changes
in the dependence of RCT on the concentration of calcium
chloride for the cow and camel rChns is almost the same (see
Fig. 3, ¢). Recombinant Chn of moose differs from reference
enzymes — its coagulation activity is less sensitive to changes
in the concentration of CaCl, in the milk substrate. At 4 mM
CaCl,, the RCT of the milk substrate decreases by 2.0 and
2.2 times, respectively, under the action of rChn-Bos and rChn-
Cam, and only by 1.5 times for rChn-Alc. This, in particular,
means that the risk of an increase in the general PA when
using the moose rChn to curdle pasteurized milk with added
CaCl, is much less than that of reference coagulants, which is
a positive factor from the point of view of cheese production.

Thus, we suppose that the sensitivity of coagulation activ-
ity of rChn-Alc to an increase in the concentration of CaCl,
in milk fully meets the requirements of cheese production.

Dependence of rennet coagulation time on pH. The opti-
mums of the specific activity of various types of chymosins lie
in the pH range of 4.6—6.0 (Belenkaya et al., 2020c). However,
in the production of most types of rennet cheeses, ME is added
to the milk mixture at a pH of 6.5—6.6. Therefore, one of the
technological requirements for any new coagulant is its ability
to effectively curdle milk in a slightly acidic pH range that is
far from the pH optimum.

The duration of RCT depends on the electrostatic and hy-
drophobic properties of casein micelles, which are related to
the H* concentration. When milk is acidified, the total nega-
tive charge of caseins decreases due to the pH approaching
the pl values. This reduces the forces of electrostatic repul-
sion between the micelles and simultaneously increases the
casein-casein hydrophobic interactions, which accelerates the
formation of milk clot. If the pH increases, the casein-casein
hydrophobic interactions weaken as the total negative charges
of caseins increase. The growing forces of electrostatic re-
pulsion prevent the convergence of similarly charged casein
micelles and slow down the formation of milk clot (Lucey,
2002; Harboe et al., 2010; Fox et al., 2017).

By the nature of the dependence of the coagulation ability
on pH, the most promising for cheese-making are MEs, which
slowly lose activity when moving away from the pH-optimum
to the alkaline region and can exhibit high MA at weakly acidic
and neutral pH values.

Compared to the reference rChns, the coagulation activity
of rChn-Alc is much less dependent on changes in milk pH
from 6.0 to 7.0 (see Fig. 3, d). At a pH of 6.4-6.6, the RCT
for rChn-Alc increases 1.6-2.3 times, and for rChn-Bos and
rChn-Cam, this parameter increases 2.5-5.0 and 2.9-6.0 times,
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respectively. At pH 7.0, the rChns of cow and camel showed
extremely low (we can say, trace) coagulation activity, and
the differences between them and the rChn of moose were
most clearly manifested. Based on the data obtained, it can
be argued that in the working “cheese-making” pH range of
6.5-6.6, the consumption of the moose rChn will be lower than
that of the reference MEs, which is an important technologi-
cal characteristic. However, the ability of rChn-Alc to show
significant coagulation activity at neutral pH values is not
unique. Previously, similar properties were found in the rChns
of the goat (Vallejo et al., 2012) and yak (Ersdz, inan, 2019).

Thus, the moose rChn is able to effectively curdle cow’s
milk at a pH of 6.5-6.6, and is not inferior in this indicator to
commercial genetically engineered chymosins.

Discussion

For the first time, recombinant moose chymosin was obtained,
and its characteristics, important for the production of rennet
cheeses, were also investigated. We have chosen a prokaryotic
expression system for preliminary characterization of the
enzyme, because it is easier to work with and since it was
known that other recombinant chymosins obtained in prokary-
otes retain their activity (Eskandari et al., 2012; Belenkaya et
al., 2020a, c). The conditions used for the expression of the
moose chymosin gene in the E. coli system lead to a highly
efficient synthesis of the target protein, with almost all of it
accumulating in an insoluble form in inclusion bodies. As
expected, MA rProChn was very low, and after activation
MA rChn-Alc it was 843 AU/ml. According to the total MA,
the moose rChn obtained by us was 2.4-2.8 times inferior to
other genetically engineered rChns (2014 AU/ml for alpaca
and 2330 AU/ml for maral) obtained in the E. coli expression
system (Belenkaya et al., 2018, 2020a, b).

It is possible that the low specific MA of rChn-Alc, com-
pared with the reference milk coagulants, is due to the insuf-
ficient efficiency of its zymogen refolding after isolation from
the inclusion bodies. It is known that the stage of restoring the
correct three-dimensional structure is a “bottleneck” in obtain-
ing rChn in E. coli expression systems and leads to a decrease
in the yield and specific activity of the target product (Wei
etal., 1999, 2000; Chen et al., 2000; Eskandari et al., 2012).

Also, we cannot exclude the possibility that under our con-
ditions the moose chymosin was not activated quite correctly,
with the N-end cut off in a different position, thus affecting
its activity. For example, loss of the first three residues of
camel chymosin significantly decreased its activity (Jensen
etal.,2013). We have so far characterized only the enzymatic
properties and determined the approximate molecular weight
using SDS-PAGE analysis, but we do not know the exact
amino acid sequence of rChn-Alc.

Previously, it was suggested that the technological proper-
ties of the camel Chn depend on its surface charge distribution
(Jensen et al., 2013). The total charge of k-casein C-terminal
part is negative, as is the total charge of all known chymosins.
Positively charged patches on the chymosin surface can play
a role in properly positioning and binding the enzyme to the
substrate (Jensen et al., 2013). Most positively charged patches
in the moose Chn are similar to those in the bovine Chn, but
patch 2 has intermediate characteristics between the corre-
sponding patches in the bovine and camel Chn. An additional
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patch 4 in the moose Chn is located close to the substrate-
binding cleft (see Fig. 2). It is challenging to conclude whether
the differences in positively charged patches in chymosins
are stochastic or whether they result from adaptation to some
conditions, such as species-specific variations in k-caseins
charge distributions. Further studies of the chymosins from
different mammals may clarify this question.

The resulting preparation of rChn-Alc is able to coagulate
cow’s milk. In terms of specific MA, however, it is inferior to
the reference commercial rChns of cow and camel. It means
that in cheese-making the consumption of the rChn of moose,
obtained in the E. coli expression system, will be higher than
that of rChn-Bos and rChn-Cam. In order to compete with
reference enzymes, the specific MA of the moose rChn should
be increased 3—4 times. However, in a number of technologi-
cal parameters, the moose rChn is superior to the reference
commercial enzymes. Thus, in comparison with the rChn of
a cow and a camel, the specific activity of the rChn of moose
is less dependent on changes in the concentration of CaCl, in
the range of 1-5 mM and pH in the range of 67, which is an
attractive technological property.

In general, though obtained in the prokaryotic system, the
moose chymosin meets the basic requirements for enzymes
for cheese-making, encouraging us to study this protein. The
main problem of yeast expression systems is a strong ability
to glycosylate proteins. Pichia may have an advantage in
the glycosylation of secreted proteins over Saccharomyces
cerevisiae because the former does create proteins with long
carbohydrate chains via hyperglycosylation (Akishev et al.,
2021). In an experiment to obtain recombinant camel chy-
mosin, the prochymosin gene was successfully cloned and
expressed in P. pastoris under the control of the GAP promoter
and purified from culture via a combination of cation and anion
exchange chromatography. Camelus bactrianus recombinant
chymosin manifested high milk-clotting activity (9605 U/mg)
(Akishev et al., 2021). One of the priority tasks is to obtain
the moose rChn in the eukaryotic expression system and to
compare its technological properties (primarily specific MA)
with the properties of the enzyme produced in the E. coli
expression system.

Conclusion

The nucleotide sequence encoding moose (Alces alces) pro-
chymosin was optimized for its efficient expression in E. coli
cells of the SHuffle express strain. The synthesized prochy-
mosin gene was cloned into the pET21a vector, resulting in
the pET21-CYM-Alc expression vector. The constructed
model of the spatial structure of the moose Chn showed that
the ionic charges on the surface of the protein molecule are
distributed similarly to those for the cow and camel Chn, but
the moose enzyme has a unique charged site, which probably
affects its MA.

A sample of moose rProChn was developed and its bio-
chemical and technological properties were studied. In some of
the technological parameters, it surpasses the reference com-
mercial enzymes. Thus, the specific activity of the moose rChn
is less dependent on changes in CaCl, concentration in the
range of 1-5 mM and substrate pH in the range of 6-7, com-
pared to the cow and camel rChn. The total proteolytic activity
of the moose rChn occupies an intermediate position between
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the cow and camel rChn. In terms of such indicators as specific
milk-clotting activity, specificity and thermal stability, the
moose rChn is inferior to reference commercial chymosins.
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MeTabonmusm KpaxMasa y Kaprodess Solanum tuberosum L.

E.M. CepreeBa@, K.T. Aapnues, E.A. Caauna, A.B. KoueTon

DepepanbHblii NCCNEROBATENbCKUI LeHTP UHCTUTYT ymtonorum n reHetrnkn Cbrpckoro otaeneHnsa Poccuinckol akagemmnmn Hayk, HoBocnbupck, Poccus
&) sergeeva@bionet.nsc.ru

AHHOTaumA. Kpaxman — OCHOBHOWM 3amacHOW YrneBof PacTeHUM M Ba)HbIl MCTOYHMK Kanopumn B pauuoHe
NUTaHWA YesIOBEKA W XKMBOTHbIX, LWIMPOKO MPUMEHAETCA TakkKe ANA psAAa MPOMbILWEHHbIX HyXZ4. HaTuBHbIN
Kpaxman npepacTaBnfeT cobol He pacTBOpMMble B BOAE MONYKPUCTaIMYecKme rpaHynbl, cGOpMMpOBaHHbIe
MOJIEKYNIaMU aMWfO3bl U aMWSIONEKTMHA, KOTOpble ABMAAITCA MPUPOAHLIMU MOAMMEPaMU FOKO3bl. DU3MKO-
XMMUYeCKMe CBONCTBA Kpaxmasia onpeaenaioTca COOTHOLIEHEM aMUITO3bl 1 aMUIIONEKTUHA B rpaHysie, CTerneHbio
nx nonumepwusaunm n pochopunmposarms. OfHO M3 OCHOBHbIX PACTEHMN-NPOAYLIEHTOB KpaxmMana — Kaptodernb
Solanum tuberosum L. PacTywune noTpebHOCTU pbiHKa AUKTYIOT HEOOXOANMOCTb NOJTyUYEHWA COPTOB C MOBbILLEHHbBIM
cofepKaHnem v 3alaHHbIMIN CBOMCTBAMU KpaxmMasa, He0OX0AMMbIM YCIIOBUEM YETO ABIAETCA NOsyUYeHve 4eTanbHON
nHdopmaLMn o npoLecce ero Metabonusma B opraHusmMe pacteHu. Mpouecc meTabonmama Kpaxmana CloXeH v
npencTaBnsaeT coboi cornacoBaHHy PaboTy MHOXeCTBa GpepMEHTOB, TPAHCMOPTHBIX U HaNpPaBAAOLWMUX GENKOB,
TPaHCKPUMLNOHHBIX U APYTUX PErynaTopHbiX GakTopoB. Mo NprHUMNY BbINOAHAEMON 61ONornyeckon GyHKLnm
Kpaxman AenuTcA Ha ABa Tuna: TPaH3UTOPHDIN, KOTOPbIN CUHTE3MPYETCA B XJIOpOmnacTax GOTOCMHTE3MPYIOLLNX
OpraHoB 1 pacnafaeTca npu OTCYTCTBUM OCBelleHMnsA, obecneunBas KNeTKy YrieBoAamu; U 3amnacHOM, KOTOPbIN
CUHTE3MPYeTCA 1 XPaHUTCA B aMUIION1acTax 3arnacaroLimx OpraHoB (3epeH, Kiny6Hel). OCHOBHble pepMeHTaTBHbIe
peakuun GnocrHTesa 1 Aerpagaunmn Kpaxmana, a Takke TpaHcrnopTa 1 Metabonunsma yrineBoAoB XOPOLUO M3yYeHbl
Ha TPaH3UTOPHOM Kpaxmase mogenbHoro oobekTa Arabidopsis thaliana; 06 ocobeHHOCTAX MeTabonm3ma Kpaxmana
B 3aMacatoLmx opraHax, B YaCTHOCTW KnyOHAX KapTodens, M3BeCTHO HeCKONbKO MeHblLue. Mpu 3TOM pAa BONpPOCoB
OCTaeTCsA OTKPbITbIM: HEeOCTaTOYHO M3yyeHbl yyacTue pasvyHbiX M30PpopM (EepMEHTOB W BAUAHME HA HUX
perynatopHbix GpakTopoB B 3aBUCMMOCTM OT TKaHW U CTaAWMMN Pa3BUTUA PaCcTeHUA, @ TakKe YCNOBUIM BHELUHeN
cpepbl; peanu3auusa  anbTepPHATUBHBIX NyTel (GepMEeHTaTMBHbIX MPEBPALLEHUI; Y4yacTVe HanpasnAwwWwyx |
TPaHCNOpPTHbIX 6enkoB. B gaHHOM 0630pe paccMoOTpeHbl KioueBble $pepMeHTaTVBHblE peakuun YrieBOfHOro
ob6meHa, BUOCUHTE3a 1 Aerpajauumn TPAaH3UTOPHOTO 1 3aMacHOro Kpaxmana, oblime ana pacTeHuin, U OTMeYEHbI
0CO6EHHOCTU, XapaKTepHble AnA KapTodens; yaeneHo BHUMaHNE N3BECTHbIM PerynaTopHbiM dakTopam, BAALWAM
Ha MeTabonn3m Kpaxmarsna.

KnioueBble cnoBa: kaptodenb; Solanum tuberosum; Kpaxman; aMuno3a; aMUIONEeKTUH; CUHTE3; ferpagauua.

Ona untnposanusa: Cepreesa E.M,, lapnues K.T., CanvHa E.A., KouetoB A.B. MeTabonusm Kpaxmana y kaptodena
Solanum tuberosum L. Bagunosckuti xypHan 2eHemuku u cenekyuu. 2022;26(3):250-263. DOI 10.18699/VJGB-22-32

Starch metabolism in potato Solanum tuberosum L.

E.M. Sergeeva®, K.T. Larichev, E.A. Salina, A.V. Kochetov

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® sergeeva@bionet.nsc.ru

Abstract. Starch is a major storage carbohydrate in plants. It is an important source of calories in the human and
animal diet. Also, it is widely used in various industries. Native starch consists of water-insoluble semicrystalline
granules formed by natural glucose polymers amylose and amylopectin. The physicochemical properties of
starch are determined by the amylose:amylopectin ratio in the granule and degrees of their polymerization and
phosphorylation. Potato Solanum tuberosum L. is one of the main starch-producing crops. Growing industrial needs
necessitate the breeding of plant varieties with increased starch content and specified starch properties. This task
demands detailed information on starch metabolism in the producing plant. It is a complex process, requiring the
orchestrated work of many enzymes, transporter and targeting proteins, transcription factors, and other regulators.
Two types of starch are recognized with regard to their biological functions. Transitory starch is synthesized in
chloroplasts of photosynthetic organs and degraded in the absence of light, providing carbohydrates for cell
needs. Storage starch is synthesized and stored in amyloplasts of storage organs: grains and tubers. The main
enzymatic reactions of starch biosynthesis and degradation, as well as carbohydrate transport and metabolism, are
well known in the case of transitory starch of the model plant Arabidopsis thaliana. Less is known about features
of starch metabolism in storage organs, in particular, potato tubers. Several issues remain obscure: the roles of
enzyme isoforms and different regulatory factors in tissues at various plant developmental stages and under
different environmental conditions; alternative enzymatic processes; targeting and transport proteins. In this
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MeTtabonusm Kpaxmana
y KapTodens Solanum tuberosum L.

review, the key enzymatic reactions of plant carbohydrate metabolism, transitory and storage starch biosynthesis,
and starch degradation are discussed, and features specific for potato are outlined. Attention is also paid to the

known regulatory factors affecting starch metabolism.

Key words: potato; Solanum tuberosum; starch; amylose; amylopectin; synthesis; degradation.
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BBepeHune

Kpaxman — ocHOBHOM 3amacHOH yINIEBOJ PACTEHUI, COCTaBIIs-
foruii 10 85 % Ccyxoro Beca MX CheI0OHBIX YaCTEH, TAKHX KaK
3epHa 3IaKOBEIX (KyKypy3a Zea mays L., puc Oryza sativa L.,
nireHuna Triticum ssp., tamenb Hordeum vulgare L.), kiyOHU
kaprodenst Solanum tuberosum L., KOpHENI0Abl (MAaHHUOK
Manihot esculenta Crantz, 6arat [pomoea batatas (L.) Lam.,
samc Dioscorea alata L.), crednu carooii nansmsl Metroxylon
sagu Rottb., mions! oBoimHeIx 6anaHoB Musa spp. (Zeeman et
al., 2010; Santana, Meireles, 2014). Kpaxman obecnieurBaet
3HAUUTENEHYIO YacTh KaJIOPHH B pallMOHE TUTAHUS YeJIOBEKa
1 JXKUBOTHBIX, a TaAKXKE ABJACTCA NPHUPOAHBIM BO300HOBIIsIE-
MBIM U OMOpa3/1araéMbIM CHIPhEM, KOTOPOE ITHPOKO HCIIOJIb-
3yeTCsl B HEMUILEBOM POMBIIIIEHHOCTH ISl IPONU3BOJICTBA
TKaHel, Oymaru, JIEKapCTB M MJIACTHKOB.

ITo cBoel XMMHUYECKOH CTPYKTYpE Kpaxmall 3TO CMECh IIPU-
POZHBIX MTOJIMMEPOB INTIOKO3bI — AMHJIO3bI ¥ AMHJIONICKTHHA,
KOTOpBIE (POPMHUPYIOT HE PACTBOPHMBIE B BOJIE TTOJIYKPHCTAII-
JIMYECKHE TPaHyIIbl. AMHIIONIEKTHH IPEACTABIISIET COO0H CHIIb-
HOPa3BETBIICHHBIC MOJICKYJIbI [JIMKAHOB, JINHEHHbIC YYaCTKH
KOTOPBIX C(hOPMHUPOBAHBI 32 CUCT 0~ | ,4-TITHKO3UTHBIX, @ TOYKU
BETBJIECHHS LIeTeN — 0-1,6-TTIMKO3UIHBIX CBSI3ei. AMMIO3a —
MPaKTHYECKH JIMHEHHBIH MOJIMMep, ¢ HEOONbIINM KoJIn4e-
CTBOM Pa3BETBICHUNA. MOJIEKyIbl aMUIIONIEKTHHA, HA KOTOPbII
npuxoauTcs okoio 75-80 % maccel kpaxmana, GOpMHUPYIOT
CTPYKTYPHBIH KapKac IPpaHyIIbl, COCTOSIIN U3 TIOBTOPSIFOIINX-
cst aMOP(HBIX U MOJTYKPUCTAIUTUUECKHUX JIaMeI1. MOJIeKyIIbl
AMMIIO3BI PACIIPE/ICNICHBI B OITYKPHCTAJUINUECKOM MaTPHKCE,
c(opMHPOBAaHHOM aMMIIONEKTHHOM (Zeeman et al., 2010;
Tetlow, Bertoft, 2020).

CooTHOIIEHNE aMUIIO3bl U aMIJIOTIEKTHHA OTPEAEIseT
CBOMCTBa Kpaxmasia, HEOOXOIMMBIE ISl KOHKPETHBIX HYXI
IMPOMBIIIIJIICHHOCTHU: JUCTHYCCKUC, (I)I/ISI/IKO-XI/IMI/I‘IGCKI/IG u
(yHKIIMOHANBHBIE. B cocTaBe MPOAYKTOB MUTAHUS Kpaxmai
pas3zensioT Ha TIIMKEMHYECKUH M PEe3UCTEHTHBIA. AMUIIO-
IIEKTUH 6I)ICTpO NEpEBApUBACTCA B TOHKOM KHIICYHHUKE U
MPUIACT KpaxMally INIMKEMUYECKUEe CBOWCTBA. YBEIMUYCHHUE
COZIEpKaHUs aMIJIO3bI, HAIIPOTHUB, PUIACT KpaxMay CBOMU-
ctBa peaucrentHoro (Li et al., 2008). Pe3ucreHTHbII kpaxma
YCTOMYMB K JEHCTBUIO aMMJIa3 B TOHKOM KUIIEUHUKE. B TOI-
CTOM KHIIIEYHHKE OH BBIMIOJHSET POJIb CyOCTpaTa Jjist paciier-
JICHUS] MUKPOOPTaHU3MaMH, B PE3yJIbTaTe 4ero o0pasyrrcs
KOPOTKOIIETIOUEYHBIE KUPHBIE KUCIIOTBI, KOTOPBIE OKa3bIBAIOT
MECTHBIN POTHBOOITYXOJICBBIH M IPOTHBOBOCHAIUTEIBHBII
addekr (Birt et al., 2013). [Ipu ucronbp3oBaHHH KpaxMajoB
YUHUTBIBAIOT TAKKE UX (PU3NKO-XMUMHUUECKHE (PKETaTHHU3ALUS
U peTporpajaanys) U GpyHKIMOHAIBHBIE CBOWCTBA (Ha0yxaHMHe,
CIOCOOHOCTH K 00pa30BaHUIO KieiicTepa M €ro BA3KOCTH).
JlaHHBIE CBOWCTBA OMPEEISIIOTCS TCHETHYECKH IeTCPMUHHI-
POBaHHBIMH TIPU3HAKAMH: pa3MepoM U Mopdororueit kpax-
MaJIbHBIX I'PpaHyJl, COOTHOIICHHUEM aMHUJIO3bl 1 aMUJIOIICKTUHA,
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CTEIEHBIO Pa3BEeTBICHHUS U ypOoBHEM (ochoprinpoBaHus
Monexyn rmkaHoB (Visser et al., 1991; Schwall et al., 2000;
Hofvander et al., 2004; Xnectkun u ap., 2017).

Kaprodens Solanum tuberosum L. siBsieTcst 4€TBEPTHIM I10
3HAUMMOCTH TIPOIyLIEHTOM Kpaxmasa B MUpe (11ocie KyKypy-
3bI, MAHWOKA M NIIEHUIB). [Ipy 5TOM KapTodenbHbIi Kpaxman
oOnagaer psAaaoM (pyHKIIMOHAIBHO BaXKHBIX XapaKTCPUCTHUK,
OTJIMYHBIX OT KPaXMaJjoB 3J1aKOBBIX. TaK, aMII03a U aMHJIO-
MEeKTUH KapTo(enbHOro KpaxMasa UMEIOT 0ojee BBICOKYIO
CTEIEeHb MOTUMEPU3aLUH U POochHOpUITHPOBAHHSL, YTO JIETAET
€ro KOMMEPUECKH BBITOTHBIM JUIsl TPOU3BOCTBA OMOILIACTH-
xoB (Hofvander et al., 2004; Reyniers et al., 2020). B cBs13u ¢
YBEJIMYMBAIOLIMMHUCS HY>K/IaMH IPOMBIIIUICHHOCTH HaOJTro1a-
€TCsI yCTOHUMBBIN POCT MHPOBOTO IMTPOU3BOJICTBA KapTO(heTb-
Horo kpaxmaina: B 2018 r. mpousBonacTBo coctaBuio 3.7, a B
2020 . — 3.9 mutn touH (https://www.researchandmarkets.
com/reports/5330932/potato-starch-market-global-industry-
trends). [TomyyeHne HaTUBHBIX KpaxMalloB C 3a/JlaHHBIMHU
CBOMCTBaMH, a TAK)Ke YBEIIMUSHHE 00IIEro KOJIMYeCTBa Kpax-
Maja, IPOAyIHUPYEMOTO PACTEHUEM, CUMTAIOTCS aKTyaIbHBIMH
3a71a4aMHy B CEJIEKIIUH KapTOoQeIs.

KitoueBble (epMeHTHl OMOCHHTE3a KpaxMmana (cM. Tad-
JUIly) W KOJUPYIOUINE WX TE€HBI XOPOILIO M3y4YECHBI KaK Ha
MOJEIBHBIX 00beKTax (Arabidopsis thaliana L.), Tak n'y
CEJIbCKOXO3SHUCTBEHHBIX KYJIBTYp, B TOM 4HCJE KapTodess
(Streb, Zeeman, 2012; Van Harsselaar et al., 2017; Crnyruna,
Koumnesa, 2018).

[pouecc dnocrHTE3a Kpaxmasa IpeacTaBisieT Co0ol peak-
MO TTOJIMMEPU3alii, B KOTOPOH B KauecTBe cyOcTpara mc-
MOJTE30BaHbl MOJIEKYIbI AJ[D-TIITIOKO3bI M KOTOpasi KaTau-
supyetcst pepmenTamu kpaxmaicuaTazamu GBSS (granule
bound starch synthase) u SS (soluble starch synthase), a
takke KpaxmanserBinmMu SBE (starch branching enzyme)
u nesersiumu pepmentamu DBE (debranching enzyme).

Metabomu3M Kpaxmaria sBISIETCS 9aCThIO O0IIETo yIIIeBOI-
HOTO 0OMEHa M MIPaeT BAKHYIO POJIb B (DYHKIIHOHHPOBAHUH
OpraHu3Ma pacTeHUsI: BIUSIET Ha IPOLIECCHI POCTA U pa3BUTHS,
Y4acTBYET B OTBETE Ha CTpeccoBble (akTopbl. DEPMEHTHI U
KOJIMPYIOIINE NX TeHBI, CBSI3aHHBIE C META0O0JIM3MOM Kpaxmasia
W yIJIEBOJHBIM OOMEHOM PacTEeHHH, aKTHBHO U3YYaJIUCh Ha
MPOTSKEHUN MOCIEAHNX TPeX NECATHICTHH; CyIIECTBYET
6obIION 00BEM JAHHBIX IO JIOKAJIHW3AlMK 3THUX T'CHOB B
reHOMax pacTeHUil W HMX 3Kcrpeccuu. Tak, y kapTodens
S. tuberosum 75 TeHOB KapTHPOBaHBI Ha pe(ePEHCHBIA TCHOM
W M3yYeH CIIEKTP SKCIpeccu 64 reHOB B JIUCThSIX M KIIyO-
usax (Van Harsselaar et al., 2017; Ciayruna, Kouunesa, 2018).
IlokazaHo, 4TO B T€HOMax COBPEMEHHBIX PACTEHUI I'€HbI
MeTaboI3Ma Kpaxmasa B TCUSHHE SBOTIONH HEOTHOKPATHO
MO/IBEPraliiCh NYIUTUKALUSAM U 00pa30BaHUIO 1apajloroB 3a
cdet cy0- u HeopyHKInoHaIM3anuu. [lapasornyaeie TeHBI,
KOTOPBIE KOAMPYIOT Pa3iIuuHble M30(opMbI (PepMEHTOB,
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(DepMeHTbI, nprHUMaLlne yyactme B meTabonumsme Kpaxmana

QepmeHT Homep EC MN3odpopmbl DOyHKUMA bepmeHTa

MeTab0s13Mm yrnesofos

Caxapo3ocuHTasa EC:2.4.1.13 SuSy1, SuSy2, SuSy3, SuSy4, O6paTtMoe pacLiensieHre caxapo3bl 4o GPYKTO3bl
SuSy5, SuSy6, SuSy7 1 YOO-rnoko3bl (Stein, Granot, 2019)
YAO-rniokosonnpodocpopunasa  EC:2.7.7.9 UGPase1, UGPase2 O6paTumoe npespatieHmne YOD-rnoKko3bl U nupodoc-
¢daTa B rnoko3o-1-dpocdat n YOO (Kleczkowski et al.,
2010)
®ocdornokonsomepasa EC:5.3.1.9 PGlI, PGl-like1, PGl-like2 O6paTtumoe npespalleHne ppyKkTo30-6-pocdata
B rNioKo30-6-pocdart (Yu et al., 2000)
®ocdornokomyTasa EC:5.4.2.2 PGM1, PGM2.1, PGM2.2 Ob6paTtumoe npeBpaLLeHue roKo3o-6-gpocdata
B rnoko3o-1-pocdart (Yu et al., 2000)
AL®-rnoko3o-nupodochopunasza. EC:2.7.7.27 AGPL1, AGPL2, AGPL3 O6patumbii cnuHTe3 AA®-rnioko3bl 1 nupodocdata 13
BONMBLUAA N MANAA CYODEAMHUILIDI  +oevsesesesiettitiehiis sttt rnioko3o-1-pocdata n ATO (Geigenberger et al., 1999)

LenouyHas nupodocdarasza EC:3.6.1.1 PPase, PPase-like PacuwenneHune nupodocdata fo optodocdata
(George et al., 2010)

CurHTe3 rpaHysibl Kpaxmana

[paHynocsA3aHHaA Kpaxman- EC:2.4.1.242 GBSS1 CrHTe3 MoneKyn ammnosbl 3a cyeT opMmnpoBaHUA
CUHTa3a a-1,4-rnrko3uaHbix cessen (Pfister, Zeeman, 2016)
PacTBOpUMbIE KpaxmancuHTasbl EC:2.4.1.21 SS1,5S52,SS3, 554,555,556 SS1,SS2, SS3 - cnHTe3 moneKyn amunoneKkT1Ha 3a

cyet bopmupoBaHus a-1,4-rmmKo3naHbIX CBA3EN
(Pfister, Zeeman, 2016).

SS4, SS5 — nHnymauma obpasosaHua rpaHyn (Helle
etal, 2018, Tetlow, Bertoft, 2020).

SS6 — 6enoK CBA3aH C rpaHynamu Kpaxmasna

B KNyOHsAX KapTodens, yHKLMA Hen3BeCcTHa
(Helle et al.,, 2018)

KpaxmanseTssiyne pepmeHTbl EC:2.4.1.18 SBE1.1,SBE1.2,SBE2,SBE3  SBE2, SBE3 - BeTBNeH1e MOSIeKyN aM1103bl M aMAO-
neKTMHa 3a cyeT popMUpPoBaHUA a-1,6-TINKO3ULHbBIX
csaseli (Tetlow, Bertoft, 2020).
OyHkuma SBET HemssecTHa (Van Harsselaar et al.,, 2017)

lleseTBALMe depMeHTbI (1—>6) EC:3.2.1.68 ISA1.1,1SA1.2,I1SA2, ISA3 Tnaponus a-1,6-rMMKo3nAHbIX CBA3E aMUIONeKTy-
glucan hydrolase starch- Ha. ISA1 1 ISA2 yuacTByIOT B CMHTE3€ aMUSIONEKTUHA,
debranching enzyme (DBE). BVAT Ha GOPMUPOBAHUNE €O NMONYKPUCTANNINYECKON
M3o0amunasa cTpyKTYpbl (Hennen-Bierwagen et al., 2012).

Komnnekc ISA1/ISA2 yyacTtByeT B perynauuu obpasosa-
HMA KpaxManbHOW rpaHynbl (Bustos et al., 2004).

ISA3 yyacTByeT B flerpagaumm Kpaxmana (Streb,
Zeeman, 2012; Pfister, Zeeman, 2016)

[erpagaums Kpaxmana

a-rnvkan-H,0-AnKnHaza EC:2.7.9.4 GWD MocdopunmposaHue rmkKaHos B nosuumm C6
(Ritte et al., 2006)
®ocdornukan-H,0-ankuHaza EC:2.7.9.5 PWD ®ochopunrposaHme rmmnkaHos B nosuuymun C3
(Ritte et al., 2006)
®ocornnkaHpocdartasa EC:3.1.3.48 LSF1, LSF2 NedocdopunmposaHue runkaHos, SEX4 pepocdhopunu-
SEX4, SEX4-like pyeT C3- n C6-no3myuio rMnKo3maHbIX octaTkos, LSF2 —

C3-nosuyuio (Hejazi et al., 2010; Santelia et al., 2011)

a-amunasa EC:3.2.1.1 AMY1.1, AMY1.2, AMY2 AMY3 - rugponus a-1,4-rmnmKo3ngHbIX CBA3EN aMnio3bl
(AMY23), AMY3, AMY3-like 1 amunonekTtuHa (Yu et al., 2005).
AMY2 (AMY23) MOXeT NpUHMMAaTb y4YacTre B XONOA0-
BOM OCaxapuBaHum Kpaxmana (Hou et al.,, 2017)
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MeTtabonusm Kpaxmana
y KapTodens Solanum tuberosum L.

OepmeHT Homep EC M3odpopmbl

-amunasa EC:3.2.1.2

BAM9

DyHKUMA depmeHTa

BAM1, BAM2, BAM3.1,
BAM3.2, BAM4, BAM6.1,
BAM®6.2, BAM6.3, BAM7,

BAM1 n BAM3 - pacwenneHnue a-1,4-rmnko3ngHbIx
cBA3el amnno3bl U amunonekTHa, obpasoBaHmne
ManbTo3bl (Fulton et al., 2008).

BAM1, BAM9 moryT nprH/MaTh yyacTuie B XONo40BOM
ocaxapviBaHun Kpaxmana (Hou et al., 2017)

a-rnmkaHdocdpopunasa EC:2.4.1.1 PHO1a, PHO1b, PHO2a,
PHO2b
4-a-rnnkKaHoTpaHcdepasa EC:2.4.1.25 DPE1, DPE2

JEMOHCTPHUPYIOT CHEUU(PUYHBINA AJsl TKAHU W/WIH CTaIduH
pa3BuTHs Xapakrep skcnpeccuu (Van Harsselaar et al., 2017,
Qu et al,, 2018; Lopez-Gonzalez et al., 2019). Ha ypoBens
IKCIPECCUH TEHOB MeTaboIM3Ma KpaxMaia BIUSIOT Pa3iny-
Hble (PaKTOPBI: LUPKAJIHBIE PUTMBI, (POTONEPHOJ, YPOBEHb
(UTOrOPMOHOB M CaxapoB; a TAK)XKe CTPECCOBBIE YCIOBHS
(Bo3neiicTBHe 3acyxu, HU3KKX TeMneparyp) (Lopez-Gonzalez
etal.,2019). HecMoTpst Ha TO 4TO OCHOBHBIE (DepPMEHTATHBHbIE
peakuu OMOCHHTE3a M Jerpajalliy Kpaxmaia JI0CTaTOqHO
XOPOIIO HM3YyYEHBI, OCTACTCS MHOTO HESICHBIX MOMEHTOB,
KacarolMXCsl pealn3alui ajJbTePHATUBHBIX NyTel (ep-
MEHTATHBHBIX IPEBPAICHNI U MX JIOKAJIH3aLHN B KIIETKE,
a TaK)Ke CTENEHH y4acTHs pa3HbIX U30(opM (epMEeHTOB
B MeTaboJIM3Me Kpaxmaiia B pa3HbIX OpraHax 1 Ha pa3HbIX CTa-
IHSIX Pa3BUTHS M BIMSHUS HA HAX PETYIATOPHBIX (paKTOPOB.

K HacrosmeMy BpeMEHH ONpejaeeHbl GYHKLIUHU psja
OenkoB MeTaboM3Ma Kpaxmaia y kaprodesst (cM. Tabmuiry).
BonpmmHCTBO (hepMEHTOB TIpeicTaBIeHb! H30(popMamH ¢ Ya-
CTUYHO nepekpbiBatommmucs pyHkuusmu (Van Harsselaar et
al., 2017). Baxxnyto posb B iporiecce MeTadosin3Ma Kpaxmaia
UTPAIOT OETKU-TPAHCIOKATOPhI, HEOOXOUMBIE I TpPaHC-
NopTa METabOIUTOB Yepe3 MeMOpaHy IITACTHT, KOTOPBIC TOXKE
MMpeaACTaBJIICHBI pa3JIMYHbIMU H30(1)OpMaMI/l: aI[eHHHaTHbIﬁ
tparciokarop (NTT1 u NTT2) (Tjaden et al., 2001), rro-
kozorpancrioprep pGleT1 (Cho et al., 2011), Tpanciaokarop
D0K030-6-¢pocdara (n3odopmsr GPT1.1, GPT1.2, GPT2.1,
GPT2.2) (Kammerer et al., 1998), manpro30TpancmopTep
MEXI1 (Cho etal., 2011) u Tpro3odocdaruslii TpaHcIOKaTOp
(TPT, TPT-like) (Fligge et al., 1989).

[Tyrem oTGoOpa pacTeHwii, HECYIIUX OTPEIeTICHHBIC aJUIeIThb-
HbIC BAPUAHTBI FTCHOB OMOCHHTE3a Kpaxmalia, BO3MOKHO MOJTy-
YUTb JIMHHUHN paCTeHI/Iﬁ C UBMCHCHHBIM COOTHOIICHWEM aMUJIO-
3bI ¥ aMHJIOTIEKTHHA. Takue IMHUK CyLIEeCTBYIOT, HAlIPUMep, Y
KyKypy3bl Z. mays. Mytauust amylose extender (ae™) cBi3ana
C yTPaToil KaTaJIMTUYECKOW aKTUBHOCTH KPaxMaJIBETBALLETO
tdepmenta SBEIIb. Kpaxman pactennit KyKypy3sl ¢ ae” ¢e-
HOTHUIIOM MMEET MOBBIIICHHOE COACPKAHHE aMHIIO3bl H
Oosee [IMHHBIC LNy amuionekTuHa (Stinard et al., 1993).
DeHOoTHIL, IPH KOTOPOM B Kpaxmalie y KyKypy3bl IPaKTHIECKH
MOJTHOCTBIO OTCYTCTBYET aMUJI03a, B CBS3H C YEM DHAOCIICPM
3epHa UMeET KJIHKYI0 TeKCTYypY, Ha3bIBaeTCs wax) (BOCKOBAsT)
1 00yCJIOBJIEH MyTalMeH B TeHE IPaHyJI0CBI3aHHOM KpaxMmall-
cunrassl GBSSI (Hossain et al., 2019).
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O6pa3zoBaHue rMoko3o-1-pocdata 3a cueT pacuienne-
HV ManbTOONMIOCaxapuaoB, yUacTBYeT TaKkxKe
B poCTe rpaHynbl Kpaxmana (Pfister, Zeeman, 2016)

PacuienneHvie ManbTOONMIrocaxapyaos [0 roKO3bl
(Critchley et al., 2001), yyacTByeT B MHULMaLUn
o6pasoBaHus rpanynbl (Tetlow, Bertoft, 2020)

B T0 3xe Bpemsi osrydeHre CopToB KapToQers ¢ 3aJaHHBIMU
CBOMCTBaMM KpaxMaJla C TIOMOILbIO CEJIEKIIMU 3aTPYJHEHO
M3-3a €T0 aBTOTETPAILIONTHOTO TeHOMa. ETMHCTBEHHBIH KyIlb-
THUBHPYEMBIi copT Oe3amuiiozHoro kaproders Eliane BeiBeieH
C TIOMOIIIBIO TEXHOJIOTHH MyTalMoHHOH ceneximu (Muth et
al., 2008). ITpu 3TOM MeToJaMH TEHETHYECKON HMHKXCHEPHU
Y TEHOMHOTO PEJIaKTHPOBAHMS, HANPaBICHHBIMU HAa MOJIH-
(uKalMIo KIIOYEBBIX T'€HOB OMOCHHTE3a Kpaxmaia, ObLIH
YCIIEUTHO CO3/IaHBl paCTEeHHS KapTO(hems C 0)KUIaeMbIMH (e-
HOTHIIAMHU: 6€3aMHIIO3HBIN KpaxMall (HOKAyT ¥ HOKJIayH reHa
GBSS1), xpaxmai ¢ MOBBIIIEHHBIM COJIEP’KaHUEM aMHIIO3bI
(omHOBpeMeHHBIN HOKIayH reHoB SBE [ 1 SBE2) u kpaxmai ¢
M3MEHECHHBIMU CBOMCTBAMH aMIJIOTICKTHHA (peJaKTHPOBaHUE
renoB SBE w/wnu SBE2) (Visser et al., 1991; Schwall et al.,
2000; Hofvander et al., 2004; Andersson et al., 2006, 2017;
Tuncel et al., 2019).

B psize ciryyaeB oka3anaoch, UTO PACTEHHS C 0XKHIAEMbIM
(heHOTHUTIOM 00JIaJATTH TAKIKE HELIEJIEBBIMY PH3HAKAMMU: Ha-
MpUMep, IPU aHTHCEHC-CYTIPECCHUH I'EeHOB KPaxXMaJIBETBSIIINX
(epmentoB SBE] u SBE2 yBennueHne KOHIIEHTPAIUU aMH-
JI03BI COTIPOBOXKIANIOCH CHIPKEHHEM KOJIMYECTBA KpaxMasia u
(hopMupoBaHNEM MEJIKHX TPaHyJ Ipu OoJIbIIei Macce KiryO-
ueit (Hofvander et al., 2004). Bunumo, BHeCeHHE H3MEHCHHI
B OT/ICJIbHBIC 3BE€HbS META0O0II3Ma KpaxmMasia MOXKeT BIHATH
Ha OOUIMH yIIICBOAHBIH OOMEH pacTeHus. ACCOIMATHBHOE
MCCJIEZIOBAHUE TO3BOJIMIIO BBISIBUTH T'€HETHUECKHE JIOKYCHI,
CBsI3aHHBIE C IPU3HAKAMH COZIEPKAHUS KpaxMasa B KITyOHAX
KapTrodens u ypoxaifHocTn (Macca KiyOHeil), pu 3ToM
(yHKIMS MHOTUX OOHApY>KEHHBIX I'€HOB ObliIa HEU3BECTHA
nu60 OTHOCHIIACh K CUTHAJNBHOW, TPAHCKPUIIIIHOHHON U
MOCTTPAHCKPUIIIMOHHOMN peryisaiuH (Schonhals et al., 2017).
WHuTepecHo, uTO HEeKOTOphIe U3 HaiieHHbIX SNP BiIusioT Ha
MPU3HAKH yPOXKAHHOCTH M COAEPKaHUS Kpaxmaa B KITyOHsX
kak aHTaroHucTsl (Schonhals et al., 2017). Takum ob6pazom,
M3y4eHUe IyTel peryisiiuyu reHOB MeTabo3Ma Kpaxmara
aKTyaJIbHO JUISl YIyYIIEHUS] KauecTBa M ypOXKaHOCTH Kap-
Tocens.

YrneBogHbIi 06MeH y pacTeHUn KapTodens

[To mpuHIUNY BHIMOJTHAEMOW OMOIOTHYECKON (QYHKIIUU
KpaxmaJl IeJIMTCsI Ha J1Ba TUIIA — TPAH3UTOPHBIM U 3aI1aCHOM.
TpaH3UTOPHBIN KpaxMall CHHTE3UPYETCSl U HAKaIlJIMBACTCs
B XJIoporiacTax ()OTOCHHTE3UPYIONINX TKAaHEH (JIHCTHEB)
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B TEYECHHE CBETOBOI'O JHSA, @ B OTCYTCTBHE OCBELICHHS Pac-
ajiaeTcsi, YT00bl 00ECHEYNTh KJIETKY ITUTATEeIbHBIMH BEllle-
CTBaMU. 3aracHOW KpaxmaJjl CHHTE3UPYETCsl B AMUIIOILIACTaX
(HeoTOCHHTE3NPYIOMHNX IJIACTHAAX ) 3aIIACAIOIINX OPTAaHOB
(Harrpumep, KIIyOHEH KapTo(elis) M XpaHUTCS B HUX B TSUCHHE
JJINTEJILHOI'O BPpEMEHU, qTOOBI BIIOCJICACTBUU OBITH HUCIIOJIb-
30BaHHBIM IS TOATOTOBKH K IIPOPACTAHUIO ITOOETOB (Zeeman
et al., 2010; Streb, Zeeman, 2012).

[TpuHUMNIMaNbHOE pa3IMuKe YIJIEBOJAHOr0 OOMEeHa B
KJIETKAX JIMCTHEB M 3aITacalOIUX OPraHOB 3aKJIF0YaeTCs B HC-
TouyHUKe yrieBooB u AT®, HeoOXonuMBbIX 1i1st OMOCHHTE3a
KpaxMajia U OCYLIECTBICHHS (PEPMEHTATHBHBIX PEaKIIHii:
B JIMCTHSX JAHHBIE BEIECTBA MOTYT 0Opa30BBIBATHCS He-
MOCPEICTBEHHO B KIJIETKAX, B KOTOPBIX IPOUCXOIUT CHHTE3
TPAaH3UTOPHOTO KpaxMaiia, a B 3aracaroline Opralbl OHHU I10-
NajgaoT 3a CYeT MMIOPTa 13 (POTOCHHTEIUPYIOLIHX.

B pesynbrare peaknuu (OTOCHHTE3a B XJIOpOIJIacTax
oopazyercs AT® u ocymectrisercs unki Kanpeuna—ben-
COHA, TIPX KOTOPOM TPOHMCXOIUT (PHUKCAIUS aTMOC(HEPHOTO
YIJIEKUCIIOTO ra3za ¢ oOpa3oBaHHEeM TpHo3odochaTa Kak
OJTHOTO M3 MPOMEXYTOUHBIX MpoAyKToB (Streb, Zeeman,
2012). Yactp Momnexyn Tpuo3odocdara ocTaeTcs B CTPOME
XJIOPOIIACTa U MCHOJIB3YeTCs B KAYEeCTBE MCTOYHHKA YIJle-
BOJIOB JUIsi OMOCHHTE3a TPaH3UTOPHOIO Kpaxmaja, Jpyras
YacTh TPAHCIIOPTHPYETCS B LUTO30Jb C MOMOIIBIO TPHO30-
¢docharnoro Tpancinokaropa (TPT) (Fliigge et al., 1989).
B xuoporiacre Tpruo3odocdar nocie mociaea0BareibHOCTH
(hepMEeHTAaTHBHBIX PEaKIUil MMpeBpamaeTcs B TITIOK030-1-
¢docoar (G1P), uz xoroporo ¢ momomisro AJJd-rmoko30-
nimpodocdopuinassl (AGPase) cuntesupyercs AJld-riroko3a,
OCHOBHOM CyOCTpar 1t OMoCHHTe3a KpaxMaiia (CM. PUCYHOK).

B cBoro ouepens Moinekynsl Tpuozodocdara, SKCIOPTH-
POBaHHBIE B IIUTO30]Ib, IPEBPAIIAIOTCS B Caxapo3sy, KOTopasi
3aTeM 110 (II03ME M aroIIacTy JOCTABISCTCS B 3aIlacalomine
oprassl (KIfyOHM), T/Ie CIY>)KUT UCTOYHUKOM YIJICBOJIOB IS
CHHTE3a 3aMlaCHOTr0 Kpaxmasa. BHYTpb KJIETOK 3amnacarommx
OpraHOB caxapo3a IoMNagaeT ¢ HOMOLIBIO OeTKOB-Caxapo30-
TPaHCIIOPTEPOB JIN00, OyTydr THAPOIM30BaHHON HHBEPTA30H
JI0 TIIFOKO3bI U (DPYKTO3bI, Uepe3 rekcozorpancrnopreps (Ruan,
2014). B nuTomna3Me KIeToK KITyOHs caxapo3a pacieruisieTcs
JIByMSI QJIbTEPHAaTUBHBIMU ITyTSMHU: CaXapoJIMTHUYECKHUM, C
UCIIONb30BaHKeM (pepMeHTa caxapo30CHHTa3bl SuSy, WK
THIIPOJIMTUUECKUM, KaTaJIM3UpyeMbIM HHBEpTa3oi Inv. Inv He-
00paTHMO paclIeIuIsieT caxapo3y JI0 IIIOKO3bl U (PPYKTO3HI,
a SuSy karanusupyer o0paTHMYI0 PEaKIHI0 PACIICIICHHUS
Ha ¢pykTo3y u Y®D-mmoko3y (Stein, Granot, 2019). IIpe-
00J1a/1at0IHi Ty Th pacIeIUICH s Caxapo3bl 3aBUCHUT OT CTa-
JIMM pa3BUTHs KiIyOHsi. B Hauane pocrta, Korja nmpouCcXoauT
AKTUBHOE KJIETOYHOE JIeJIeHHe, MPeoliIaiaeT HHBePTa3HbIH
IyTh Jerpajaliy, a Ha JTale HaKOIICHHWs KpaxMajia Ha-
OnrofaeTcs nepexojl k caxaponurudeckomy (Appeldoorn et
al., 1997). IlyTs, ocymecTBisieMblii SuSy, HTpaeT BaXKHYIO
POJIb B MHTEHCHBHOCTHU HAKOIUICHHS Kpaxmala y Kaproges:
[I0Ka3aHO, YTO yMEHbIIICHUE aKTUBHOCTH I'eHa CaXapO30CHH-
Ta3bl BEI3BAJIO YMEHBIIICHHE COACPIKAHUS Kpaxmaia B 3peJIbIX
KIyOHsx (Zrenner et al., 1995; Baroja-Fernandez et al., 2009).
CaxaposocunTtaszbl SuSy kaptodess MpeacTaBICHbI B BUIC
CeMH HM30T€HOB, KOTOPbIE MMEIOT TKaHECIICLM(PHUHYIO IKC-
MIPECCHIO; TaK, B PacTYIIMX KIyOHSIX 3KCIpeccupyeTcst TeH
SuSy4 (Van Harsselaar et al., 2017). BeposiTHO, OTaE/IbHBIC
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n30(hOpPMBI CaXapo30CHHTA3 MOTYT NMPHHUMATh y4acTHe B
TPAHCIIOPTE caxapo3bl M0 (rrodMe, Kak nokasaHo y 4. thaliana
(Yao et al., 2020).

Janee 3a cueT peakiyii, OCYIIECTBISIEMBbIX (PepMEHTaMU
¢dpyxrokunazoi (FK), rekcoknnazoit (HK) u Y1®-riroko30-
nupodocdopuazoif, B HUTO30JIe KIETOK 3aracaroleil ma-
peHXuUMBI GopMupyercs mya GpochopHuInpOBaHHBIX TEKCO3,
peaKInH epexo1a MEX Ty KOTOPBIMH SBJISIOTCS 00paTHMBIMH
Y KaTaJIU3UPYIOTCS LUTO30IbHBIMU H30(hopMaMul pepMeHTOB
(ocdormroronzomepassl PGI2 u pocdormokomyrazsr PGM2
(Yu et al., 2000; Kleczkowski et al., 2010). OnuH U3 rekco-
30¢ocdaroB, a UIMCHHO TIIOK030-6-pocdar (GO6P), TpaHc-
MOPTUPYETCS] B aMUJIOTIIACTBI ITOCPEICTBOM MEMOPaHHOTO
r1I0K030-6-(hochar Tpanciaokaropa (GPT), rae ucnoms3y-
ercs s cuaTe3a AJ[D-rmoko3sl (Kammerer et al., 1998).
[Toka3aHO, YTO MHTEHCHUBHOCTh OMOCHHTE3a Kpaxmaia B
KIIyOHSIX KapTodes HapsMyIo 3aBUCHT OT TpaHcnopra GOP
(Tauberger et al., 2000; Fernie et al., 2002).

Takoxe B 3amacaromye TKaHu 13 (POTOCHHTEZUPYIOIINX UM-
noptupyercs AT®, KOTOpBIii onagaeT B aMIUIIOIIIACTSI C ITO-
MOIIIBIO MJIACTHIHOTO afeHUIATHOTO TpaHciokaropa (NTT).
Jaxe Hebompoe ymenpiienne aktueHOCT NTT npuBouT k
YMEHBIIICHHIO O0IIETo coAepkaHus Kpaxmaa B KITyOHSX Kap-
todens (Tjaden et al., 2001), a coueTaHme CBEpXIKCIPECCHH
NTT n GPT — k yBenuuennto (Zhang L. et al., 2008). Bosz-
MOXKHO, CyIIIECTBYET Ty OJIMPYIONIHH Ty Th TPAHCIIOPTa TeKCOo3
B KJIETKY aMHJIOIUIACTa: HMIIOPT TITI0K030-1-docdara (G1P)
W UCIIOJIb30BAHUE €ro KaK HENOCPEJCTBEHHOro cyOcTpara
s cuHTe3a AJl®-rimoko3el. ECTh Joka3areibcTBa TOTO,
YTO JAHHBIA MYTh pealn3yercs y KapTodeis, XOoTs COOT-
BETCTBYIOIIUI TPAHCIIOPTHBIN OEJIOK Ha HACTOSIMIH MOMEHT
nemssecteH (Fettke et al., 2010). HemaBHee uccnenoBanue y
A. thaliana BbISIBUIIO 1Ba KaHAMATa HA POJIb TPAHCIIOPTEPA
roko30-1-¢pocdara uepes miasmMarnyeckyo MeMOpany
(Malinovaet al., 2020).

Cybctparom anst OuocuHTe3a Kpaxmaia ciaykuT AJ[D-
IJII0K03a, KOTOpas o0pasyeTcs B CTPOME XJIOPOIUIACTOB H
aMIJIOTIIACTOB 32 CYET 00PATUMOI peaKIInH, KaTaan3upyeMon
tdhepmentom AJID-imroko3ommpodochopunazoii (AGPase).
AGPase cunresupyer AJ{D-mroko3y u upodocdar (PPi) u3
G1P u AT®. ®epMeHT SABIISIETCS TeTePOTETPaMEPOM, COCTO-
SILIMM M3 IBYX OOJIBIINX ¥ ABYX MaJibiX cyObeaunun (AGPL
n AGPS), u ero akTUBHOCTh UTpacT KPUTHUYECKYIO POJb B
O6mocuHTEe3e KpaxMana B KiIyOHsax kaprodens (Geigenberger
etal., 1999). lllenounas nupodocdarasa (PPase) pacmemser
oOpazoBasmmiics mpodocdar no oprodocdara u BIHET,
TaKkuM 00pa3oM, Ha HarpaBJIeHHEe 00paTHMOIi peaKknnu, KaTa-
nmuzupyemoit AGPase, B cropony cuntesa AJlD-Tto0Kko3bl, Kak
Mmoka3aHo y pacteHuii tabaka (George et al., 2010). Onnako B
KIIyOHsX KapTodesns MmexaHu3M yuactusi PPase B GnocunTese
Kpaxmaia, Cyas II0 BCeMy, 3HAYUTEIbHO OTINYAeTCs U TI0Ka
ocraeTcs Hen3BeCTHbIM. Tak, IIOKa3aH CYIeCTBCHHBIH BKIIa
racTuIHON (hopmbl PPase B mporiecc HaKOIIICHHS Kpaxmaa
B KIIyOHSX: y JIMHUH ¢ HOKAAayHOM TeHa StpsPPase naOiio-
JIaJIoCch yMEHBIICHUE KOJMYECTBA KpaxMalla M YMEHBIICHHE
pa3mepa rpanyi. [Ipu aTom yBeanunBaauch ypoBHH podoc-
(hara, a TaKkKe DIIOKO3bI, PPYKTO3bI, (HOCHOPHIMPOBAHHBIX
IreKCO3 M, YTO HEeOXHuIaHHO, AJID-TaoKo3bl. YBEIMUCHUE
conepxanug AJl®-TIIIOKO3bI CBUICTENBCTBYET B MOIB3Y
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MeTtabonusm Kpaxmana
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Cxema meTabonn3ma Kpaxmarna B GOTOCMHTE3NPYOLLMX (MUCTbA) U 3anacaroLmx (KNyoHm) opraHax kaptodens.

MyTu 6rnocnHTe3a Kpaxmana, a Takxxe MeTaGonnsma caxa

pos 0603HaYeHbl CUHUMKN CTpenkamu, NyTb Aerpagaunn Kpaxmasna — YepHbiMU

cTpenkamu. B nuctbax 6onee nogpobHo nokasaH NyTb Aerpagauyu, B KNyOHAX — NyTb GMOCUHTE3a Kpaxmasna. ANbTepHaTUBHbIV MyTb
cuHTesa ALIO-rnoKo3bl B LUTO30s1e 1 NOC/eAyoLWero TpaHcnopTa B aMuioniacT ¢ nomolybio BT1 (Brittle1-like transporter) o6o3HaueH

KpacHoW cTpenkoi. Yrnesopbl (YepHbiii uset): Fru — ¢p

YKTO3a; F6P — dppykTo30-6-dpocdart; Glc — rnokosa; G1P - rnokoso-1-dpocdar;

G6P - rnioko30-6-pocdar; S6P — caxapo3o-6-pocdar; TrioseP — Tprnosodpocdat; ADP-Glc - ALD-rnioko3a; UDP-Glc - YAD-rnioko3sa; Sucrose —
caxaposa; Maltose — manbto3a. epmeHTbl U MHIMOUTOP MHBEPTa3bl (CMHWMIA LBeT): Acinv — BakyonapHaa uHsepTasa; AGPase — AO-

rniokosonupodocpopunasa; ALD - anbponasa; AMY - a-a

Munasa; BAM - B-amnnasa; FK - ¢pykTokuHasa; DPE - 4-a-rnmkaHoTpaHcdepasa;

FBP - ¢pykTo3o-1,6-ouchocdarasa; GBSS - rpaHynocsazaHHas KpaxmancnHrasa; GWD - a-ramkaH-H,O-anknHasa; HK - rekcoknHa-

3a; ISA - n3oamunasa; Invinh — nHrMGUTOP MHBEpTa3bl;

Inv - uHBeptasa; PGl - dpocdorniokonsomepasa; PGM - pocdorniokomyTasa;

PHO - a-rnukanpocdopunasa; PPase - wenouHas nupopocdatasa; PWD - pocornunkan-H,0-anknHaza; SBE - kpaxmanseTsani GepmeHT;
SEX, LSF - pocpornukanpocdatasbl; SPP — caxaposopocdarpocdartasa; SPS - caxaposodocaTcuHTasa; SS — KpaxmancmHTasa; SuSy —
caxapo3ocuHTasa; UGPase — YD-rnoko3onvpodochopunasa. TpaHcnopTHble 6enkm (3eneHblii ugeT): GPT — TpaHcnoKaTop roKo30-6-
docdata; NTT - ATO-ALD aHTMnopTep; MEX — ManbTo30TpaHcnoptep; TPT — Tpro3odocdaTHblin/pocdaTHbIi TpaHcokaTop; GIcT - rioko-

30TpaHcnoptep; BT1L - Brittle1-nogo6Hbin TpaHcnopTep.

TOTO, YTO B KIYOHAX KapTodens mupodocdaT He OKa3bIBaeT
BJIMSIHUSL HA HaIMlpaBiieHUE peakuu, karanuzupyemoit AGPase
(Andersson et al., 2018).

V¥ 31aK0BBIX (OTHOIOIBHBIX) PACTEHHUI IMEETCS allbTepHA-
TUBHBII LIUTO30JIbHBIN MyTh CUHTE3a AJ|D-III0K03bI 32 CUET
neiictBus depmentoB SuSy u UGPase, kotopslit siBisierTcs
3HAYMMBIM TIpH pocTe 3epHa. Tpancnopt AJlD-Tioko3sl B
aMUJIOMJIACT OCYIIECTBISIETCSA C MOMOIIBI TPAHCIOPTHOTO
oenka Brittle1-like transporter (BT1) (Bowsher et al., 2007).
YV kaprocens S. tuberosum oGHapyKeH TOMOJIOT 3TOTO OENKa:
StBT1, KOTOPBIH BBITONHSET (PYHKIHIO OTHOHAITPABICHHOTO

FEHETUK

tparcropra AM®, AJI® u AT®; mpu 3ToM JOKa3aTeTbCTBA
Tpancnopta AJlP-1oko361 uepe3 MeMOpaHy aMHIIOIIIACTOB
orcyrctBytoT (Leroch et al., 2005).

CuHTe3 KpaxmasnbHOW rpaHybl

buocuHTe3 TpaH3UTOPHOTO Kpaxmala B XJIOPOILIACTax
JMCTBEB M 3alIaCHOTO KpaxMalla B aMHJIOIUIAcTaxX KiITyOHeH
MIPOMCXOUT 110 OAMHAKOBOW cxeMme. B mpomecce cuHTE3a
MOJIEKYJ aMMJIO3bl U aMUJIOTIEKTHHA MTPUHUMAIOT y4acTue
16 xMI09EBBIX (PEPMEHTOB, KOTOPBIE OTHOCATCS K CICIYIOIINM
rpynnaMm: KpaxMajJCHHTa3bl, KpaxMaJBETBSIINE U JICBETBS-
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mue ¢pepmenTsl (cM. Tabnuiy). bonbmmHeTBo hepmeHTOB
CYIIECTBYIOT B BUJE CIIeKTpa n30(opM, GyHKINH KOTOPBIX
MOT'YT YacTHYHO iepekpbiBarhbes (Pfister, Zeeman, 2016; Van
Harsselaar et al., 2017).

KpaxmancnHTassl KaTanusupyoT (opMHUpOBaHUE TIIHKO-
3UHBIX CBS3€H MyTeM MepeHoca NII0K03Horo ocrarka A Jd-
IJIIOKO3bI HAa HEPELy IUPY IO KOHEL| MOJIEKYJIbI TITFOKO3HOTO
MoJNMMepa U SIBISIFOTCS TPYNHoi (pepMeHToB, KoTopas Moj-
paszensercst Ha KpaXMaJICHHTa3bl, CBSI3aHHBIE C TPaHyJI0H
(granule bound starch synthases, GBSS), u pacTtBopumbie
KkpaxmaincuHTassl (soluble starch synthases, SS). GBSS ot-
BEUACT 3a CHHTE3 JUTMHHBIX IIETel: IPEeHMYIIeCTBeHHO aMH-
JI03bI, a TaKke (PPaKUK JUIMHHBIX 1eNeil Y aMUIONEeKTHHA.
PacTBOpHMBIE KpaXMaJICHHTa3bl MIPEJCTABICHBI CIIEKTPOM
mzodopm (SS1, SS2, SS3, SS4, SS5, SS6), uz koropserx SS1,
SS2, SS3 ocymiecTBIAIOT pocT 1enel pa3IuyHON JIUHBI Y
ammmoniektrHa (Pfister, Zeeman, 2016). M3ohopma SS4 nrpa-
eT 0co0yI0 POITb Cpel KPAaXMaJICHHTA3, TaK KaK y4acTBYeET B
MHUIMAIUK 00pa3oBanus rpanyi kpaxmaia (Tetlow, Bertoft,
2020). Y Arabidopsis ¢ BBIKIIOYEHHBIM T€HOM Ss4 HaOIIO1aIm
OJIHY-/IBE KpaxMaJIbHbIE IPAHYJIbI O0JIBIIOTO pa3Mepa BMECTO
ISITH-CEMHM HeOONbIIMX Y pacteHus aukoro tuna (Roldan
et al., 2007). ®yHkunn n3opopM KpaxMalcHHTa3sl SS5 u
SS6 mnoka nesicupl. ¥ 6enka SS5 Ha C-KOHIIE OTCYTCTBYET
XapaKTepHBIA I KpaxMaJICUHTa3 KOHCEPBAaTUBHBIN paiioH,
conepskamuii kKaramutnaeckuit fomeH GT1, mpu 3Tom Oerok
MMEET KOHCEPBAaTUBHBIN CaliT CBA3BIBAHMS IIMKAHOB. Bepo-
SITHO, SS5 ydacTByeT B IPOIIECCE MHUIMALMU 00pa30BaHHUS
KpaxMaJbHOW TpaHyIibl; TOKa3aHo, YTo yTpara Oemka SS5 y
Arabidopsis BbI3bIBaCT yMEHBIICHNE KOJIMUYECTBA TPAHyIN B
mucthsx (Abt et al., 2020). 3odpopma SS6 1 KOAUPYIOLITHIA
e¢ r'eH OBbIIM BBISBJICHBI B TEHOME KapTO(essi OTHOCUTEIBHO
nenasHo (Van Harsselaar et al., 2017), yHkiponansHas poib
9TOro (pepMeHTa HesicHa. BO3MOXKHO, OH y4acTByeT B IIpO-
IL[ECCE POCTa TPaHYIIbI, TOCKOIBKY (PU3NUECKH CBS3aH C HEH.
Kpome Toro, y SS6 npucyTCTBYIOT KOHCEPBATUBHBIE MOTHBBI
XXGGL u KXGGL, xapakrepHbie 115 NTUKO3UITpaHChepas-
HBIX goMeHOB KpaxmancuaTas GT1 u GTS cooTBeTCTBEHHO
(Helle et al., 2018).

Wunnpanust o0pa3oBaHusi KpaxXMallbHOM I'paHysibl JI0Iroe
BpEMsI 0CTaBAJIACh MaJION3y4YEeHHBIM BoripocoM. CyInecTByto-
IIM€ MCCIIEIOBAHMS KACAIOTCsl 00pa30BaHMUs TPAHYIIbl y TPaH-
3UTOPHOTO Kpaxmajia MOJIeJIbHOro o0bekTa A. thaliana, Ho,
BEPOATHO, KJIIOUEBBIE MOMEHTHI MEXaHU3Ma (DOPMHUPOBAHUS
IpaHyJIbl MOKHO B HEKOTOPOHM CTENEHU DKCTPAIOINPOBATH
u Ha Jpyrue Buabl pactenuit (Mérida, Fettke, 2021). Kax
YKa3aHO BBIIIE, OCHOBHBIM (DEPMEHTOM MHUIHAINH SBIISETCS
SS4, Takxke ydactre B 00pa30BaHUH U POCTE TPAHYIIBI, TT0 BCCH
BUJIUMOCTH, MPUHUMAIOT SS5 1 SS6. Akuientopom st pocTta
TpaHyiIbl CIyXKaT MaJbTOOIMIOCaxXapuisl, 00pa30BaHHbBIE
TIpH JIeTpaialliy MoMIInKaHoB ammia3amu (Mérida, Fettke,
2021). IlpocTpaHCTBEHHOE B3aUMOAICHCTBHE KPaxMaJICHHTa3,
Monekyn cyoctpara (AlP-TiroK036I) M pacTymieil rpaHy-
JIBI OCYIIECTBIISIETCS] C TIOMOIIBIO HANPABISIOMNX OEJIKOB:
¢dakxtopoB PTST2 (protein targeting to starch 2) u PTSTI1,
KOTOpBIE CBs3aHBI ¢ KpaxmancuHTazamu SS4 u GBSSI co-
OTBETCTBEHHO, a TAaKXXE COZIEPKaT yIIICBO/A-CBI3bIBAIOIINI
momeH (Seung et al., 2015, 2017). HeoOxoauMo OTMETHUTH,
9T0 B KIyOHsX Kaprodens daxtop PTST2 He oOHapykeH.
DTO CBUAETENLCTBYET B IOJIB3Y TOTO, YTO MPOIECCHl MHUIIN-
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armu o0pa3oBaHusl TPaHyIl Kpaxmalia B JUCTbIX Arabidopsis
u KIyOHsX KapTodens pasmudatorcs (Helle et al., 2018). Ha
MHHALUANUIO (POPMUPOBAHUS KPaXMaJIbHBIX TPAaHYIl B KIIyO-
HSIX KapTo(elisi OKa3blBaeT BIMSHUE U TeTePOMYJIETUMEPHbII
KOMIUTEKC, copMHupoBaHHBIN n3oammnazamu [SA1 u ISA2.
Cyzis o BceMy, M30aMIIa3bl ITOABISIIOT 00pa30BaHNUE HOBBIX
rpaHyJl Kpaxmasa, IpersiTCTBYsI 00pa30BaHUIO PACTBOPUMBIX
MOJIEKYJI ITIMKAHOB B cTpoMe xJioporutacta (Bustos et al., 2004).

[To mMepe yauTMHEHUS 1enel MOJIEKYJ aMHIIO3bl U aMHUJIO-
MEKTHHA, OCYIIECTBISIEMOro kpaxmaiacuuTazamu SS1, SS2 u
SS3, mpoucxoquT MpHUCOSANHEHNE K HUM OOKOBBIX BETBEH,
KaTajqu3upyeMoe KpaxmanseTBsimuMu (pepmentamu SBE
(starch branching enzymes) (Pfister, Zeeman, 2016). Kpax-
MaJBeTBAMNE (PEPMEHTHI PaCIIETUIAIOT o-1,4-TTHKO3HTHBIE
CBSI3M TOJIMIVINKAHOB, CHHTE3WPOBAHHBIX KpaxMaJCHHTa3a-
MM, U IPUCOEANHSIIOT 00pa30BaHHbIE KOPOTKUE LENN Ha TaK
Ha3bIBaEMYIO IIEMb-aKIIETITOP 3a c4eT (opMHUpOBaHUS a-1,6-
TIMKO3UIHOM cBsi3u. KpaxmanBersimue (epMeHTHI KapTo-
denst npeacrasienst u3odpopmamu SBEL.1, SBE1.2, SBE2,
SBE3 (panee o6o3nagaemas kak SBE1) (cm. Tabmmmy) (Van
Harsselaar et al., 2017). Takum oOpa3oM, yIOMHHAIOMINECS
B npyrux padorax ¢opmbel SBE1 1 SBE2 no knaccudpukanmu
Ban Xapcemaap u coaBTropoB o603HaueHsI kKak SBE3 1 SBE2.
SBE3 mpenMyIiecTBeHHO CHHTE3UPYET JUIMHHBIC OOKOBBIC
nenu, SBE2 obecnieunBaeT MpOJYKIHIO KOPOTKHX LEHei
amunonektuHa (Tetlow, Bertoft, 2020). ®ynkuus SBE1.1
n SBE1.2 B GuocuHTe3e kpaxmana KapTodels HEU3BECT-
Ha, OfHAKO Y Arabidopsis 0OHAPYKEHO UX ILICHOTPOITHOE
BIIMSIHUE HA POCT M Pa3BUTHE PACTECHUS: TPAHC(HOPMAHTHI
co cBepxakcnpeccueil SBE] umenu HapylIEHHYIO OKPAackKy,
HU3KUH POCT, NJIMHHBIN )KU3HEHHBIN LIUKII U 1aBaJId MEHbILIE
CeMsH, yeM KOHTpoibHbIe pacTeHus (Wang X. et al., 2010).
CoBmecTHast paboTa pa3HbIX H30(OPM BIHSIET HA CTPYKTYPY
amusionekruna. Ha pacrenusix kaproderns ¢ HOKayTOM reHOB
sbe3 n/unmn she2 (B OpUTHHAIBHOM HCCIIEIOBAHUU 0003HA-
4eHsbl Kak shel n she2) moka3aHo, 4TO IPHU HEAKTHBHOM sbhe3
(hopmupyeTcst Kpaxmal, COCTOSIIIMI U3 0oJiee JITMHHBIX MO-
JIEKyJI aMHJIOTIEKTHHA C YMEHBIIIEHHON CTENEHBIO BETBIICHMUS.
HoxkayT rena she2 (npu akTHBHOM sbe3) He 0Ka3ai 3aMETHOTO
BIIMSIHUSL HA CTPYKTYPY aMHJIONIEKTHHA, PU 3TOM YBEJINYH-
JIOCh KOJIMUECTBO KPaXMaJIbHBIX TPAHYII B KITyOHSX KapTo(erns
u ymenbmmics ux pasmep (Tuncel et al., 2019).

Hpyras rpynna ¢pepMeHTOB, NPUHUMAIOLIUX y4acTUe B
(hopMHPOBAHUH CTPYKTYypBl aMHUIIONEKTHHA, — JICBETBSIINE
(epmentsl DBE (debranching enzymes) (cm. Tabnmuy), koTo-
PpbIE OCYIIECTBIISIIOT IEPECTPONKY Pa3BETBICHHBIX ITIMKAHOB B
(hopMmBI1, CIOCOOHBIE K O0Tee YCTIEIITHOM KPHCTAIUTA3AIIH, 9TO
Ba)kHO IpH (hopmuposanmy rpanyisl (Pfister, Zeeman, 2016).
DBE npeacrasnens nzoamunazamu (ISA), koTopble KaTaiu-
3UPYIOT THAPONH3 0~ | ,6-NINKO3UAHBIX CBA3EH aMHUIIOTIEKTHHA,
yOupast u30bITOUHOE pa3BeTBIEeHHE. M30amMmia3pl kKapTodens
cymiectBytoT B Bujie nuzodopm ISA 1, ISA2, ISA3. benku ISA1
n ISA2 moryT hopMHUpOBATH TETEPOMYIETHMEPHI, KOTOPHIE
6ornee 3p(PEKTUBHO yAANSIOT JUIMHHBIE Hapy>KHbIE ICIH
amunonekruna (Hussain et al., 2003). ISA3 urpaer BaxHyro
POITb B IIpOLIECCE JIETpaJallii Kpaxmaa 3a CUeT PacIeIUICHUS
KOPOTKHX HapyXHBIX neneil mmkanos (Streb et al., 2008).
TpaHcreHHble pacTeHust KapTO(esisi C TOHUKEHHBIM YPOBHEM
9KCTIPECCHUH TeHOB isal, isa2, isa3 ToKa3ann CyIIeCTBEeHHOE
YMEHBIICHHE COACpPXKaHUS Kpaxmaya B pa3BHUBAIOMIMXCS
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KJIyOHSIX U TIPH 9TOM HE M3MEHMBLIMICS YPOBEHb Kpaxmasa
B JuCThsAX. Kpome Toro, HaOmoanocs yBennaeHne Kojimde-
CTBa M YMEHBIIICHHE pa3Mepa rpaHyll, a TaKKe POCT YPOBHS
caxapo3bl, BUIUMO, CBSI3aHHBIH C YBEJIMUEHUEM CyMMapHOi
MOBEPXHOCTH T'PaHYN M JOCTyna (pepMEHTOB JeTpajaliu
(Ferreira et al., 2017).

[TomuMO KpaxMaJICHHTa3, BETBSILUX U JEBETBAINX (ep-
MEHTOB, B CHHTE3€ KPaXMaJIbHOH I'PaHYJIbl MPUHUMAIOT
yuacTtue o-mmkandochopuiasbl, MpeaAcTaBIeHHbIC IIACTH/I-
Hoit (PHO1) n nuroruazmaruyeckoii (PHO2) nzodopmamuy,
KOTOpBIE€ KaTaIU3UPYIOT 00paTUMYIO PEaKIHIO TepeHoca
TIIMKO3MIIBHON TPYMITEI OT TiMoKo30-1-docdara (G1P) Ha
HEepeIyHUPYIOMUNA KOHEll 1IenH o-1,4-CBS3aHHBIX TNTUKaHOB
(Pfister, Zeeman, 2016). PHO2 yuactByer B MeTabonn3me
yrieBojioB B nurominasme, a PHO1 urpaet pons B mponeccax
6uocuHTe3a U Aerpaaliiy KpaxMasa B miactuaax. [lokasaso,
YTO NPH HU3KUX TEMIIEPATypax B KIIyOHAX KapTodemns MoxeT
peann3oBbIBaThCs (hocdopmiIazHbIil MyTh OMOCHHTE3a KpaxX-
Masia ¢ ucnosib3oBanueM G1P B kauectBe cyOcTpara (Fettke
etal., 2012).

Derpagauusa KpaxmanbHOW rpaHysbl

IIponecc nerpazauuu Kpaxmala sIBISIETCS HEOTbEMIIEMON
YacThIO €ro MeTabonm3ma M OOIIEero YIIIeBOAHOTO OOMEHa,
OJIHAKO M3y4YeH B 3HAUUTEIbHO MEHBILIEH CTEeNeHH, 4eM Oro-
cuHTe3. Hambonee moapoOHO OMMCaHBI MyTH IeTpajalun
TPAH3UTOPHOTO Kpaxmaja B JIMCTBSIX MOJICIBHOTO OObEKTa
A. thaliana; nanHble xe 0 Ipolecce paciajga Kpaxmaia B
KITyOHSIX KapTo(ess Ooy4deHbl IPEUMYILECTBEHHO TIPH HC-
CJIeTOBAHUH IIPOIIECCOB XOJIOI0OBOTO OCAXapUBAHHMS U ITpopac-
tanust. OCHOBHBIE ATaIIbI JIETPAAAIMU KpaxMaJia 3aK/IF04atoTCst
B BBICBOOOX/ICHUHU PACTBOPUMBIX ITIMKAHOB U3 TPAHYI Kpax-
Maria, peBpalleHNH NINKaHOB B JIMHEHHbIE (POPMBI (MaJIBTO-
OJIMTOCaxapH/ibl), THIPOJIM3€E MMOCIESTHHUX JI0 MaIbTO3bI U €€
JaTbHEHIIIeM MeTabom3Me B KIIeTke. B porecce nerpamarmm
Kpaxmaja NMPUHUMACT Y4acTHE HMIMPOKHH CHEeKTp (epMeH-
TOB: O U B-aMuIIa3el, M30aMuIasa, o-rmukan-H,O-aukunasza
u pocdornukan-H,O-auknnasa, o-rmkad Gocdopuinasa,
¢docdormukandocdaraza, u 4-o-ruKanorpancdepasza (M.
Ta0MHILY).

Herpaganysi KpaxmMajJbHOM I'paHyiIbl MHULIMUPYETCS IEH-
crBueM o-rmukan-H,O-aukunaser (glucan water dikinase,
GWD) u docdormikan-H,O-nukunass! (phosphoglucan water
dikinase, PWD), xotopsie pochopunnpyroT IIHKaHBI 110 M0-
sursaM C6 u C3 IIIOKO3HBIX 0CTATKOB, Jejias ux 0oJee I'uji-
poduIBHBIMU U 00ecTieYrBast TOCHIEAYIOLIUN AOCTYII O-, B- 1
n3oammnazaMm (cM. Tabmmiry) (Ritte et al., 2006; Streb, Zeeman,
2012). ®ocdopunuposanue a-rmukaH-H,O-1ukunasoi, cyas
10 BCEMY, UTPaeT OCHOBHYIO POJIb B IIPOLIECCE paciiaia Kpax-
Maua B KITyOHSX 1 TUCThAX KapTodens (Claassen et al., 1993;
Orzechowski et al., 2021). KiryOHM TpaHCTEHHBIX pacTeHUI
KapToQessi CO CHIKEHHBIM ypoBHEM rena StG WD Obutn MeHee
TMIO/IBEPIKEHBI IETPaJIaliiy KpaxMasia P BO3AECHCTBUN HU3KHX
temrieparyp (Lorberth et al., 1998).

Crenyromuii stan nerpajanii KpaxMalbHOW TpaHyJIbl
BKJIFOYAET B ce0sI THAPONIN3 IIIMKAHOB aMmiiazamu. B renome
KapTodens o- n B-aMuIa3sl MPeCTaBICHBI IOCTATOYHO IIN-
POKHM CIeKTpOoM n30(opM, oHako ToyHast GYHKIHs 00JIb-
IIMHCTBA U3 HUX Hen3BecTHa (cM. Tabimity) (Van Harsselaar
etal., 2017). Eciu skcTparnonnpoBarh JaHHbIE, IOy YeHHbBIE
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s Arabidopsis, B-amunazst BAM1 u BAM3 moryT ocy-
IIECTBIIATH THAPOJIH3 JMHEHHBIX Y9aCTKOB LIeTIei aMHIIO3bI 1
AMMJIONIEKTHHA; JUTS JIerpaJalliy ’Ke pa3BeTBICHHBIX YacTei
MOJIEKYJI HEOOXOJJUMO yuyacTHe JIeBETBsIIEro ¢pepMeHTa
DBE (y xaprodens n3oammnasza [ISA3) (Hussain et al., 2003;
Fulton et al., 2008; Pfister, Zeeman, 2016). Y kaprodens
npu caisiieHcuHre rena StBAM3 naOniopany yBeauueHUe
COZIepXKaHUs KpaxMmasa B JIMCThSAX 110 CPAaBHEHUIO C JTUKHM
¢enorunom (Scheidig et al., 2002). B kmyOHsx mokasa-
HO BJIIMAHHEC aKTUBHOCTH CHeI_II/Iq)I/I'-IHI)IX (I)OpM aMuJias B
MpoIecce XOJIOAOBOTO OCaxapuBaHUS: O-ammiIa3sl AMY?2
(AMY?23) u f-amuna3z BAM1, BAMO. [IpennonoxurensHOH
¢yukuueit BAM1 u BAMY sBnisiercst nerpananust Kpaxma-
ma B tactune, a AMY?2 — nmerpananust GUTOTIMKOTEHA B
muro3one (Hou et al., 2017). YV A. thaliana onucan takxe
aJIbTEPHATUBHBIN IIYTh JErpajaliuy Kpaxmaia, MHULUUpye-
MBI JieiicTBHEM a-amiia3bl AMY 3, kKoTopasi BRICBOOOXKAaeT
W3 IpaHyll KpaxMaJia JJMHEHHbIe ¥ pa3BETBICHHbIC ININKAHBI,
3aTeM THJIpOJIM3yeMble B- U n3oamuiaazamMu (CM. pUCYHOK)
(Streb et al., 2008).

[MapannensHO THAPOTU3Y IIMKAHOB KpaxMala aMiiIa3aMu
uIeT mpouecc ux nedochoprIMpoBaHus, KOTOPBIH KaTaiu-
supyetcs pochormmkanpocdarazamu SEX4 (Starch Excess)
n LSF2 (LIKE SEX FOUR?2), n3HayagbHO ONMCaHHBIMHU y
Arabidopsis. Itu 1Ba nporiecca B3auMocBsi3anbl: pochopru-
pOBaHKE TMKWHA3aMHU YBEINYUBACT PACTBOPHMOCTD IPAHYJIbI
1 o0ecTIeunBaeT JOCTYTI JUIsl pabOTHI aMHIIa3, IPH 3TOM (oc-
(haTHBIE OCTATKHM MOTYT MPEISITCTBOBATH IIPOIIECCY THIPOIIU3a
(Hejazietal.,2010; Santelia et al., 2011). Y xapTodemnst ymeHb-
IICHUE aKTHUBHOCTH TeHOB SEX4 wmm LSF2 wHTHOMpOBaIo
JIerpaialiiio Kpaxmasa B JINCThSIX; KOJIMYECTBO Kpaxmasa B
KITyOHSIX 0CTaBaJIOCh HEM3MEHEHHBIM, H HAOIIOIAI0Ch YBEIH-
YyeHue ypoBHS (pochopmImpoBaHus U yMEHbBIICHHE pa3Mepa
rpanyin (Samodien et al., 2018).

B pesynbrare coBMECTHOIO JEHCTBUS AUKUHA3, aMUIIAa3 U
(ocdaras obpasyercs Myl pacTBOPUMBIX MAITBTOOJIUTOCAXA-
PHUIOB (IMHEHHBIX TITUKAHOB), PACIa] KOTOPBIX IPOUCXOIUT C
TIOMOLIBIO JIBYX aJIbTEPHATUBHBIX Iy TEil: THAPOIUTHIECKOTO,
3a cyer aedcTBus P-ammias, 100 QochoporuTHIecKoro,
ocylecTisieMoro o-rukandocdopunazoit PHO1 (Weise et
al., 2006; Fulton et al., 2008). ITpu peanmsanuu dochopomu-
THYECKOTO ITyTH JIeTpa/Ialliyl KOHEYHBIM TIPOJLYKTOM SIBIISIETCS
G1P, KOTOpBIIf MOXKET MUCHOIB30BATHCA BHYTPH IUIACTUIBI
JUTI METa0OIMYEeCKUX HYX[. Takke BO3MOKHO 00pa3oBaHMe
TJTIOKO3BI B pe3yJbTare JAeHCTBUS 4-0-TIIMKaHOTpaHC(epas3bl
DPE!1 (disproportionating enzyme) U 3KCIOPT B LIUTO30J1b
nmocpeactBoM moko3oTpancnoprepa pGleT1 (Critchley et
al., 2001; Cho et al., 2011). Y pacrenuii kaprodesns ¢ cai-
JICHCHHTOM r'eHa XjoporutacTHoro ¢pepmenta DPE B nucThsax
BBISIBIICHO yMEHBILIEHHE CKOPOCTH JIET paJlaliiy Kpaxmala i Ipy
9TOM HaKOIUICHHE MaJIETOOINTI0CAaXapH/IOB, B KITyOHSIX TAaKOTO
s dekra He Habmronanu (Lloyd et al., 2004). B kinyOHsIx B yciio-
BHSIX XOJIOZOBOTO OCaXapHBaHUs YBEIUYHBAINCH AKTUBHOCTD
[-ammia3 m koHneHTpanus MansTo3b! (Nielsen et al., 1997).

Maubro3a, KoTopas sIBISETCS MpeoOIalatoliM MPOIYK-
TOM THIPOJIUTHYECKOTO IYTH JEeTpajalii Kpaxmaia, dKc-
MOPTUPYETCS B UTO30JIb C MOMOIIBIO TPaHCMEMOPaHHOTO
tpancnoptHoro 6enka MEX1 (Cho et al., 2011). 3arem, yxe B
LIMTO30JI€ KJIETKH, MaJIbT03a BCIIEACTBHE IeHCTBHS PepMEHTOB
4-o-rmukanoTpancepassl DPE2 6o dpochopunazst PHO2
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pacrazaercst 10 IJIIOKO3bl MM TIIOK030-1-pocdara, u3 ko-
TOPBIX 32 CUET COMNIacOBaHHOTO neiicTBus pepmenToB PGI2,
PGM2, HK, UGPase, SPS (caxapozodocdarcunraza) u SPP
(caxapo3zodocdardocdarasza) cuntesupyercs caxaposa (CM.
pucyHok) (Lopez-Gonzalez et al., 2019).

B xiry6Hsax kaprodesns caxapo3a HCTIONb3yeTcesl KaK HCTOY-
HUK NUTATCJIbHBIX BEIIECTB B IPOLICCCC IMTPpOpaACTaHUA CBETO-
BBIX POCTKOB, ITPU 3TOM €€ YPOBEHb SIBIISICTCS PErYIATOPHBIM
(hakTOpOM, 3aITyCKAIOIINM BBIXOJT KITyOHS 3 COCTOSIHUSI [TOKOST
(Sonnewald S., Sonnewald U., 2014).

Jnst 3aMeuIeHns poliecca NpOpacTaHus CBETOBBIX POCT-
KOB KITyOHEH KapTodenb XpaHAT B yCIOBHSIX IMOHM)KCHHBIX
temneparyp (2-5 °C), uTo 3amyckaeT Impolecc Tak Ha3bl-
BaeMOTI'0 XOJIOIOBOTO OCaXapHBaHU, KOTOPOE 3aKII0YaeTCs
B THJIPOJIN3E Caxapo3bl KHCIOH BaKyOJSIpPHOH MHBEPTA30i
Aclnv (reH Pain-1) 1 HAKOTUICHUH B KITyOHSIX PELyIUPYIOLIHX
caxapoB (TITIOKO3BI ¥ PPYKTO3HI) (cM. pucyHoK) (Sowokinos
etal., 2018). IIpu HOKayTe reHa BaKyOJIsIpHOW HHBEPTA3bl Ha-
Ouronast Gosiee HU3KOE CoZIepIKaHUE PELYLIUPYIOLIMX CaXapoB
(Clasen et al., 2016). OnHUM W3 KITIOYEBBIX PETYIATOPOB
IIpoLIecca XOJI0I0BOTO OCAXapHUBAHMS SIBISICTCS MHIHOUTOP
nnBeptas (InhInv) SbAI, xotopslii monaBisieT aKTUBHOCTD
AcInv (McKenzie et al., 2013). [Toxazano, uto SbAI moxer
TaK)Ke MOAABISATh AKTUBHOCTH O- U (-aMmuia3 B KIyOHSX
kaprodens (StAmy23, StBAMI1 u StBAMY), Tem cambiM
BJIUSISL HA CKOPOCTH JIerpajallii Kpaxmana IIpH XOJI0JOBOM
ocaxapusanuu (Zhang H. et al., 2014).

MexaHunsmbl KOHTpONA meTabonusma Kpaxmana

CuHTes, nerpaganust Kpaxmaia U MeTaOOIM3M IPOITYKTOB
ero pacraja TpeOyrT COmIacOBaHHOW pabOThl MHOXKECTBA
(hepMEHTOB, TPAHCIIOPTHBIX U HAMPABISIOMNX OCIKOB, YTO
MO/Ipa3syMeBacT HAIWYHME PA3IMYHBIX YPOBHEH pETYIISINN:
9KCIIPECCHH T€HOB, UX TOCTTPAHCKPUIILIMOHHOMN PETyYIIsINY,
a TaKKe MOCTTPAHCIIAIIMOHHON PETYISIINN aKTUBHOCTH (ep-
MeHTOB. [Ipo¢uii sKcrpeccuy FeHOB KITFOUEBbIX ()epPMEHTOB
MeTabolM3Ma Kpaxmala JOCTaTOuHO XOPOIIO U3y4eHbl Y pas-
HBIX BHJIOB PACTEHUH, OMHAKO O (haKTOpax, PEryInpyrOIuX
9KCIIPECCHIO, N3BECTHO ropasno Menblie (Lopez-Gonzalez et
al., 2019). CnoxHocTb 00yclIOBJI€Ha T€M, YTO ()ePMEHTHI Me-
TaboIM3Ma Kpaxmara MpeiCTaBIEeHbI OOJIBIINM KOJTHIECTBOM
n30(opM, KOTOpbIE KOAUPYIOTCS COOTBETCTBYIOIIMM KOJIU-
YEeCTBOM NapaJIOTHYHBIX I'€HOB, JUISi KOTOPBIX XapaKTepPHbI
CTEKTPBI SKCTIPECCUH, CTICII(DUIHBIE KaK JUTs ONPEaeICHHON
TKaHM (JIMCTHS, PAa3BUBAIOIINECS CEMEHA U KITYOHH), TaK 1 JUIs
CTaJIM Pa3BUTHsL, YTO II0KA3aHO, HAIIpUMep, y Arabidopsis n
kyKypy3sI (Tsai et al., 2009; Chen et al., 2014). Y xaprodens
TKaHeCMeU(PUIHBIA XapaKTep SKCIIPECCUH BBISBICH IS
reHoB SuSy4, SS5, SBE3, APL3, PHOla, PHO1b, GPTI.1,
GPT2.1,SEX4,NTT2 (B xnyousx)u AMY1.1,APL1, BAM3.1
(B mucThsix) (Van Harsselaar et al., 2017). Ha skcmpeccuto
reHOB OMOCHHTE3a KpaxMalia OKas3bIBaeT BIMSHUE s/l BHEII-
HUX U BHYTPEHHHX (paKTOPOB: IIUPKAIHBIE PUTMBI, CBETOBOI
MK ¥ ypoBeHb caxapos (Tiessen et al., 2002; Kotting et
al., 2010). Tak, ypoBens skcnpeccun renoB GBSSI, LSF1,
LSF2, SEX4, BAM3 B mucthsx A. thaliana XoHTpOIHpYETCS
TPAHCKPUITIUOHHBIMA (DaKTOpaMH, 3aBHCALIMMH OT IUP-
Ka/IHBIX PUTMOB U CBETOBOTO IE€PUO/IA, YTO HEOOXOMMO JIJIsI
OBICTPOTO YIOBIETBOPEHHS HOTPEOHOCTEN B 3HEPTUH B OTBET
Ha MEHSIOIMeCs yCIoBHs okpykaromeid cpezbl (Tenorio et
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al., 2003; Flis et al., 2016). B pactynux kiyOHsIX kapTodes
HAOTIOANN 3aBHCHMOE OT (DOTOTIepPHOIa N3MEHEHHE YPOBHS
akcnipeccun reHoB GBSS, SuSy u AGPase, npn 3ToM Ooiee
BBICOKHH ypOBEHb OTMEUAJICS B KOHIIE CBETOBOTO MIEPHOJIA, &
HanboJee HU3KUH — B HavaJje, YTO 00yCIOBICHO H3MEHEHIEM
YPOBHS IPUTOKA (POTOACCHMHUIISITOB, TPAHCIIOPTUPYEMBIX U3
mucteeB (Geigenberger, Stitt, 2000; Ferreira et al., 2010).

BaxHoli cTagmeii pa3BUTHS paCTEHUS KapTO(EIs SBIsSCTCS
npouecc TyOepusanuu, T. €. GOPMUPOBAHHE 3aMACAIOIIETO
opraHa (KJ1yOH:s1) U3 036 MHOTO 1o0era (CTOJIOHA), B CBSI3H C
YeM IPONCXOAUT aKTUBHBIA OMOCHHTE3 KpaxMaia, 00pa3oBa-
HHE KpaXMaJIbHBIX TPaHyIl M YBEJIIMUCHHE ITOTOKA METa0oIH-
ToB. TyOepu3anus — CIOXKHBIN IPOLIECC, HA KOTOPBIH BIUSIOT
(hakTOpHI BHEUTHEW cpenbl (poTonepnos), ONOXIMUYIECKHE,
TOpMOHaJIbHbIC U ipyrue curnansl (MukpoPHK, Tpanckpumn-
onHble paxropsl) (Hannapel et al., 2017; Kondhare et al.,
2021). Mzyuenne mporecca TyOepr3aIlliil BHECIO OONBIION
BKJIaJl B TIOHMMaHNE MEXaHW3MOB PETYISUN MeTaboIn3Ma
Kpaxmaja B KIlyOHsX KapTodels.

@DUTOrOPMOHBI ABIISIOTCS BAXHBIM (DAKTOPOM, OKa3bIBAIO-
MM BIMSIHUE HAa MeTa00IM3M KpaxmMaiia. Tak, moka3aHa Kop-
PEIISIIMS MKy YPOBHEM a0CIIU30BON KUCIOTHI M HAKOTIJICHH-
eM KpaxMaiia B KiryOHsx kaptoderst (Borzenkova, Borovkova,
2003). I1pu o6padotke crononos YK (rerepoaykcntom) Ha-
0J1r0aJI0Ch YBEIMYEHHE COJCPIKaHMs Kpaxmaia B pacTyLIHX
KITyOHSIX, ITPU 3TOM JABYKpaTHOE yBEIMUCHUE KOHIIEHTPAUU
NYK unmeno nporusononoxusiit a¢ppexr (Wang D. et al.,
2018). Ilpu popMupoBaHHM 3aacarONIMX KOPHEH MaHHOKA
MOKa3aHa KOPPEJSIIUS YPOBHS TPAHCKPHIIIY T'eHa ayKCHHA
u reHoB O6uocuHTe3a kpaxmana (PGM, AGPase, GBSS, SS,
BE) (Riischer et al., 2021).

Jpyroe BaKHOE CHTHAJIbHOE BEIIECTBO, BIUSIOIIECE HA
9KCIIPECCHIO TEHOB MeTaboIM3Ma Kpaxmania, — 9TO caxapa
(rexcosbl, caxaposa u Tperanosa). Y kaprodens caxa-
po3a MHAYIUPYET yBEIWYEHUE HKCIPECCUU TeHOB SuSy
n AGPase (Salanoubat, Belliard, 1989; Miiller-Rober et
al., 1990). B pacrymux ki1yOHSIX ypOBEHb IKCIIPECCHH
SuSy n AGPase BBICOKHH, a IPH OTCOCTUHEHNU KITyOHS OT
pacrenus ObicTpo ymenslnaercs (Ferreira et al., 2010).

Ha pasnbIx craausix pa3Butusi KiyOHs HaOmonamu aud-
(hepeHIMaTbHYI0 IKCIIPECCUI0 TEHOB OMOCHHTE3a Kpax-
Mmana (Ferreira et al., 2010; Van Harsselaar et al., 2017).
Ha cranuu ctosioHa OblI HOBBIIIEH YPOBEHb KCIPECCUH
reHa SS4, KOTOPBIM CHIDKAJCS 1O Mepe pocTa KIyOHs, 9TO
MOATBEPKAACT POJIb 3TOW KpaxXMaJICHHTA3bl B MHUIMALINT
rpanynooOpa3oBanus (Ferreira et al., 2010). Takxe mpu
pocTe KITyOHSI yBEITMYIHMBAJICS YPOBEHD YKCIIPECCHH T'€Ha Cca-
Xapo30CHHTA3bl SuSy4 M yMEHbIIAJICS YPOBEHb SKCIIPECCUI
HMHBEPTAa3bl KJIETOUHON CTEHKU CW-InV, 4TO CBUIECTEILCTBYET
0 TMEepexosie K Caxapo30CHHTA3HOMY ITYTH PacIleNICHHs
caxapo3bl. YBEJIMUCHHE SKCIPECCHHU TI0 Mepe pocTa KITyOHs
naOmronaiu it renoB GPT, NTT, AGPase, KpaxMaJICHHTA3 U
KpaxMaJBETBSIINX (PEPMEHTOB, U3 HUX CHENU(pHIHAS aKTHB-
HOCTh MIMEHHO JUTS TKaHeH KiryOHel 1moka3aHa JUisi H30TeHOB
SuSy4, SBE3, GPT2.1 (Ferreira et al., 2010; Van Harsselaar
etal., 2017). [lns u3ydeHnss MEXaHU3MOB MOJICKYJISIPHO-TEHE-
THUYECKOM PEryJsiiiy aKTHBHOCTH I'€HOB OBII MCIOJIB30BaH
aHaJIn3 KOIKCIIPECCUH 1 OOHapy KeHa aCCOLMALHS TPAHCKPHII-
uoHHBIX (haktopoB LOB, TIFYS5a, WRKY4 ¢ sxcripeccueit
reHoB Susy4 u GPT2.1 (Van Harsselaar et al., 2017). Ananu3
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ceTel KOPKCIIPECCUH JIJIsi TEHOB OMOCHHTE3a KpaxMala CeMH
BUJIOB pactenuil (Arabidopsis thaliana, mannox Manihot
esculenta, mpoco Panicum virgatum, KyKypy3a Zea mays,
puc Oryza sativa, samens Hordeum vulgare, 6arat Ipomoea
batatas) nokazan yuactue 24 TpaHCKPUIIIMOHHBIX (PaKTOPOB
(Lopez-Gonzalez et al., 2019).

[TocTTpaHCKPUNIIMOHHBIE MEXaHU3MBI PETYJISIIUN TCHOB
MeTaboJIM3Ma KpaxMaa MajJou3ydeHsl. B 1enom nocrrpan-
CKPUITIOHHAS PETYIISILINS OCYIIECTBILIETCS PsZIOM (PaKTOPOB,
takux kak PHK-cBsspiBatonue 6enku, MukpoPHK, anprep-
HaTUBHBIN CIUTAWCHHT, Onaromaps 4eMy PacTEHUS MOTYT
OBICTPO PENpOrpaMMHpPOBATh CBOM TPAHCKPUITOM B OTBET
Ha BHYTPEHHHUE U BHELTHUE CTUMYIIBL. Y KapToders MoKa3aHo
BIIMsTHHE (hoTONIepro/ia Ha Mpoduiy skcripeccurt MUKpoPHK
IIPU POCTE ¥ PA3BUTHU KITyOHEH: TeHbI-MUIIeHu yist qudde-
peHImanbpHo dKcnpeccupytomuxcs MukpoPHK konupyror
TpaHCcKpuIimonHsie Gpaxtopsl 1 PHK-cBsI3bIBatommecs pery-
nsTopHeie 6enku (StGRAS, StTCP2/4 n StPTB6) (Kondhare
etal., 2018).

Crnenyromuii ypoBeHb — HOCTTPAHCIISIIUOHHBIN, KOTOPBIN
3aKJII0YAETCs B PETYISINH aKTHBHOCTH OGJIKOB C TIOMOILBIO
AJNIOCTEPUYECKOr0 KOHTPOJIS, IPH KOTOPOM ITPOUCXOTUT
CBsI3bIBaHUE Y(PPEKTOPHON MOJICKYJIBI C HEKATATUTUICCKUM
caiitoM (hepMeHTa, 3a CUCT Yero MEHSFOTCS €ro KoH(opmarus
Y KaTaJINTUYECKUE CBOICTBA U, B CBOIO 04€penb, Cliennpud-
HOCTh M B3aUMOJICHCTBHE C IpyruMu Oenkamu (Zeeman
et al., 2010). AutocTepudeckast perysisIius BKIFOYaeT B ceOs
(hochopunpoBanue 6enKoB, HOPMUPOBAHHE UX MYIBTHMEP-
HBIX KOMIIIEKCOB M JUCYb(GUIHBIX MocTHKOB (Kotting et al.,
2010; Zeeman et al., 2010). [Tokazano, uto MHOTHE (PEPMEHTHI
MeTabonm3Ma kpaxMana y A. thaliana, Takue xax PGI, PGM1,
AGPase, SS3, GWD1, GWD2, DPE2,AMY3, BAM1, BAM3,
LDA, pGleT u MEXI, naxogarcs B ¢pochOpHIHPOBAHHOM
craryce (Kotting et al., 2010). ¥V xaprodenst HamIsIAHBIM
npuMepoM QepMeHTa, MOJJIeKAIIEr0 alJIoCTePUIECKOM
perymsiiuy, ssisgercs AJld-rioko3onupodochopuiiaza
AGPase, xoTopasi aKTUBUPYETCSI B IPUCYTCTBUU 3-(ocdo-
DIMIEPUHOBOM KUCIOThI M UHIMOMPYETCsl HEOPraHUIECKUM
tdocdarom (Sowokinos, Preiss, 1982). B 3aBucumoctn ot
OKHCIIHTEITFHO-BOCCTAHOBUTENEHOTO cTaryca KieTkin AGPase
MOKET 00paTMMO WHAKTUBHPOBATHCS 3a CUET 0Opa3OBaHUS
JUCYIB(UIHBIX MOCTHKOB MEXK/y MaJIBIMU CYObEIMHUIIAMHI
rereporerpamepa (Ballicora et al., 2000).

depmMeHThI MOTYT COOMPAThCsl B KOMIUIEKCHI, U3BECTHBIE
Kak «Mmetabononb» (Sweetlove, Fernie, 2013). Komrutekcsi,
obOpasoBaHHbIe (hepMeHTaMU OMocuHTe3a Kpaxmana SSIII,
SSIIa, SBEIla u SBEIIb, obHapykeHBI B 3HIOCIIEpME pa3-
BuBarommxcs ceMsH 3makoB (Tetlow et al., 2008). O6pazoBa-
Hue OenmkoBbIX KoMIutekcoB PTST2 u SS4 nponcxoxut npu
MHHULUALUKE 00pa30BaHMsl KPaXxMaJIbHON IPaHYJIbI B JIUCTHAX
Arabidopsis (Seung et al., 2015, 2017). V kaprodens u30-
amuiiasel ISA1 u ISA2 dopmupyroT reTepoTeTpaMepHsblit
KOMILIEKC, KOTOPBIH KOHTPOJIUPYET 00pa3oBaHUE IpaHyI
kpaxmaina (Bustos et al., 2004).

3aksnioyeHne

Pactymas HeoOXOOMMOCTh B MPOM3BOJICTBE Kpaxmasa Juls
HYX IMPOMBIIIIJICHHOCTH JCJIaCT KpaﬁHe AKTyaJIbHbIM U3Yy-
YeHHEe ero MeTaboNIM3Ma y pacTeHuH kKapToderns, B 0COOeH-
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HOCTH B KIIyOHsIX. 3a IOCJeIHUEe TPH ACCATHICTUS ObLI
MOTy4eH OONBIION 00hEeM JaHHBIX O KIIFOYEBBIX (hepMeHTax
MeTabosim3Ma Kpaxmaja M yIJIeBOJHOTO oOMeHa pa3ind-
HBIX BUJIOB PAaCTeHMH (KaK CEIbCKOXO3SHCTBEHHBIX, TaK U
MojensHOT0 00bekTa A. thaliana). HecMoTps Ha TO 4TO B
o0mux 4yeprax cxema OMOCHMHTE3a Kpaxmaja OJMHAKOBa y
M3YYECHHBIX BUIOB, HAOIIOIAIOTCS M CYILIECTBEHHBIE Pa3IHIHs,
CBSI3aHHBIE C TIPIICYTCTBHEM MHOXKECTBA H30(OpM (DepMEHTOB
1 0COOCHHOCTSIMH MX (PYHKIUH, Pa3IHYarONIIMUCS ITyTSIMH
TpaHcropra MeTadoiuToB (Harnpumep, Tpancrnopt AJ[dD-
TUTIOKO3BI Yepe3 IIIACTHIHY0 MEMOPAHY Yy 371aKOBBIX), a TAKKE
CJIOKHOM M MHOTOYPOBHEBOI CHCTEMOM PETYIISIIN, KOTOpast
yIpaBJsieTcsl KaKk BHEMIHUMH ((OTONEpHO], TeMIeparypa),
Tak W BHYTPEHHUMH (akTopaMu (eficTBue (PUTOrOPMOHOB,
merabosmToB, MUKpoPHK, perymstopusix OenkoB). Tak, B
reHome kaprodens Solanum tuberosum uneHTUGUIUPOBAHEI
M30TEHBI, KOANPYIOMNE HMIECTh U30(OpM KpaxMalCHHTa3,
CeMb — CaXxapo30CUHTa3, ICBATh — J-aMuiIa3, ¥ MO TPU-TISTH
n30(OpM KpaxMaBeTBSIIUX 1 Apyrux ¢pepmentoB (Van Hars-
selaar et al., 2017).

@OyHKIMSI MHOTHX U30(OpM (HarmpuMep, OOJIBIINHCTBA O 1
-ammnaz) no cux mop HemsBecTHa. JJist psa U30reHOB I10-
KazaHa KiryOHecnienuuaHas sxcrpeccus (SuSy4, SS5, SBE3,
APL3, PHOla, PHOI1b, GPT1.1, GPT2.1, SEX4, NTT2), a
TaK)Ke U3MEHEHMsI aKTHBHOCTH Ha Pa3HBIX CTaAMsX Gopmu-
posanus kryoneit (Ferreira et al., 2010; Van Harsselaar et al.,
2017). Ormeueno cnennguyHoe ydactue n3odopm amuias
IpU JIerpajialiiy Kpaxmajia 1 MeTaboIi3Me YIJICBOIOB TIPH
xononoBoM ocaxapuBauHuu (AMY23, BAM1, BAMY9) (Hou et
al., 2017). BeIsiBIIeHO Taroke BIAMSHUE psijia pa3InIHbIX (haKkTo-
OB Ha IPOLIECC HAKOIJICHHSI Kpaxmasia P Pa3BUTHH KITyOHSI:
TpaHckpunuoHHbIX (hakropoB (LOB, TIFY5a, WRKY4),
(bUTOropMOHOB (AayKCHH, aOCIM30Basi KHUCIIOTA), CaXapoB H
MukpoPHK, coneprkanue KOTOpbIX MOJKET OIIOCPEI0BATh BIIU-
suue poroneprona. [Ipu 3Tom nHGOpMALIHS O PYHKINSIX MHO-
rux n30(hopM hepMeHTOB 1 0 Oesrkax-yJ4acTHHKAX Iporecca,
BBITIOJTHSIOIINX PErYJISITOPHBIC U HAITPABIISIOIINE (QYyHKIIUH B
mporiecce MeTaboi3Ma Kpaxmasa B paCTeHUSIX KapToders, 10
CHIX ITOp OCTaeTcsl HeNMOJIHOM. J{iIst pereHus 3Toit mpooIeMsl
[PeJIaraloT UCHOJIb30BaTh COBPEMEHHBIE METOABI, TaKUe
KaK COBMECTHBIH aHaJIM3 MeTaboloMa M TPaHCKPUITOMA
BHYTpPHU OT/AEJIbHOH KiteTkH 100 Tkanu (Lopez-Gonzalez et
al., 2019). [lepcrieKTUBHBIM J1JIsI [TOMCKA HOBBIX KOMIIOHEHTOB
SBIISIETCA TTOJXOA MPOTEOMHKH «CHH3Y-BBEpX» (bottom-up)
(Helle et al., 2018). Hanpumep, nipu ananuze 36 6eKoB, cBs-
3aHHBIX C KpaXMaJIbHBIMU TpaHyJIaMu KapToderist, KpoMe yxe
M3BECTHBIX (PepMEHTOB MeTaboIM3Ma Kpaxmaja ObUTH BbI-
SIBJICHBI HAITPABJISIOIINE U PETYISTOPHBIE OCIIKH, OTTMCaHHBIC
y Arabidopsis: PTST1 (Protein Targeting to Starch), ESV1
(Early StarVationl) u LESV (Like ESV), a Taxske ”HTHOUTOPHI
nporea3 tuna Kynurn (Kunitz-type proteinase inhibitor),
tuopenokcud (TRX) m rmyratnonnepoxcuaasza (GPX),
KOTOpBIE YYacTBYIOT B IIPOIECCE OKHUCIUTEIbHO-BOCCTA-
HosutesnpHOU perymsiiun (Helle et al., 2018). PazBepuyTas
nHdopmManus 000 BCeX KOMIOHEHTaX, NPUHUMAIOIIUX
ydacTHe B Ipolecce MeTaboian3Ma Kpaxmala, 1 O CXeMe
UX B3aMMOJICHCTBHUS, B TOM YHCIIE IPH MEHSIOIIUXCS yCII0-
BUSIX BHEUIHEH Cpe/ibl, O4€Hb Ba)XKHA JUIs TIOJIyYEHUS] COPTOB
KapTodesi C MOBBIILICHHON MPOAYKTUBHOCTBIO 1 33 JaHHBIMHU
CBOMCTBAaMHM Kpaxmaia.
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ITpOrHO3 30HBI BO3/ebIBaHNSI BUHOTPala HAa €BPOIIeiCKO
TeppuTOopuUM Poccuy B VCIOBUSIX M3MEeHEHUS KIuMaTa

A.YO. HoBukosa ®, I1.B. Osepckuit

DepepanbHbI NCCefoBaTENbCKUI LLEHTP BCepoCcnincknin MUHCTUTYT reHeTUYeCKrX pecypcoB pacTeHuii um. H./. Basunosa (BUP), CaHkT-MeTepbypr, Poccus
® Il.novikova@vir.nw.ru

AHHoTayusa. MNoTenneHne KNMMaTa 0Kas3anocb CyLeCcTBeHHbIM GaKTopOM A BUHOTrpadapcTBa v BUHOAENNA BCeX
BVMHOMPagapcKmnx panoHoB Myupa. MHorne cTpaHbl paccmMaTpurBaloT NPOABUMXKEHME BUHOMPaAapcTBa Ha ceBep 1 B
ropHble ParoHbl Kak BO3MOXHbIV MyTb agantaumm K notenneHuio. QakTopbl, NIMMUTAPYIOLME 30HY BUHOrpaaap-
ctBa B Poccuu, onpegenerbl coBeTckM yuyeHbiM O.0. [laBrTtan B 1948 . 1 akTyanbHbl 4O CMX NOP. ITO CyMMa aKTUB-
HbIX Temnepatyp Bbiwe 10 °C (£T,,> 2500 °C), cpejHIU 13 abCONOTHBIX MUHUMYMOB Temnepatypbi (T, . > =35 °C),
MPOAOIIKUTENbHOCTb 6e3MOpO3HOTO Nepuopa (Lg< 150 cyT) n rugpoTepmudecknii kKosdpduureHT (0.5 < IMK < 2.5).
3HayeHnA IMMUTUPYIOLWNX GaKTOPOB COBPEMEHHON 30HbI IPOMbILLIEHHOTO BUHOrpagapcTaa (3MB) cooTBeTCTBYIOT
onpegenenHHbim O.0. laBntas fuanasoHam, 33 UCK/lOYeHeM T . KOTOpas B coBpeMeHHo 3B Ha eBponenckoi
TeppuTopun Poccum Besge Boiwwe -26 °C. Llenbio nccneposaHmsa 6bi1o onpeneneHne BO3MOXHOCTU NMPOABUKEHNSA
Ha ceBep rpaHuL, 30HbI MPOMBILIEHHOTO BUHOTPaAapPCTBa B COBPEMEHHbIX Y MPOrHO3UPYEMbIX KITMMaTUYEeCKNX YC-
NoBMAX eBponenckon Tepputopumn Poccum. Mo cyTouHbim gaHHbIM 1980-2019 rr. ana 150 meTeocTaHumin Pocrugpo-
MeTa paccumTany CpeHEMHOrONETHIE 3HaYeHUA, TPEeHbI 1 NPOrHO3bl K 2050 1. 3HaYeHU IMMUTUPYOLIMX GaKTo-
pos 3[1B, onpegenunn Toukn, nexawme B JONYCTUMOM [NA BUHOrpafjapcTBa AuanasoHe. B nporpamme QGIS
HaHeCIn TOYKM Ha KapTy eBponenckon Tepputopumn Poccun, onpegennnn npefenbHyio WnpoTy. bbiin paccmo-
TpeHbl BapuanTtbl ¢ T, . > -26°Cn T . > -35°C. B 1980-2019 Ir. B cpeHem Ha eBponenckoi Tepputopum Poccnn
Habntofganca poct 2T, Toniny Lg v cHkeHmne TTK. OfHako toxkHee 55° N B psiie ToueK Npoc/iexmBanach TeHAeHL WA
K cHuxkeHuio T .. PocT TennoobecneyeHHOCTY BereTayoOHHOrO Neprofa Ha eBponenckoil Tepputopun Poccum
co3faeT NpefnocbIKN NPOABUKEHUA NPOMbILLIIEHHOIO BUHOTPaAapCTBa K CeBEPY OT COBPEMEHHON NpefenbHON
LWKnpoTbl 46.6° Ao 51.8° B TeKyLmx ycnosusax, a k 2050 r. — go 60.7° N. Kpome Toro, yxe cenyac BUHOrpagapcTso BO3-
MOXHO B paioHe KanuHuHrpaga (54° N, 20° E). Mpy 4oNonHUTeNbHbIX Mepax Mo YKPbITUIO Ha 3umy o —35 °C BUHO-
rpagapcTBo BO3MOXHO A0 53.3° N B TeKyLwmx ycnosuax 1 go 60.7° N — B nporHo3mpyembix. Bo3amoxHoe cHuxkeHne
MUHVIMaJIbHOW TemnepaTypbl 3VMbl Ha tore eBponeinckon Tepputopumn Poccun notpebyeTt SONOMHUTENBbHBIX MEP
3aLMTbl 3UMOIA, @ MOBbILLEHVE 3aCyLWANBOCTM K/IMMaTa Ha ceBepo-3anagHoM nobepexbe Kacnuinckoro mopsa bynet
YMeHbLIATb NIOLWaAN Noj HeOPOLLAeMbIMN BUHOTPaAHNKaMU.

KnioueBble cnoBa: BMHOrpaAapcTBo; IMMUTHPYIOLWME KMMaTuyeckne $akTopbl; U3MEHEHUA KNMMaTa; TPeHLbl;
nporHo3sbl; M’NC.

[Ana yntuposanusa: Hosnkosa J1.10., O3epckun IN.B. [porHo3 30Hbl BO3geNbiBaHNA BUHOTPafa Ha eBPOmnerickom
Tepputopumn Poccnn B yCnoBUAX U3MEHEHNA KnumaTa. Basunosckul XypHan 2eHemuku u cenekyuu. 2022;26(3):
264-271.D0I 10.18699/VJGB-22-33

Forecast for the zone of viticulture in European Russia
under climate change

L.Yu. Novikova®, PV. Ozerski

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
® l.novikova@vir.nw.ru

Abstract. Climate warming has turned out to be a significant factor in viticulture and winemaking in all grape-
growing areas of the world. Many countries consider the advance of viticulture to the north and to mountainous
areas as a possible way to adapt to warming. The factors limiting the zone of viticulture in Russia have been identified
by Soviet scientist F.F. Davitaya in 1948, and they are still relevant. They are the sum of active temperatures above
10 °C (T, , > 2500 °C), mean of absolute minimum temperatures (T, ;, > -35 °C), length of the frost-free period
(Lg< 150 days), and hydrothermal coefficient (0.5 < HTC < 2.5). The values of these limiting factors in the present-
day zone of commercial viticulture (ZCV) correspond to the ranges defined by FF. Davitaya, with the exception of
T nins Which in the modern ZCV in European Russia is above -26 °C everywhere. The objective of this work was to
assess the possibility of moving the boundaries of the ZCV to the north under the existing and predicted climate
conditions in European Russia. The 1980-2019 daily data from 150 weather stations of the Federal Service for
Hydrometeorology and Environmental Monitoring were used to calculate mean long-term values, trends and
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MporHo3 30HbI BO3AEeNbIBaHNA BUHOrPaja Ha eBPOrericKon
TeppuTopumn Poccum B yCnoBrsAX M3MEHeHWs KnmMaTa

forecasts for 2050 for the ZCV limiting factors and locate the points lying in the range acceptable for viticulture. The
QGIS program was applied to plot the points on the European Russia map and mark the terminal latitude. Versions
withT_. >-26°Cand T_. > -35 °C were considered. On average for European Russia, in 1980-2019, there was an

min min
increase in 3T, T, and Lg and a decrease in HTC. However, in the same period showed a tendency toward

 Tenine L T
decreasing at1§ anr;?ber of points at latitudes lower than 55° N. The increase in hén:;? supply during the growing
season in European Russia implies a possibility of expanding the ZCV northward, beyond the present-day terminal
latitude of 46.6° N, to 51.8° N under the existing conditions, and up to 60.7° N by 2050. In addition, even under the
current conditions viticulture is possible in the area of Kaliningrad (54° N, 20° E). Using extra protective measures in
winters not colder than -35 °C would make it possible to grow grapes at up to 53.3° N under the current conditions
and at up to 60.7° N under the prognosticated ones. At the same time, a possible decrease in the minimum winter
temperature at the south of European Russia will require additional protective measures in winter, while an increase
in the aridity of the climate on the northwest coast of the Caspian Sea will reduce the area under non-irrigated
vineyards.

Key words: viticulture; climatic limiting factors; climate change; trends; forecast; GIS.
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Knumarndeckne 30HbI BBICOKOKa4Y€CTBEHHOTO BHHOTPAJIap-
CTBAa U BUHOACIIUA Y3KH U CHUJIBHO 3aBUCAT OT U3MCHCHUI
kmumara (Hannah et al., 2013; Mozell, Thach, 2014; Santos
et al., 2020). Poct Temneparyp 6onee uem Ha 1 °C B mepuon
Masoro knumarnueckoro ontumyma VIII-XIII BB. npusen k
MIPOBIKEHUIO TPAHUIIBI BO3/IENIBIBAHIS BUHOTpaia B 3amal-
Ho#i u LlenTpansHoit EBpone k ceBepy Ha 3—4°, a HauuHasl ¢
XV B.3Tarpanuia capuHyack K 1ory (bapar, 1989; Xpomos,
Ierpocsnm, 2012). B HacTosiee Bpems 30Ha BUHOTpaIap-
ctBa B CeBepHOM NONylIapuu pacnonaraercs mexay 30-if u
50-# mapasiensimMu, TJe CPeaHss TeMIeparypa anpes—oK-
T0ps BapeupyeT oT 12 1o 22 °C, 9TO COOTBETCTBYET TEM-
nepatypHoMy auana3zony 13—21 °C ans npousBojacTBa BUHA
BbICOKOro KauectBa (Schultz, Jones, 2010; Jones, 2012).

CorracHO MpoOTHO3aM, OyayIiee MOTEIUIEHHEe OKaXKEeT Ha
BUHOTPAJapCTBO, C OAHOW CTOPOHBI, OJIaroTBOPHOE BO3/ICH-
CTBHE B pe3yJbTaTe BKIIOUEHHUS HOBBIX TEPPUTOPHUH, a C
JIPYTO# — CO3MIACT CePbEe3HBIE MTPOOIEMBI B paiiOHaX TpaIUIIH-
oHHoro BuHorpajapcrsa (Roy et al., 2017; Hewer, Brunette,
2020; Vyshkvarkova, Rybalko, 2021). K 2050 r. o crienapuro
mobansHOTO M3MeHeHus kmnMara RCP 4.5 mporrosupyercs
YMEHBIIICHUE TUIOIIAIeH, MPUTOJHBIX Ul BUHOIPA/IapCcTBa,
B OCHOBHBIX BHHOJENBIECKUX pernoHax Ha 19-62 %, a mo
cuenaputo RCP 8.5 — na 25-73 % (Hannah et al., 2013).
CoBpeMeHHOE M3MEHEHUE KIIMMaTa HHULIUHPYET CMEICHUE
30HBI IPOMBIINIJICHHOT'O BO3/JICJIbIBAHUA BUHOTpaaa K CEBEPY
u B ropHbIe peruoHsl (Jones, 2012; Vrsic, Vodovnik, 2012;
Hannah et al., 2013; Mozell, Thach, 2014; Quénol et al., 2014).
Poccust otHOCHTCS K CTpaHaM, IJIA KOTOPBIX MOTCIJICHHUEC
MOXKET UIMETh 0COOEHHO 3HaUnTeINbHbIE ocnencTeus (Houtan
etal., 2021).

HJ’[S{ MIPOTHO3UPOBAHUSA BJIMAHUA M3MEHCHUM KJIMMara Ha
3¢ (EeKTUBHOCTS BUHOTPAAAPCTBA PETHOHOB HCIIONB3YIOTCS
OLICHKH KJIMMAaTHYECKUX PECYPCOB TEPPUTOPHH C TIOMOIIBIO
Ppa3IMYHbIX MHIACKCOB, TAKUX KaK CyMMBbI aKTUBHBIX U 3(1)-
(DeKTHBHBIX TeMIlepaTyp, OMOIOTHYECKH aKTHBHBIE CYyMMBI
3¢ deKTHBHBIX TemIepaTyp, UHAEKC BuHkiepa, cpemaHss
TeMIIeparypa anpeis—OKTs0ps, MHACKC OMAaCHOCTH BECEH-
HUX 3aMOPO3KOB, MHJIEKC 3aCyIUINBOCTH, HHJCKC X0JIOJa,
reJMoTepMHUYECKIe UHIEeKChl XyrnHa u bpana, runporep-
mudecknii koapdunuent Censaunona u ap. (Lorenzo et al.,
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2013; Blanco-Ward et al., 2019; Psi6anko, 2020; Pipan et
al., 2021; Vyshkvarkova, Rybalko, 2021). JIumutupytomme
(hakTOpBI BUHOTPAapCTBa PA3INYHBI B PA3HBIX 3KOJIOT0-Te0-
rpaduyeckux ycioBusx. BaxkHeliiee TpeboBaHuE KyIbTypa
BUHOTPAJla MPEIBSIBISIET K TEMIIEPATYPE U OCBEIIEHHOCTH
B NIEPUOJ aKTUBHOM BereTanuy. B 3acyIIIMBBIX perHoHax
OrpaHUYMBAIOIIUM (DAKTOPOM CTAHOBSITCS OCAIKH, BUHOT DA
BBIPAIIMBACTCS HA MONMBE. BONMM3m ceBepHbIX rpaHUI] BUHO-
rpaJlapcTBO JIMMUTHPYIOT 3UMHHE ycsoBust (JInxoBckoii u ip.,
2016; Roy et al., 2017).

Ha ocHoBe aHanmm3a MUPOBBIX 30H BUHOTPaapcTBa B Iep-
Boii Tpetn XX B. @.D. Jlautas (1948) nan KOMIUIEKCHYTO
OLICHKY JMana3oHa KJIMMaTHYeCKHUX IMOTPEeOHOCTEH BHHO-
rpana, BeiaenuB aktyanbHble 111 CCCP XapaKTepuCcTHUKA:
TemnepaTypa Hadajga U koHua Bereranuu — 10 °C; cymma
Temmneparyp 3a ererauuio eime 10 °C (X7,) — Gonbie
2500 °C; topmo3ssmas Beicokas Temneparypa (7)) — 35—
40 °C; HeoOX0ANMBII MUHUMYM CpEJHEH TeMIlepaTypbl camo-
ro Temnoro mecaua (7, ) — 16-18 °C, ms KaueCTBEHHOTO
BuHOAETHS — 1719 °C; mpoaomKUTETFHOCTE 0€3MOPO3HOTO
nepuosa (L) —He meHee 150 Hei; cpeanii n3 abComoTHBIX
MHUHUMYMOB Temneparypsl (7. ) HEyKPHIBHOTO BHHOIpA-
nmapetBa — 10 —15 °C, mpu 0OBIYHBIX CIIOCO0aX 3alIUTHI OT
xomona — o —35 °C; I'TK ot 0.5 mo 1.5-2.5 (c. 172-174).
Ora cucrema rnokasaresnei akTyanbHa 10 cux nop (MuireHko,
2009; Roy et al., 2017; Hewer, Brunette, 2020).

Jost BU3yanusauy reorpaduueckux paioHOB C KIIMMaToM,
B HACTOSIIIIEE BPEMsI HJIH B TIEPCIICKTHBE IPUTOIHBIM JIJIsI BbI-
paInMBaHMs T€X I UHBIX KYIbTYp, puMersttor [ 1C-meTost
(Hannah et al., 2013; Nesbitt et al., 2018). TIC-meTobI
MO3BOJISIFOT TAK)KE ONPEACIIATh M YTOUHSTH IapaMeTphl KIIU-
MaTHYECKOW HHIIM BHUJA — JHANa30Ha arpoKINMaTHYECKUX
MapaMeTpoB, MPH KOTOPBIX BO3MOXKHO €ro pasButhe. s
ATOT0 aHATM3UPYIOTCSI JAHHBIE KOHKPETHBIX TeorpaduuecKux
TOYEK, T/Ie BCTpeyaeTcs 3ToT BUL (Soberon, Nakamura, 2009;
Peterson et al., 2015; Wéjtowicz M., Wojtowicz A., 2020).

B Poccun 30Ha IPOMBILIJIEHHOTO BO3JE/IbIBAHUSI BUHO-
rpaga (3I1B) cocpenorodena mexay YepHbIM, A30BCKUM H
Kacnuiickum Mopsimu u B KpbeiMy; reorpaduueckue koop-
nuHatel: 41.6-46.6° N, 32.5-48.5° E (ArpoAtinac, 2008)
(puc. 1). Inana3oH KIMMaTHYECKUX XapakTepucTuk 3I1B
Ha eBpomneiickoil Teppuropun Poccun (ETP) navana XXI B.
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Haxonutcst B onpeneneHnbix O.@. Jlapuras (1948) mpene-
JIax, 3HAYUTEIBHO OTCTYMasi OT HUX TOJBKO MO OIHOMY II0-
Ka3aTelio — MUHUMAJIBHOW TEMIIepaType 3UMBbI, KOTOpas B
COBPEMEHHOM 30He He omyckaeTcs Hike —26 °C (UUCTAKoB,
Hosuxoga, 2020). OCHOBHBIM OTpaHUYECHUEM TTPOIBIIKECHHUS
KYIBTYpbl Ha ceBep sBnsercs T, . , Ha CEBEPO-3aMaHoOE T0-
oepexnbe Kacrimiickoro mopst — Huskuii ['TK. Eciin npussiTh
BO3MOYKHOCTb Bo3zenbiBanus mpu 7. . > —35 °C, To numu-
THPYIOMUMH (paKTOpaMU Ha ceBepe CTAHOBATCA X1 U L.

[Ipenmerom Haliero MHTEpeca SBISETCS MPOABHUKECHHE
KyJIBTYPbI Ha CEBEp, MOITOMY OTpaHMYEHNs, HAKIIA/bIBae-
Mble Temneparypamu Beiie 35-40 °C, He paccMaTpHUBaIUCh
(Leewen et al., 2013). Temmneparypa urois Beie 16 °C Ha-
omomaercs Ha ETP 1oxxuee 60-63° N, 3T0T (hakTop ToXKE HE
SBISICTCS TUMUTHPYIOIINUM U Jlajiee HE paccMaTpUBacTCs.
Takum o0Opazom, k tumutupytommm dakropam 311B na ETP
TpY IPOJABHKEHNY Ha ceBep oTtHOCATCA X1, Ly, T, nI'TK.
Henocrarok Biraroobecnedennoctu (tpedbosanue 'TK > 0.5)
OTpPaHNYMBAET HEMOJUBHOE BUHOTPAapCTBO HA CEBEPO-BOC-
ToYHOM TTo0epexbe Kacrmiickoro Mopsi.

Lenbto raHHOM pabOTHI OBIIIO OIIPEIEIEHIE BO3MOXHOCTH
MIpOJBHKEHUS Ha ceBep rpaHul 3[1B B coBpeMeHHBIX U IIpo-
THO3UPYEMBIX KIMMaTH4ecKuXx ycioBusix ETP.

Matepwuanbl u metog
Paccmorpena eBponeiickas Tepputopus Poccuu, ycioBHO
orpanndenHas 63° N u 60° E. Mcnone3oBana nporpaMma
QGIS 3.22.0'. Ananu3 kaumara Ha ETP npoBeieH TouedHo,
mo maHHBIM 150 mereoctanumii Pocruapomera ¢ dnciom
net HaOmroneHuit Oonee aBamnaru B epuon 1980-2019 rr
B3ThI CyTOUHBIE TaHHBIE U3 OTKPHITOTO HHTEPHET-UCTOYHH-
ka (BHUU runpomereoposoruueckoii nudopmarmm)’. st
KaXXI0W TOYKU 3a Kaxnablid rog B nporpamme VITIS TIME
SERIES (Hoguxoga, JIebenera, 2019) paccunranbl 3HaYCHHS
2T0> T Ly 1 TTK 1 ux Tpenper 3a meprion 1980-2019 rr.

Cpennue 3nauenuss 1980-2019 rr. ornecenst k 2000 1.,
paccuMTaHbl MHANBUAYAJIBHBIE AJIS KK IO TOUKH TPOTHO3BI
XT0> L Ty, 1 T'TK 12 2050 1., onpeienieHbl TOUKH € BO3-
MOXXHOCTBIO BO3/ICJIBIBAHUSI BUHOTPA/Ia 10 COBOKYITHOCTH
TpeboBaHuil, npemioxeHHslx @.@. JlaBurtas (1948) nns
YKPBIBHOTO BUHOTPAZapCTBa M C YUETOM O0COOEHHOCTEH CO-
BPEMEHHOTO poccuiickoro BuHorpaaapcrea ¢ 7. <26 °C.

B uccnenoBannu NpuHAT ypOBEHb 3HAYUMOCTH 5 %.

Pe3ynbratbl
N3meHeHunA KnumaTnyecknx ¢pakTopoB BUHOrpafapcTBa
Ha ETP B 1980-2019 rr.
B 1980-2019 rr. B cpennem Ha ETP nabmronanucek poct X7 0
T i Ly ¥ CHIDKEHHE I'TK. Ycpennennsiii Tpenn o 150 cran-
uusam cocrasui: AXT, = 11.52 °C/rox, AT, ; = 0.02 °C/ron,
ALy =0.31 cyt/ron, AI'TK = —0.01 en/rox (cM. Tabnuity).
Cymma aktuBHbIX Temneparyp sbime 10 °C (7)) ysenu-
YUBAJIaCh BO BCEX MCCIIEIOBAHHBIX TOUKAX, P 3TOM B 144
n3 150 Touek pocroBepHO. B cpenHeMm ¢ mMpOTONH MHTEH-
CHUBHOCTb JIETHETO MOTEIJICHUS YMEHBIIAETCsl, KOppessIius
MEXK Iy CKOpOCThIO pocta X7 u mupoToit #=-0.51. Tpenusl

T Qals. CBobofHas reorpaduyeckas MHGOpMaLMOHHAnA CUCTEMA C OTKPbITbIM
Kopom. https://qgis.org/ru/site (nata ob6paleHns: 20.08.2021).

2 BHUM rugpomMeTeoponornieckoil MHGOpMaLmi — MUPOBOI LIEHTP AaHHbIX.
http://www.meteo.ru (gata obpatyeHus: 07.06.2020).
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Ly, T 1 I'TK nMeny kak nonoxurenbHble, TaKk ¥ OTpHLA-
TEeNbHBIC 3HaueHH (CM. Tabmuiry, puc. 1).

[Ipu cpenneil no uccien0BaHHBIM CTAHIUSM TEHIEHIIUH K
yBenudeHuto 7, . B 48 TOUKax TPEH HyJIEBOH WM OTpHUIIA-
TenbHbIA. JIOCTOBEPHBIX TPEHAOB T, ; BCETO BOCEMb, U3 HHUX
asa orpunarenbiel. C mupoToii Tpeny T . yBEeIMIMBaeTCs
(r =0.52), T. e. moTeIJICHHE B 3UMHEE BpPEeMsl HHTEHCUBHEE
uznet Ha ceBepe ETP. U3 61 Toukwm, pacmonokeHHOI ceBepHEe
55° N, oTpunaTenabHbIl TPEH] OTMEUAETCsl TONBKO B TPEX
Toukax (cM. puc. 1, 0).

IponomxuTenbHOCTE 0e3MOPO3HOTO Nepuona (L) B cpel-
HEM YBEJIMYHUBACTCA, OAHAKO B 25 Toukax u3 150 uccienosan-
HBIX HaOMIOAAIOTCS OTPHUIATENIbHBIC TPEHBI. Jl0CTOBEPHBIX
TperaoB Bcero 40, u3 HUX B 39 TOYKAX 3TO MOJIOKUTEIBHBIC
3HAUEHMS.

ITpu cpenneit TenaeHnuu k ymensiienuto I'TK, o6ycnos-
JICHHON aKTUBHBIM POCTOM TEMIIEPATYp U B CPETHEM OTCYT-
CTBUEM TEHACHIUHN B U3MEHEHUU 0CaJKOB, B § Toukax ['TK
yBenunuuBaics. Tperasl I'TK B noctoBepHs! B 20 TOukax, Bce
OTPUIATEIHHEI.

MNoTeHumanbHasA 30Ha NPOMbILLIEHHOrO BUHOIrpajapcTBa
B cOBpeMEHHBIX KIIMMAaTHYECKNX yCIOBHSIX, KOTOPBIE OIIpe-
JIeTIeHbl KaK CPeHNE 3HAUCHUs TUMUTHPYIOINX (aKTOPOB
1980-2019 rr., Bo3enbIBaHNe BUHOTpaia 0e3 MojuBa U MpH
OOBIYHBIX MEPAX YKPBITHS Ha 3UMY BO3MOXKHO B 36 TOUKaxX U3
150 n3y4enHsIx (puc. 2, a), BKIIIOYast OHY TOUKY B paioHe
Kanuuunrpana (r. banruiick, B 1980-2019 rr. X7, ,= 2567 °C,
Lg=229 cyr, T, = —15 °C, I'TK = 1.2). Ecnn npu6aButh
TOYKH, B KOTOPBIX MOXXHO KOMIICHCHPOBATh HEJIO0CTATOUHOE
yBnaxnenue (I'TK < 0.5) monuBoM, TO MX YUCIO JTOCTHUT-
HeT 41 (cMm. puc. 2, 6). Ecnu ske 106aBUTH 001aCTH ¢ 3SUMHIMUA
TeMIepaTypHbIMU MUHUMyMaMH A0 —35 °C, T0o 4HCII0 TOUeK
Bo3pacTet 10 58 (cM. puc. 2, 8). TernoobGecnedeHHOCTh Be-
retaliioHHOro nepuoaa Ha ETP co3maer npeanocbuiku mpo-
JIBIDKCHUS KYJIBTYypBl BUHOTpaJa K CeBepy OT COBPEMEHHOH
npenensHoi mupotsl 31IB 46.6° N 1o 51.8° N yixe B HacTo-
sIIee BPeMsl, a IPH IOTOTHUTEIBHBIX MEPaX 110 YKPBITHIO Ha
3uMy A0 —35 °C — Bo3MOXHO, 710 53.3° N.

K 2050 r. mporHo3upyeTtcs yxyalieHue yclIoBUi mepe3u-
MoBKU Ha tore ETP, T. €. B psie Touek MUHMMAaJIbHAsI TEMIIEPa-
Typa 3uMsl orryctutrest Huxke —26 °C. Ho 3a cuet npoaBrkeHus
TeIUIa Ha CeBep KOIUYECTBO TOUEK, TPUTOJHBIX IS IPOMBIIII-
JIEHHOTO BO3/IENIBIBAHNS BUHOTPA/Ia, YBEIHUIHUTCS 110 43, Ipu
JIOTIOTHUTENBHBIX arpOTEXHUUECKUX Mepax — 10 56 ¢ BKIIO-
YCHUEM IMOJUBHBIX BUHOTPAIHUKOB (CM. puc. 2, 0) 1 10 95 ¢
BKITIOUEHHEM TOUEK C TeMIlepaTypaMu 3uMoit 10 —35 °C (cMm.
puc. 2, ). Poct Temnoo0ecnedeHHOCTH BEreTaIIHOHHOTO Tie-
pHoza co3aaeT MPEeNOChUTKY POABMKEHUS BUHOTPa1apCTBa
k 2050 . mo 60.7° N. B 30HY BHHOTpagapcTBa MOXKET BOUTH
Canxr-IlerepOypr, aist kotoporo k 2050 T. MpOrHO3UPYIOTCS
cnenyromue nokasarenu: £7,,=2772°C, T, =18 °C, L =
=191 cyr, I'TK = 1.4. Be3 mobepexps bantuiickoro mopst ca-
Masl ceBepHasi IPOTHO3KUpyeMast Touka umeeT mupoTy 58.1° N.

O6¢cyxpeHue

TeMITbl U3MEHEHUS KITMMaTa U aHOMAIIbHOCTh YPOXKACB BakK-
HEWILNX CEJIbCKOX035MCTBEHHBIX KYJIbTYP B MUPE HAPACTAIOT
(Jagermeyr etal., 2021). OgHaKko H3MEHEHHE arPOKIINIMATHYE-
CKHX IOKa3aTeNeil HIMeeT perHoHanbHyIo creruduky (Cupo-
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MporHo3 30HbI BO3AEeNbIBaHNA BUHOrPaja Ha eBPOrericKon
TeppuTopumn Poccum B yCNOBUAX M3MEHEHWs KnMMaTa

Puc. 1. TpeHabl nuMutupyowmx GakTopos BUHOrPaga Ha 150 meTeocTaHLMAX eBponeicko Tepputopumn Poccun: a — cymma Temnepatyp Bbiwe 10 °C;
6 — abCONIOTHDBIN MUHUMYM TEMMNEPATYPbI; 8 — MPOAOIKUTENBHOCTb 6€3MOPO3HOTro Nepuoaa; e — K.

KpacHble TOUKM — TpeHAbl MONOXKMTENbHbIE, CUHNE — TPEHAbI Hy/IeBble UK OTpULATeNbHbIe. 3alTprXoBaHa 30Ha NPOMBbILLIEHHOTO BUHOrPaapcTBa Ha Havyano
XXI B. Kapta B3ATa ¢ pecypca ArpoAtnac (ArpoAtnac, 2008), moguduumpoBaHa.

TpeHabl AMMUTUPYIOLWMX GaKTOPOB 30HbI MPOMBILLIEHHOTO BUHOMPAAapPCTBa Ha 150 MeTeoCTaHLUMAX

eBponenckomn Tepputopun Poccnn B 1980-2019 rr.

MokasaTenb CpepHee

TpeHpg, en/rog

CpepHuit abCoNMOTHBIN MUHUMYM -274 -40.2
Temnepatypbl, °C

MpogonXxnTenbHOCTb 6€3MOPO3HOTO 156.7 79.7
nepuopga, cyT

[TK 1.2 0.3

TEHKO U JIp., 2013; Hewer, Brunette, 2020), 4To moaTBepauio
n Hamre uccnenoBanue. C 1970-x . Bo Bcex pernonax ETP
YBEJIIMUUBAIOTCSI CyMMbI aKTUBHBIX TEMIEpPATyp, HpHYEM
aKTHBHEE Ha [ore, HO TeMIIepaTypa sSHBaps ObICTpee pacTeT
B CEBEPHBIX MHPOTax. CyMMBI 0Ca/IKOB UMEIOT KaK TTOJIOKH-
TeIIbHBIE, TAK ¥ OTpUIIATeNIbHbIE TeHAeHIH (CUPOTeHKO | .,
2013). Temn u3menenuii yBenuuuics B Hagane XXI B. Taxk,
B 1975-2004 rr. I'TK ymenspmancs Ha Oomnbieit gacta ETP,
3a UCKJIIOUEHUEM HECKOJIbKMX peruoHoB, a B 1980-2019 rr.
MBI BUJMM PEaM3alfIo MPOrHO30B O POCTE 3aCyIUINBOCTH
Ha Bceld ETP (Cupotenko, [TaBmosa, 2009). [Toremienue
COIIPOBOKAACTCS yBEIMYCHUEM HECTAOMIBHOCTH KJIMMara.
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-4.6 0.02 -0.16 0.19
2953 0.31 -0.57 1.19
3.7 -0.01 -0.02 0.01

B 2007 r. mporHo3upoBanoch yMEHbIICHHE KOTNYECTBA 3UM C
KPUTHUYECKUMH TOHIKEHUSIMU TeMIIepaTypsl Bo3ayxa (Koko-
puH, Kypaes, 2007), a no naraemM 1980-2019 rr. MUHUMAITB-
Has TEMIIEPaTypa U KOJIMUECTBO OMACHBIX MOPO30B 3UMOM He
YMEHBIIAIOTCSI, HECMOTPS Ha TIOBBIIICHHE CPEIHE3NMHEH TEeM-
nieparypbl. TeHAESHIMS K TOBBIIIEHHIO YaCTOTHI SKCTPEMallb-
HBIX SIBJICHUH, CHHKEHHIO aDCOTIOTHOTO MUHHMYMa T0/I0BOM
TEMIEPaTypbl OTMEYACTCSI BO MHOTHX PETHOHAX MUpa Ha (poHe
obmero nmoteruienus (Bucur et al., 2019).

Hccnenopanne M3MeHEHUH KiuMaTa BOMU3U CEBEpHOU
TpaHuIlbl 30HBI TPOMBILIIEHHOTO BUHOTpagapcTBa ETP — Ha
JoHcko#t ammenorpadryeckoit koiwiekimu uM. S1.1. Tlora-
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MIEHKO — TaKKe MoKa3ano, uto B 1981-2017 rr. yBennuuBanach
cymma temmneparyp Boimre 10 °C (ra 170 °C/10 net), ymeHb-
I1aj1ach CyMMa OCaJIKOB 3a TIEPHOJ] aKTHBHOW BereTauu (Ha
21 mm/10 51eT), pociia cpeHsisi TeMIleparypa neproia 3SMMHETO
noxos (Ha 0.5 °C/10 7et) 1 mpogOIKUTETHHOCTH 0€3MOPO3-
Horo niepuofa (Ha 0.7 cyt/rox). [Ipn 5ToM KOITMYECTBO CyTOK
3a 3uMy ¢ Temneparypamu Hiwke —20 °C ¥ MUHUMaJbHas
Temreparypa 3uMbl He MeHsuTich (HoBukoBa, Haymosa, 2018;
Novikova, Naumova, 2019).

OneHkn KJIMMaTHYECKUX TpeOOBaHUN BUHOTPajAa, Mpo-
BenenHsle @.D. Jlaputas B 1930-X I'T. HA OCHOBE MHPOBOTO
OIBITA BUHOTPAJapCTBa, OKA3aJINCh akTyanbHbIMH Uit ETP
n Ha Hayano XXI B. HecMoTpst Ha TO 4TO CylIECTBYIOT COp-
Ta ¢ TemmnepaTypHsIMu moTpedHoCcTsIME 2100 °C 1 HIDKE
(Mumenko, 2009; HaymoBa, HoBukosa, 2015), 3I1B Ha
ETP orpannuena 3nadenueM 2500 °C, yTo 0OBsICHSETCS
HeoOxomuMocThio obecrieaeHHocTH 80-90 % neT Hy>)KHBIMU
COPTY CyMMaMH TeMIIepaTyp JUIsl PEHTa0EIbHOTO CEIbCKOTO
xo3siictea (Jloces, XKypuna, 2004). Habmronaercst coBmajie-
HHE JUANa30HOB 1 OCTAIBHBIX KINMATHIECKUX (PaKTOPOB, 38
WCKJIIOUCHHEM MHHUMAJIBHOW TEMITEpaTypbl 3UMBbI, KOTOpast
B coBpemenHoi 3[1B na ETP cocrasnsier —26 °C, 4to BbIlIE
ykazanHoil ©.®. [laButas BenuuuHsl —35 °C. bimskn k
ouenkaM ®.D. JlaBuras 3HaUYCHHS JTUMUTHPYIOIUX (pakTo-
POB 30HBI BUHOTPAJIapCTBa B KaHaJICKOW IpoBuHIIMU KBeOek:
Ly >150 cyt, cymma spdextuBnbix Temneparyp (degree
days, DD) Beime 10 °C 3a anpens—okta6ps DD, > 900 °C,
T i, > —34 °C, eXeroaHoe 4ucio OYEHb XOJOAHBIX (HHKE
—22 °C) nueit — mensie 30 (Roy et al., 2017). Kananckue
uccnenosarenn (Hewer, Brunette, 2020) pamkupyror Tep-
PUTOPHH IO MUHHUMAIILHOH TeMIIepaType 3UMBbI 110 CTEIICHU
TIPUTOHOCTH JUTsl BUHOTpanapcTsa: —34...—30 °C — manmomnoa-
xopsiue yenosus, —30...—27 °C — cpeanue, —27...-22 °C —
xopoue, Boiie —22 °C — oueHb xoporiue. Takum o0pazom,
pPacCMOTPEHHBIE BaPUAHTBI C TEMIIEPATYPHBIMHU MPEAETaMu
T..>-35°CuT, >-26 °C oTBeyaroT pa3HOH CTENECHU
pHCKa U SKOHOMHYECKOH d(PPEKTUBHOCTH BHHOI'PAIApCTBA.
Ipusopumas ©.®. [dasurag rpanuua 7, > -35 °C, Bo3-
MO>KHO, COOTBETCTBYET JFOOMTEIECKOMY BUHOTPaIapCTBYy.

CoBpeMeHHbIe M3MEHEHUsI KIIMMara BIMSIOT Ha BCE IPH-
3Haku BuHOTrpama (Visi¢, Vodovnik, 2012; Novikova, Nau-
mova, 2019, 2020) u TpeOyroT aganTa BUHOIpaapcTsa u
BUHOJICIIUS BO BCEX BUHOTPagapcKux paiioHax mupa (White
et al., 2006; Schultz, Jones, 2010; Jones, 2012; Hannah et al.,
2013; Quénol et al., 2014; Bardaji, Iraizoz, 2015). MHuorue
CTpaHbl PACCMaTPHUBAIOT IIPOJIBHIKEHHE HA CEBEP U B TOPHBIE
paioOHBI KaK BEPOSITHBIH ITyTh aJaNTalliil BUHOTPAaJapcTBa K
norerutenuro (White et al., 2006; Hannah et al., 2013; Schultze
et al., 2016; Téth, Végrari, 2016; Roy et al., 2017; Vyshkvar-
kova, Rybalko, 2021). Hamt pacueTs mokasanu, uto Ha ETP
BO3MOXXHO CYIIECTBEHHOE MPOJIBIKECHNE BUHOTPAIapCTBa K
ceBepy M0 CPaBHEHHIO C TeKylIel mupoToit 46.6° N: yxe npu
CYIIECTBYIOIINX CETOJHS KIMMaTHUECKUX YCIOBHAX MOXKHO
BO3/1€JIbIBATh BUHOTpal B paitone Kannnunrpana, ak 2050 . —
u B JleHuHrpasckoii odnactu. HanomMHum, 4to B Makcumym
noreruiennss XI[—XIII BB. BHHOTpamapcTBO OBLIO Pa3BUTO
Ha banTtuiickom moOepexbe, a Takxke B AHIIINM (XPOMOB,
Iletpocsun, 2012).

B 10 e Bpemst Tpers! 1980-2019 rT. moka3sIBatoT CHIDKeE-
HHE MUHUMaJIbHOW 3UMHEH TEMIIEpaTyphl B I)KHBIX PETHOHAX
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ETP, uto MokeT caenarb 31€Cb BUHOIPA1apCTBO MEHEE MPHU-
OBIIIBHBIM H3-3a HeO6XO[[I/IMOCTI/I JONOJIHUTCIIBHBIX MCP 11O
YKPBITHIO Ha 3UMY.

Jy1s1 OCHOBHBIX BUHOI'PAJapCKUX PETMOHOB MUPA YMEHb-
IIICHHE OCAJKOB M POCT BhICOKMX Temreparyp (Biasi et al.,
2019; Santos et al., 2020) craHoBsATCs (hakTOpamMu pHCKa
W yBeJIMYMBAOT norpedHocts B oporienun (Hall et al.,
2016; Chrysargyris et al., 2020). Camwxenne I'TK ma Bceit
ETP orpannumBaeT HEMOJIMBHOE BUHOTPANApPCTBO K CEBEPY
ot Kacmuiickoro mMops, re 3acynuimBOCTh KiIMMaTa OymeT
ycunuBarbes. s ocranbHoi yactu ETP ycnosus Bnaro-
00eCTIeYeHHOCTH OCTAIOTCS OJaronpuaATHRIMHA. VccireroBanme
KPBIMCKHX KOJIJIET TOITBEPIKIAET, YTO BUHOTPAJapCTBO B paii-
one Cesactonons B XXI B. OyaeT BO3MOXKHO 0€3 OpOIICHHS,
HO BHHOTPAJIHBIE JIO3bI MOTYT UCTIBITHIBATh JE(PUIUT BIark
(Vyshkvarkova et al., 2021).

KparkocpouHble ailanTaliiOHHBIC MEPHI TOJDKHBI OBITH CO-
CpeI0TOYEHBI Ha KOHKPETHBIX YIpo3ax, NIaBHBIM 00pa3oM Ha
M3MEHEHUSIX B ITPAKTHKE YIIPABJICHNS PACTCHUEBOICTBOM (Ha-
MPUMEP, OPOIICHHUE, COTHIIC3AIIUTHBIC CPEICTBA IS 3aIUTHI
nucTheB). Jlanee n3MeHeHHe cocTaBa M BKyca BUHOTpajga 1
BUHA BBI30BET KOPPEKTHPOBKY PETMOHAIBHOIO COPTHMEHTA,
ctwis BuHopenust (Mira de Orduifia, 2010; Fraga, Santos,
2017). Poct Temnoo0ecrieueHHOCTH MHUIIUNPYET TPOJIBHKE-
HUE BUHOI'paJapCTBa B CCBEPHLIC U TOPHBIC PETHUOHEI.

MpsI He paccMaTpHUBald OTPHUIATEIBHOE BIMSAHUE POCTa
BBICOKHX TeMIeparyp, Tak Kak rokHas rpanuna 3I1B B Poc-
CHUU JIOKUT Ha mupoTe 41.6° N, 4T0 BBIIIE FOXKHON TPAHUIIBI
MupoBoro BuHOTpanapersa (30° N). OxgHako B IEpCIEKTHBRE
COXpaHsIeTCs OMACHOCTh M30BITOYHO BBICOKHX TEMIEparyp
Ha tore 31IB. Kpome Toro, He paccMOTpeH BaXXHEHIIHI
BOINIPOC COOTBETCTBHsI KaduecTBa 1mouB ETP morpeGHOCTIM
BUHOTPAJApCTBa. DTU aCTEKThl TPEOYIOT JOMOIHUTEIBEHOTO
WCCIICIOBAHUS.

3aknioyeHune

Poct TermoobecnedyeHHOCTH BEreTalMOHHOIO Mepruoia Ha
eBporelickoil Tepputopun Poccuu co3aeT npearnochuIKy st
MPOJBIKEHUSI KYJIBTYPbl BUHOTPaJia K CEBEpPY OT COBPEMEH-
HOM mpeaenbHol mupoTsl 46.6° N 10 51.8° N, a k 2050 r. —
1o 60.7° N. Kpome TOro, yxe B CIOKUBIIHUXCS yCIOBHSIX
BHHOTPAJapCcTBO BO3MOXKHO B paitone Kamununrpana (54° N,
20° E). ITpu 7ONOMHUTENBHBIX Mepax MO YKPBITHIO Ha 3UMY
10 —35 °C nmoTeHIMaIbHAs 30Ha BUHOTPAAapCTBa TOCTUTAeT
53.3° N B texyumx u 60.7° N B IpOTHO3HPYEMBIX YCIOBHSIX.
[ToBbIlIeHNE 3aCYNIIMBOCTH KJIMMaTa Ha CEBEPO-3aIiaHOM
nobepexbe Kacnuiickoro Mopsi OyJieT yMeHbIIATh TUIOIIa
T0]1 HEOPOIIAEMBIMH BUHOTPaIHUKAaMHU. BeposiTHOE CHIKeHue
MUHUMAJIbHOH Temmepartypsl 3uMbl Ha fore ETP moTtpebyer
JIOTIOJTHUTENBHBIX MEP 3aLIUTHI 3UMOM.
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Transmission of potato spindle tuber viroid
between Phytophthora infestans and host plants
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Abstract. Potato spindle tuber viroid (PSTVd) is a naked, circular, single-stranded RNA (356-363 nucleotides in
length) which lacks any protein-coding sequences. It is an economically important pathogen and is classified as
a high-risk plant quarantine disease. Moreover, it is known that PSTVd is mechanically transmitted by vegetative
plant propagation through infected pollen, and by aphids. The aim of this study is to determine the possibility
of viroid transmission by potato pathogen Phytophthora infestans (Mont.) de Bary. PSTVd-infected (strain VP87)
potato cultivars Gala, Colomba, and Riviera were inoculated with P. infestans isolate PiVZR18, and in 7 days, after
the appearance of symptoms, re-isolation of P. infestans on rye agar was conducted. RT-PCR diagnostics of PSTVd
in a mixture of mycelia and sporangia were positive after 14 days of cultivation on rye agar. The PSTVd-infected
P. infestans isolate PiVZR18v+ was used to inoculate the healthy, viroid-free plants of potato cv. Gala and tomato
cv. Zagadka. After 60 days, an amplification fragment of PSTVd was detected in the tissues of one plant of tomato
cv. Zagadka by RT-PCR with the primer set P3/P4, indicating successful transmission of PSTVd by P. infestans isolate
PiVZR18v+. This result was confirmed by sequencing of the RT-PCR amplicon with primers P3/P4. The partial
sequence of this amplicon was identical (99.5 %) to PSTVd strain VP87. RT-PCR showed the possibility of viroid
stability in a pure culture of P. infestans isolate PiVZR18v+ after three consecutive passages on rye agar. PSTVd was
not detected after the eighth passage on rye agar in P. infestans subculture. These results are initial evidence of
potato viroid PSTVd being bidirectionally transferred between P. infestans and host plants.

Key words: potato; tomato; PSTVd strains; transmission; Phytophthora infestans; RT-PCR detection.
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TpaucMmuccus Bupona BepeTeHOBUIHOCTY KIyOoHell KapToders
mexxay Phytophthora infestans i paCTeHUSIMU-X03sI€BaMU

O.C. Adpanacenxo @, A.B. Xiortn, H.B. Muponetko, H.M. Aammna

Bcepoccninckuii HayuHo-uccneaoBaTeIbCKUN UHCTUTYT 3aluTbl pacteHui, MywkmH, CankT-Metepbypr, Poccna
® olga.s.afan@gmail.com

AHHOTauua. Bupowup BepeTeHOBUMAHbIX KNy6Heln KapTodena (BBKK) npencrtaBnser coboi KomnbLeByto
opHouenoueyuHyto PHK gnnHon 356-363 HykneoTuga, B KOTOPOW OTCYTCTBYIOT KaKme-nnbo nocnefoBaTenibHOCTY,
Kogupytowme 6enok. BBKK ABnseTca sKoHOMMUYECKM 3HauvMbliM 3aboneBaHmem KapTodens, Umerwym cTaTyc
KapaHTMHHoOro. /13BecTHO, uto BBKK nepepaetca mexaHnyeckn npu BereTaTBHOM Pa3sMHOMKEHUY pacTeHN, Yyepes
MHOULUMPOBaHHYIO MbifbLy 1 C TOMOLLbio Thelt. Llenbto gaHHoro nccnefoBaHua 6bi10 onpepeneHne BO3MOXHOCTH
nepegauv BBKK (wtamm VP87) ot pacTeHunin kapTodena n TomaTa, 3apaeHHbIX BUpougom, natoreHy Phytophthora
infestans (Mont.) de Bary u ot P. infestans — pacteHnam kaptodena n Tomata. Copta Kaptodena lana, Konomba un
PuBbepa, nHdrLnpoBaHHble BBKK, nHokynuposanu nsonatom P. infestans PiVZR18; yepes 7 gHeli noce nosBneHns
cumnTomoB ¢puTodTOPO3a NPOBENN MOBTOPHOE BbieneHne P, infestans B UNCTYI0 KyNbTypy Ha pxaHol arap. Yepes
14 gHein KynbTMBMPOBaHWA P. infestans Ha pXKaHoOM arape B cMecy myuenua u cnopaHrues metogom OT-TILP 6bin
o6HapyxeH BBKK. BBKK-unduumposaHHbim nsonatom P. infestans (PiPSTVdv+) npoBenn MHOKyNALMIo pacTeHuin
TomaTta copTa 3aragka M pacteHui Kaptodena copta lana. Yepes 60 aHel B NMCTbAX TOMaTa CcopTa 3arajka
metogom OT-MUP ¢ npaiimepamun P3/P4 6bin BbiABNEH OMArHOCTMYECKUA MpofyKT amnaudukauum 360 n.o.,
CBMAETENbCTBYIOWMI 06 ycnewHoi TpaHcmuccun BBKK nsonatom PiVZR18v+. Pesynbtathl 6binv NOLTBEPXKAEHDI
CeKBeHMpOBaHveM npogyKkTta amnnndukauum BBKK. HykneoTnaHaa nocnepoBaTenbHOCTb BMPOMAA B PacTeHUN
ToMara, 3apaxxeHHom nsonatom PiVZR18v+, okaszanacb Ha 99.5 % naeHTUYHON NCNONb30BaHHOMY B SKCMEepUMeHTe
wrammy VP87. ina gokasatenbCTBa BO3MOXHOCTU COXPaHeHWs BUpouaa B YNCTON KynbType P. infestans nonat
PiVZR18v+ naccnpoBanu Ha px<aHom arape c nHTepsanom 30 gHen. lNocne Tpex nocnefoBaTtenbHbIX NaccaXen Ha
p>kaHom arape BBKK 6bin grarHocTpoBaH B KynbType 130/ATa, YTO NOATBEPXKAEHO CEKBEHPOBaHNEM NPoayKTa
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TpaHcmuccna BBKK mexay Phytophthora infestans
1 pacTeHUAMYI-X03eBamMu

amnandrKaumm ¢ Brupouna-cneynduruHbiMm npanmepamu. B cybkynbtype P. infestans nocne BOCbMOro naccaxa Ha
p<aHom arape BBKK He obHapy»uBancs. MonyueHHble faHHble CBUAETENbCTBYIOT O ABYHaNpPaBieHHON Nepejaye

BBKK B natocucteme P. infestans — pacTeHne-xo35uH.

KnioueBble cnoBa: kapTodenb; TomaTbl; Wtammbl BBKK; TpaHcmuccnsa; Phytophthora infestans; OT-TLP-guarHocTmka.

Introduction

Potato spindle tuber viroid (PSTVd) is an economically im-
portant pathogen, classified as a high-risk plant quarantine
disease. According to the European Plant Protection Orga-
nization (EPPO), the disease has been reported in 37 coun-
tries on all continents (https://gd.eppo.int/taxon/PSTVDO/
distribution). In Russia, and other former Soviet Union re-
gions, PSTVd was detected in about 5070 % of in vitro potato
plants (Kastalyeva et al., 1992).

Natural infections of PSTVd have been found in the field,
mainly in solanaceous crops, such as pepino (Puchta et al.,
1990), potato (Diener, Raymer, 1969), and tomato (Puchta
et al., 1990). Potato plants infected with PSTVd become
smaller and show leaf yellowing, and infected tubers become
smaller and cracked. The reduction in tuber weight depends
on the viroid strain, potato cultivar, and length of time they
have been infected with PSTVd (Pfannenstiel, Slack, 1980).
Furthermore, a reduction in tuber yield of up to 24 % has
been reported in cultivar Saco infected with mild strains of
PSTVd, however, severe strain reduced the yield by up to 64 %
(Singh R.P., 1970). In addition to direct losses, it is important
to take into account indirect losses that can be significant due
to the quarantine status.

PSTVd belongs to Family Pospiviroidae (1POSPF), Ge-
nus Pospiviroid (IPOSPG) and consists of a naked, circular,
single-stranded RNA (356-363 nucleotides in length) — the
smallest among plant pathogens lacking a protein-coding
ability — therefore, it is a parasite of the host transcription
mechanism (Yanagisawa et al., 2019).

PSTVd has a wide host range of at least 138 species across
10 families (Singh R.P., 1973). The main hosts are from the
Solanaceae family (Owens et al., 1992; Mertelik et al., 2010;
Mackie et al., 2016). PSTVd is transmitted mechanically
(Verhoeven, Roenhorst, 2010), by aphids (Syller et al., 1997).
Moreover, it was found to be vertically transmitted through
pollen to progeny seeds on potato (Solanum tuberosum) and
tomato (S. lycopersicum) and horizontally transmitted through
infected pollen to other potato and tomato plants (Kryczynski
etal., 1988; Singh R.P. et al., 1992; Matsushita, Yanagisawa,
2018).

Viruses are common in fungi and oomycetes and some
of these viruses share sequence identities with plant viruses
belonging to different families and genera (Mascia et al.,
2019). There are several examples of plant—virus transmission
by phytopathogenic fungi and oomycetes. It was shown that
soil-inhabiting fungi Olpidium brassicae and O. radicale be-
longing to Chytridiales and Polymyxa graminis, Spongospora
subterranean, and Synchytrium endobioticum — belonging to
the order Plasmodiophorales — transmit plant viruses (Bhat,
Rao, 2020). Replications of the tobacco mosaic virus were
demonstrated in the phytopathogenic fungi Colletotrichum
acutatum, C. clavatum, and C. theobromicola (Mascia et al.,
2019), cucumber mosaic virus was reported in Rhizoctonia
solani (Andika et al., 2017), artichoke Italian latent virus,
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artichoke mottled crinkle virus, potato virus X, potato virus Y,
tobacco mosaic virus and cucumber mosaic virus plus its satel-
lite RNA can replicate and persist in Phytophthora infestans
at least through the first subculture (Mascia et al., 2019).

Wei et al. (2019) obtained preliminary data on the pos-
sibilities of replicating hop stunt viroid (HSVd), iresine 1
viroid belonging to the Pospiviroidae and avocado sunblotch
viroid (Avsunviroidae) in at least one of phytopathogenic
ascomycete fungi Cryphonectria parasitica, Valsa mali, and
Fusarium graminearum.

Oomycete P. infestans causes significant losses to potato
and tomato crops on a global scale. Despite intensive use of
fungicides, the pathogen is constantly and ubiquitously pres-
ent in potato crops. P. infestans is also the most harmful and
widespread tomato pathogen, both in field and greenhouse
conditions. This oomycete has a high adaptive potential to the
host plants, which may indicate the formation of competitive
relationships with other potato and tomato pathogens. In this
regard, it is of interest to identify a possible role of P. infestans
in transmission of PSTVd to potato and tomato plants.

Materials and methods

Plant materials. Potato cultivars that, according to our data,
were susceptible to both PSTVd strain VP87 and P, infestans —
Gala, Riviera, and Colomba and tomato cultivars Zagadka,
Moskvich, and Damskiy Palchik were included in the study.

These potato and tomato cultivars were registered in the
Russian State Register of Breeding Achievements.

PSTVd strains. Two intermediate PSTVd strains, VP35
(GenBank accession no. LC523658) and VP87 (LC523667),
and severe strain FP10-13 (LC523676) deposited in the
international information database DDBJ (DNA Data Bank of
Japan), Data set “Viruses” (http://blast.ddbj.nig.ac.jp/) were
used in the study. These strains were isolated from infected
potato leaves from the Volga Federal District (VP87 and VP35)
and tubers from the Far Eastern Federal District (FP10-13) in
2019 (Matsushita et al., 2021).

The PSTVd strains were supported on living tomato plants
of Russian cultivars Zagadka, Moskvich, and Damskiy
Palchik.

Isolate of P. infestans. Isolate PIVZR 18 of P, infestans was
used in the experiments on viroid transmission. PiVZR18
was isolated from the natural population of P, infestans in the
Leningrad Region (northwest of the European part of Russia)
in 2018. Eight virulence genes (1, 2, 3, 4, 6, 7, 10, and 11)
were identified in this isolate on a set of Black’s differentials
(Black et al., 1953).

Viroid inoculation of plants. Potato and tomato plants
were grown in a growth room at a temperature of 25 °C with
aphotoperiod of 16h/8h (day/night) in 21 pots filled with “Terra
vita” soil. Seven-day germination potato plants and 14-day
tomato plants were used for inoculation by PSTVd.

To prepare the inoculum, 0.1 g of fresh tomato leaf tissue —
60 days post inoculation (dpi) with PSTVd strain VP87 — was
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ground in 1 ml sodium phosphate buffer (pH 7.0) and filtered
through cheesecloth.

For mechanical inoculation, the cotyledons of tomato
were dusted with carborundum and gently rubbed over the
surface of the leaves with a plastic pestle. Ten microliters of
inoculum was placed on the injured leaf surface and rubbed
several times with a sterile plastic pestle. The inoculated plants
were incubated for two months at 25 °C with light intensity
(fluorescent, 40 W, x4).

At 60 dpi, the presence of viroid in the inoculated tomato
plants was determined by RT-PCR.

To inoculate 7-day potato plants of the cultivars Gala,
Riviera, and Colomba, a 0.5-1.0 cm longitudinal stem
incision was performed with a sterile razor on a stem
apex (Suppl. Fig. 1)!, and 10 pl of the PSTVd VP87 strain
suspension — obtained as described above —was applied. Three
plants of each potato cultivar were inoculated and the assay
was repeated three times. In 60 dpi, the presence of PSTVd
in the inoculated plants of potato cultivars was determined
by RT-PCR.

P. infestans inoculation of plants. Isolate PiIVZR18 of
P infestans was cultured on rye agar medium (1.0 Li ddH,0,
60.0 g rye organic berries (grind in blender), 20.0 g sucrose,
15.0 g agar) for 30 days in the dark at 15 °C for propagation
and morphological observation (Medina, Platt, 1999).

Before inoculating the plants, the suspension was incubated
at 12 °C for 2.5-3 h to release zoospores. Upon RT-PCR
detection for viroid infection, both healthy and viroid-infected
tomato and potato plants were inoculated with a suspension of
P, infestans at a concentration of 50.000 zoosporangia in 1 ml.
After inoculation, the plants were placed in humid chambers
with a 14 h light period, at 23 °C during the day and 15 °C
at night for a period of 13 dpi. To study PSTVd transmission
from P. infestans to host plants, when typical symptoms of
late blight appeared, the humid chamber was removed and
the development of P. infestans slowed down. The affected
leaves were removed and the plants continued to grow. For
the purposes of PSTVd diagnostics, the upper leaves of the
plants without late blight symptoms were cut off.

Viroid inoculation of P, infestans. Inoculum of PSTVd was
obtained from the infected tomato plants as described above
and applied to the 14-day P. infestans culture by transferring
10 ul per Petri dish (in the dish center). After inoculation, the
culture was left to grow for 15 days at 10 °C. Then, mycelia
from the periphery and from the center of the colony were
transferred separately to a fresh medium. The culture was
left in the same conditions for 30 days, after which RT-PCR
analysis was conducted.

Isolation of P. infestans from infected potato and
tomato plants. Seven days post inoculation (dpi) after the
symptoms of late blight appeared, P. infestans was isolated
from the plants. Sections of the infected leaves were placed
between tuber slices of the healthy cv. Colomba, and at 6 days,
mycelium was transferred with a needle to the surface of rye
agar. The isolates were cultured for 30 days at 15 °C in the
dark and then transferred to a fresh medium.

Viroid detection and sequencing. We collected the
uppermost leaves from the inoculated potato or tomato plants

T Supplementary Figures 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2022-26/appx5.pdf
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at 60 dpi. PSTVd detection in pure culture of P. infestans was
carried out after 30 days of growing on rye agar. Approximately
0.1 g of tissue from leaves or mycelium was used for RNA
extraction. Total RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) as per the manufacturer’s
instructions (http://www.genome.duke.edu/cores/microarray/
services/rna-qc/documents/RNeasy Mini_Handbook.pdf) and
subsequently used for one-step RT-PCR. Primer sets P3/P4
(Behjatnia et al., 1996) and P1/P2 (Gross et al., 1978) or
68PV-R+87PV-F (Yanagisawa et al., 2019) were used to
detect PSTVd. RT-PCR was prepared with the PrimerScript
One-Step RT-PCR Kit ver 2 reagents in 10 ml (Takara Bio
Inc., Shiga, Japan) following the manufacturer’s instructions.
The primer set ITS4/ITS5 (White et al., 1990; Ristaino et al.,
1998) was used to detect the ITS region of P. infestans as an
internal control.

RT-PCR was carried out on a MyCycler Thermal Cycler
(Bio-Rad, California, USA) at 50 °C for 30 min, 94 °C for
2 min, followed by 35 cycles of 94 °C for 30 sec, 60 °C for
30 sec and 72 °C for 30 sec. An additional elongation step was
performed at 72 °C for 5 min followed by storage at 12 °C.
The sizes of the diagnostic fragments of PSTVd and the ITS
region were 360 and 946 bp, respectively.

The PSTVd amplicons were sequenced at the Beagle
Company (St. Petersburg, Russia). Alignment and manual
editing of nucleotide sequences were performed using
Vector NTT Advance 10 software (Thermo Fisher Scientific).
The obtained nucleotide sequences were tested for similarity
with PSTVd strain VP87 (LC523667), used in this study,
deposited in the international information database DDBJ
(DNA Data Bank of Japan), data set “Viruses” (http://blast.
ddbj.nig.ac.jp/).

Results

There is an absence of data on the possibility of replicating
PSTVd in P, infestans and bidirectionally transferring it bet-
ween host plants and P, infestans. In this study, we investigated
the possibility of PSTVd transmission (1) from host plants to
P, infestans, (2) from P, infestans to host plants, and (3) the
possibility of PSTVd stability in pure cultures of P. infestans.

Transmission of PSTVd from host plants to P. infestans
From potato plants. Upon confirming PSTVd infection in
tomato plants of cv. Zagadka by RT-PCR, inoculation of three
potato cultivars (Gala, Colomba, and Riviera), using as an
inoculum source extracted-sap of tomato infected with PSTVd
strain VP87, was conducted (see Suppl. Fig. 1). After 60 days,
detection of PSTVd presence in plants of these cultivars was
carried out by RT-PCR with the P3/P4 primer set (Fig. 1).
The brightest amplicons indicating a high accumulation of
the viroid were found for cv. Gala and cv. Colomba. The
viroid accumulation was lower in three plants of cv. Riviera
(see Fig. 1).

PSTVd-infected and uninfected (control) potato plants were
inoculated with P, infestans isolate PIVZR18. Seven days after
the appearance of symptoms (Fig. 2, @) caused by P. infestans,
the pathogen was first re-isolated from these cultivars on tuber
slices of healthy cv. Colomba and then transferred to pure
culture on rye agar (see Fig. 2).
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Fig. 1. RT-PCR detection of PSTVd with the primer set P3/P4 in leaves
of infected potato plants by PSTVd strain VP87 before inoculation with
P.infestans.

1-3, Individual plants of cv. Riviera; 4, mock-inoculated cv. Riviera;
5-8, individual plants of cv. Colomba; 9, mock-inoculated cv. Colomba;
10-13, individual plants of cv. Gala; 74, mock-inoculated cv. Gala; 75, negative
control (distilled water); M, molecular weight marker 50 bp DNA ladder
(Primetech DNA Ladder).

After culturing of P, infestans isolates on rye agar, PSTVd
detection by RT-PCR was conducted with the primer set P3/P4
(Fig. 3, a). Amplicons of ~360 bp — indicating the presence
of PSTVd — were detected in a mixture of mycelium and
sporangia of pure culture of P. infestans isolates after
colonization on the cultivars Gala, Riviera, and Colomba
(see Fig. 3, a). To control for the negative results of viroid
detection that are not due to the quality of RNA extracted
from P infestans samples, we used PCR with universal
primers ITS4/ITS5 on rDNAs, which are species specific for
P, infestans and displayed an amplicon of 946 bp (Ristaino et
al., 1998) (see Fig. 3, b).

From tomato plants. The 15 plants of the two tomato
cultivars (Moskvich and Damskiy Palchik) infected with three
PSTVd strains (VP87, FP10-13, and VP35) were inoculated
with the P. infestans isolate PIVZR18 to confirm the results
obtained. Seven days after the appearance of the symptoms
caused by P. infestans, 15 cultures of the pathogen were
re-isolated from these plants, first on tuber slices of healthy
cv. Colomba. After mycelial overgrowth on the surface of tuber
slices, the first detection of viroid presence in the mycelium
was performed. Out of 15 isolates, the brightest fragment
indicating viroid infection of mycelium was detected with the
primer set P3/P4 in the P, infestans isolate from cv. Moskvich
infected with PSTVd strain VP87 (Fig. 4, line /). Positive
PSTVd detection was also obtained for cv. Damskiy Palchik,
infected by PSTVd strain VP87 (line 4) and for the isolates
from cv. Moskvich infected by PSTVd strain FP10-13
(lines 6-8) and by strain VP35 (lines /0—-13). Weak amplicons
were obtained in lines 3, 5, 9, 14, which indicates a low initial
concentration of PSTVd in P. infestans mycelium obtained
from the host plant (see Fig. 4).

PSTVd transmission from P. infestans to host plants

The PSTVd-infected P, infestans isolate PIVZR18v+ was used
to inoculate the healthy, viroid-free plants of potato cv. Gala
and tomato cv. Zagadka.

After 60 days, an amplification fragment of PSTVd was
detected in the tissues of one plant of tomato cv. Zagadka
by RT-PCR with the primer set P3/P4, indicating successful
transmission of PSTVd by P. infestans isolate PiVZR18v+
(Fig. 5).

The detection of PSTVd in the RNA of cv. Zagadka
inoculated with the P. infestans isolate PIVZR18v+ was
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Fig. 2. PSTVd transmission from potato to P. infestans.

a, Mock-inoculated (distilled water) potato cv. Colomba; b, PSTVd-infected
(strain VP87) potato cv. Colomba; ¢, symptoms of P. infestans on PSTVd-infected
potato cv. Colomba (strain VP87); d, tuber slices of healthy cv. Colomba
inoculated with P. infestans from the infected plants; e, P. infestans isolates from
the PSTVd-infected plants of cv. Colomba on rye agar.

a

Fig. 3. RT-PCR detection of PSTVd in cultures of P. infestans isolated from
potato plants infected with the PSTVd strain VP87 (a) and control of
P. infestans RNA presence (b).

a, RT-PCR detection with the primer set P3/P4; b, RT-PCR amplification of the
same RNA samples with the primer set ITS4/ITS5. Lines: 1, PSTVd-uninfected
P. infestans isolate PiVZR18; 2, P. infestans isolates from PSTVd-infected potato
cv. Gala; 3, 4, from cv. Riviera; 5-7, from cv. Colomba. Left line: molecular
weight marker 100 bp (Gene Ruller, Fermentas).

confirmed by sequencing of the RT-PCR amplicon with
primers P3/P4 (see Fig. 5, line 3). The partial sequence
(204 bp) of this amplicon was identical (99.5 %) to PSTVd
strain VP87 (LC523667) (Suppl. Fig. 2).

Stability of PSTVd in pure culture of P. infestans

The stability of strain VP87 in pure culture of P. infestans
isolate PIVZR18v+ after consecutive passages on rye agar
was studied. RT-PCR with primer sets P3/P4 (Fig. 6, a)
and 68PV/87PV (Fig. 6, b) revealed amplification products

275



0.S. Afanasenko, A.V. Khiutti
N.V. Mironenko, N.M. Lashina

Transmission of potato spindle tuber viroid
between Phytophthora infestans and host plants

500bp —_ /”360 ke & £ : !_ 500 bp
400 — = > - g __ 350
350 : . - .. - - e s - - . -
- 1 —— 250
250 — ™= -
150 B 23 A 55 2L 9 ¥0 gk oR B T4 15 6. 1778 [Tol - — 10
—

‘...........'..’.... 50

50 ~—_

Fig. 4. RT-PCR detection of PSTVd with the primer set P3/P4 in P. infestans isolates grown on slices of potato cv. Colomba tubers
after their isolation from infected with viroid tomato plants.

1, 2, Isolates from tomato cv. Moskvich infected by PSTVd strain VP87; 3, 4, isolates from tomato cv. Damskiy Palchik, infected by PSTvd
strain VP87; 5-9, isolates from tomato cv. Moskvich, infected by PSTVd strain FP10-13; 70-13, isolates from tomato cv. Moskvich, infected
by PSTVd strain VP35; 14, 15, isolates from tomato cv. Damskiy Palchik, infected by PSTVd strain VP35; 16, isolate PiVZR18 of P. infestans
uninfected by PSTVd (negative control); 77, cv. Colomba potato tuber (negative control); 18, tomato cv. Moskvich infected by PSTVd
strain VP87 (positive control); 79, distilled water (negative control). On the right and left sides of the gel, 50 bp DNA ladders (Primetech
DNA Ladder) are shown.

1kb indicating the presence of PSTVd after the second and third
700 bp passages on rye agar of P. infestans isolates from viroid-
600 infected cv. Colomba (see the Table, Fig. 6). PSTVd stability in
500 P infestans isolates after three passages on rye agar was shown
400 by sequencing of the RT-PCR amplicon with primers P3/P4.
300 The partial sequence of RT-PCR amplicon (near 232 bp) of
200 viroid in P. infestans isolate PiVZRv+ after the third passage
100 on rye agar received with the primer set P3/P4 is identical

(98.3 %) to PSTVd strain VP87 (LC523667). Another partial
sequence of RT-PCR amplicon (270 bp) received with the

Fig. 5. RT-PCR detection of PSTVd with the primer set P3/P4in potatoand ~ primer set 68PV/87PV of the same RNA sample is identical

tomato plants 60 dpi with viroid-infected P. infestans isolate PiVZR18v+.

1, Potato cv. Gala; 2-4, tomato cv. Zagadka; 5, tomato cv. Zagadka infected by
PSTVd strain VP87 (positive control); 6, potato cv. Gala uninfected by PSTVd
(negative control); 7, tomato cv. Zagadka uninfected by PSTVd (negative
control); 8, PSTVd-uninfected P. infestans isolate PiVZR18 (negative control);
9, distilled water (negative control); M, molecular weight marker 100 bp (Gene
Ruller, Fermentas).

to PSTVd strain VP87 (LC523667) —99.3 % (Suppl. Fig. 3).
On the other hand, PSTVd was not detected after the eighth
passage on rye agar in P. infestans subculture (see the Table).
P, infestans isolates infected with viroid strain VP87 were
characterized by more abundant, but also more compact
mycelium, forming an almost felt-like colony (Fig. 7).
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Fig. 6. RT-PCR detection of PSTVd with primer sets P3/P4 (a) and 68PV/87PV (b) in cultures of P. infestans isolates after colonization

on PSTVd infected potato cv. Colomba.

1-4, Second passage on rye agar; 5-11, third passage on rye agar; 12, PSTVd-uninfected isolate PiVZR18 (negative control); C*, cv. Colomba
infected by PSTVd (positive control); C7, distilled water; M, molecular weight marker 100 bp (a) and 50 bp (b) (Gene Ruller, Fermentas).
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Virulence testing on a set of Black’s potato differentials
(11 lines with different resistance genes) (Black et al., 1953)
of the PSTVd-infected PIVZR18v+ and the initial uninfected
PiVZR18 isolates showed the same types of reactions on
detached leaves of 11 lines after 7 dpi (Fig. 8, 9).

Presence of amplification product 360 bp in P. infestans isolates
after colonization on viroid-infected plants of potato
cv. Colomba (each passage is 30 days)

Number of passages Number of P. infestans isolates
onryeagar 7 . :
Positive Negative
PSTVd detection PSTVd detection
One passage 30 days 5 2
after re-isolation
on rye agar
Two passages 3 (see Fig. 6) 1
Three passages 5 (see Fig. 6) 2
Eight passages 0 7

E

5 | K9 R w6

U RM R
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For both isolates, eight virulence genes (1, 2, 3, 4, 6, 7,
10, and 11) were identified. The PSTVd-infected P. infestans
isolate seems to be less aggressive in comparison to
the uninfected isolate; however, this observation requires
further study.

Fig. 7. Cultures of P. infestans PiVZR18: a, infected with viroid after three
passages on rye agar: b, healthy.

Fig. 8. Virulence of the PSTVd-infected PiVZR18v+ to the lines of a set of Black’s differentials (11 resistance genes). Eight virulence genes (1, 2, 3,4, 6, 7,

10, 11) were determined.

Fig. 9. Virulence of the initial PSTVd-uninfected P. infestans PiVZR18 isolate to the lines of a set of Black’s differentials (11 resistance
genes). Eight virulence genes (1, 2, 3,4, 6,7, 10, 11) were determined.
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Discussion

Potato (Solanum tuberosum) is one of the most important
staple crops worldwide. According to the FAO, over 390 mil-
lion tons are produced on over 19 million ha of farmland
worldwide (http://www.fao.org/faostat/en/#data/QCL). The
quarantine status of potato tuber spindle viroids and possible
significant losses of potato yield determine the importance of
studying various aspects of pathogen epidemiology.

PSTVd replication is accompanied by the accumulation of
viroid-derived small RNAs (vd-siRNAs) suggested to play
a central role in disease symptom development.

Potatoes were domesticated in the Andes in Southern Peru
around 10,000 years ago. Nevertheless, the introduction of the
potato to Europe, along with all its associated diseases, dates
back to the 16—17th centuries (Khavkin, 2015). Late blight of
potato and tomato is a devastating disease caused by fungus-
like oomycete P. infestans. Despite many efforts, the severity
of this disease has increased dramatically in recent years.

It is known that the mode and speed of spreading plant
pathogens are the major factors in the development of epiphy-
totics. Early studies showed that PSTVd is spread primarily
through the use of infected plant material produced vegeta-
tively or as botanical seeds (Fernow et al., 1970), through
mechanical spreading across the growing crop, particularly
between plants of different species of the Solanaceae family
(Manzer, Merriam, 1961; Verhoeven, Roenhorst, 2010). The
success of mechanical transmission depends on infected host
plant species or cultivars, as well as the frequency and sever-
ity of the disease and the temperature (Bulletin OEPP/EPPO
Bulletin, 2011). Importantly, transmission to potato and other
test plants by aphids (Myzus persicae) was successful only if
PSTVd RNA was encapsidated by potato leafroll virus (PLRV)
particles (Salazar et al., 1995; Querci et al., 1997).

Some viruses are spread by vectors, which can include
pathogenic fungi (Andika et al., 2017; Sutela et al., 2019),
oomycetes (Mascia et al., 2019), and nematodes (Brown et
al., 1989; Singh S. et al., 2020). Bidirectional transfer between
Fusarium graminearum and tobacco plants of hop stunt vi-
roid (HSVd) during infection was shown by Wei et al. (2019).
However, Nicotiana benthamiana is not a natural host for
either HSVd or F. graminearum. Given this fact (Serra et al.,
2020), more evidence is needed to validate the possibility of
viroid transmission by phytopathogenic fungi. We showed the
presence of PSTVd in P. infestans isolates after colonization
on plants of three potato cultivars infected with viroid. After
three passages on rye agar (30 days each), RT-PCR analysis
showed the presence of viroid in pure cultures of P. infestans.
The partial RT-PCR amplicon sequence of viroid in P. infes-
tans isolate PIVZRv+ after the third passage on rye agar is
identical (98.3-99.3 %) to PSTVd strain VP87 that was used
for the initial inoculation.

Sixty days after inoculation of healthy tomato plants
with P, infestans isolate carrying PSTVd, RT-PCR revealed
a 360 bp amplification product, indicating successful infection
of the plants. This is the first report of horizontal transfer of
potato viroid PSTVd between P. infestans and host plants.

Moreover, there is evidence that small RNAs (sRNAs, ap-
proximately 20—30 nt) can horizontally transfer from microbes
to plants and spread silencing information toward the targeted
genes (Han, Luan, 2015). Small RNAs were also found in
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fungi (Wang, Dean, 2020) and fungal-like Oomycota (Jahan
etal., 2015). In addition, SRNAs of 19-40 nt were found from
P, infestans (Vetukuri et al., 2012). There are numerous reports
of SRNA cross-transfer between plants and pathogens (Zeng
et al., 2019; Wang, Dean, 2020). sSRNAs can be transported
within an organism through the inner side of the plasma
membrane (symplast), or cell wall (apoplast) (Wang, Dean,
2020). It is suggested that SRNAs are translocated by extra-
cellular vesicles (EVs) from Arabidopsis to P. capsica (Hou
et al., 2019) and B. cinerea (Cai et al., 2018). Furthermore,
it is possible that interaction between oomycete and potato
involves not only SRNA exchange but also the movement
of larger viroid RNA molecules from mycelium into a plant
and vice versa.

PSTVd replicates in the nucleus, traffics long distances
in the phloem, and moves cell-to-cell via plasmodesmata
in plants (Takeda, Ding, 2009). After the third subculture,
PSTVd was detected from P, infestans, suggesting that PSTVd
can replicate in the nucleus and locate to non-septate hyphae
of P. infestans (see the Table). On the other hand, after the
eighth subculture, PSTVd accumulation in P. infestans was
not detected by RT-PCR. The same results were obtained by
Wei et al. (2019), in which PSTVd was eliminated from Cry-
phonectria parasitica, Valsa mali, and Fusarium graminearum
after eight subcultures. This disappearance could be caused
by a defense mechanism against viroid, namely, the RNA
silencing system. Viroids are the target of the RNA silencing
system and become elicitors of the host defense system via
RNA silencing (Cottilli et al., 2019; Wei et al., 2020). Thus,
PSTVd could have been degraded by the silencing system,
resulting in the elimination of PSTVd from P. infestans.

Phytophthora infestans produce sporangia on the surface
of potato leaves, and then zoospores, released from sporan-
gia, form walled cysts on the plant surface (Mazumdar et al.,
2021). The cysts germinate and extend a germ tube into the
leaves and stems of the host plants. PSTVd transferred from
P, infestans to plants, suggesting that PSTVd was present not
only in mycelium but also in sporangia and zoospores. Mature
sporangia were dispersed by wind or water (Leesutthiphonchai
etal.,2018). Thus, there is a possibility that PSTVd can spread
long distances via infected sporangia. In contrast, there is still
no evidence of viroid infection in isolates of P, infestans from
field populations and the possibility of viroid stability in the
mycelium of P, infestans in tubers is unclear.

Concerning mycoviruses, there are two hypotheses of
their origin: the first states that they are of an unknown but
ancient origin and have coevolved along with their hosts,
the second one suggests they have relatively recently moved
from a fungal plant host into fungus (Pearson et al., 2009).
Both hypotheses are also applicable to PSTVd. Prolonged co-
existence of viroid—P. infestans—host plants can lead to viroid
transition from a host plant to an oomycete.

Conclussion

Potato spindle tuber viroid is known as autonomously
replicating pathogen only of plants and mainly of solanaceous
crops, that lacks any protein-coding sequences. Herein, we
demonstrate the possibility of viroid transmission from host
plants (potato and tomato) to Phytophthora infestans, from
P. infestans to host plants, and the possibility of PSTVd
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stability in pure cultures of P, infestans after three consecutive
passages on rye agar. These results are initial evidence of
bidirectionally transferred potato viroid PSTVd between
P, infestans and host plants.
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Social behavior and spatial orientation in rat strains
with genetic predisposition to catatonia (GC)
and stereotypes (PM)

V.S. Plekanchuk® 2@, O.1. Prokudinal, M.A. Ryazanova1

T Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
® lada9604@mail.ru

Abstract. Various psychopathologies, including schizophrenia, bipolar disorder and major depression, are associ-
ated with abnormalities in social behavior and learning. One of the syndromes that may also take place in these dis-
orders is catatonia. Catatonia is a psychomotor syndrome in which motor excitement, stereotypy, stuporous state,
including the phenomenon of “waxy flexibility” (catalepsy), can be observed. Rats with genetic catatonia (GC) and
pendulum-like movements (PM) of the anterior half of the body have physiological and behavioral changes similar
to those observed in schizophrenia and depression in humans and can be considered as incomplete experimental
models of these pathologies. The social behavior of the GC and PM rats has not been previously studied, and the
cognitive abilities of animals of these strains are also insufficiently studied. To determine whether the GC and PM
rats have changes in social behavior and spatial learning, behavioral phenotyping was performed in the resident-
intruder test, three-chamber test, Barnes maze test. Some deviations in social behavior, such as increased offensive
aggression in PM rats in the resident-intruder test, increased or decreased social interactions depending on the
environment in different tests in GC, were shown. In addition, principal component analysis revealed a negative
association between catatonic freezing and the socialization index in the three-chamber test. Decreased locomotor
activity of GC rats can adversely affect the performance of tasks on spatial memory. It has been shown that PM rats
do not use a spatial strategy in the Barnes maze, which may indicate impairment of learning and spatial memory.
Key words: catatonia; GC rat strain; PM rat strain; epilepsy; stereotypes; learning; social interaction.
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AHHOTauuA. Pa3nnyHble NCUMXONaTonoruy, BKAYaa WwusodpeHnto, 6UNonapHoe paccTporcTBO 1 6onblioe fAe-
NpPeccMBHOE PaCcCTPOICTBO, aCCOLMMPOBaHbI C OTKTIOHEHMSAMI B COLMANbHOM MoBeAeHn 1 0bydyeHnn. OgHUM
13 CUHAPOMOB, KOTOPbIN TakXe MOXeT MMEeTb MeCTO MPU 3TUX PacCTPONCTBaX, ABNAETCA KaTaToHMA. KaTaToHnA —
NCYXOMOTOPHOE PAaCcCTPOMNCTBO, MPU KOTOPOM MOTYT HabnofaTbCs ABUraTeNbHOe BO3OYKAEHVE, CTEPeoTUNUN,
CTYMnop, B TOM YmMCIie C ABIEHNEM «BOCKOBOW rMOKOCTU» (KaTanencum). Kpbicbl ¢ reHeTuyecko KataToHuei (MK) n
MasTHUKOOOPA3HbIMU CTEPEOTUNHBIMU ABMKeHUAMU (M) nmetoT dusmonornyeckre 1 noBefeHYeckne nsmeHe-
HWA, CXOfHble C HabMoAaemMbIMN NPK WN30GPEHUN 1 AeNPeccu Y YenoBeka, U MOTyT paccMaTprBaTbCA Kak He-
NOJIHblE SKCNepUMeHTasbHble Mogenu 3Tux natonornin. CouranbHoe nosefeHne Kpbic nuHui TK n M paHee He
6bIS10 MCCNefoBaHO, TakXKe HeAOCTaTOUHO U3YyYeHbl KOTHUTVBHbIE CMOCOOHOCTU XKUBOTHBIX JaHHbIX MUHWIA. YTOGbI
onpenennTb, UMEKTCA NN U3MEHEHNUA B COLMANbHOM MOBEAEHNUM U MPOCTPAHCTBEHHOM 00YUYEHWI Y KPbIC TMHWIA
'K n M[, 66110 npoBefeHo 1x NoBeAeHYeckoe GeHOTUMNMPOBaHME B TeCTe «Pe3nLEHT-UHTPYAEP», TPEXKaMEPHOM
TecTe v NabuprHTe bapHC. B Halweln paboTe NMokasaHbl HEKOTOpble OTK/IOHEHMS B COLMANbHOM MOBEAEHWN, Ta-
Kne Kak ycuneHne o60poHuUTeNbHONM arpeccumn y Kpbic M, yBennyeHve nnn ymeHblUeHNe YPOBHA COLMANbHbIX
B3aMMOZJENCTBUI B 3aBUCUMOCTI OT YCIIOBUI TeCTUPOBaHUA y Kpbic K. Kpome Toro, aHanms rnaBHbIX KOMMOHEHT
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BblABUN OTPULATENIbHYIO CBA3b MeXAYy KaTaTOHUYEeCKMM 3acTbiBaHNEM N MHOEKCOM COLUMalIbHOCTUN B TPeXKaMep-
HoM TecTe. CHUXKeHue ﬂBI/IFaTeﬂbHOIﬁ AKTUBHOCTU KpbIC K MOXeT HeraTMBHO BAMUATb Ha BblMONHEHNE 3a,an|/||7|
no oueHke I'IpOCTpaHCTBeHHOVI namaATtu. NokasaHo, uto KpPbICbl M[ He NCNOJIb3YHOT NMPOCTPAaHCTBEHHYIO CTPATENNIO
B na6|/|p|/|HTe EapHc, YTO MOXET yKa3blBaTb Ha HapylleHune o6yqu|/|ﬂ n I'IpOCTpaHCTBeHHOIh namATn.

KnioueBble cnoBa: KaTaToOHWA; MMHUA KpbIC IK; nuHuna KpbIC ML, snnnencus; crepeoTnnnn, 06yquV|e; coumanbHoe

B3a|/|MO,qu7ICTBMe.

Introduction

In psychiatric classification, there is an acute issue of division
and diagnosis of individual nosological units. A lot of evidence
pointing to the generally continuous nature of psychopatholog-
ical variation versus discrete has been accumulated (Krueger
et al., 2018). In DSM-5 (Diagnostic and Statistical Manual
of mental disorders), there are many “spectra” and groups
of disorders (Autism Spectrum Disorder, Schizophrenia
Spectrum and Other Psychotic Disorders, Bipolar and related
disorders), the symptoms of which overlap very strongly. The
comorbidity observed between major depression and schizo-
phrenia (Samsom, Wong, 2015), bipolar disorder, attention
deficit hyperactivity disorder, and autism (Kiser et al., 2015)
implies that the same pathophysiological processes occur in
these diseases. In this regard, new concepts are being created
that try to explain the pathogenesis of distinct psychiatric
symptoms and emphasize the exploration of endophenotypes
but not of complex diseases (Anderzhanova et al., 2017). This
approach solves the “problem of comorbidity” by explicitly
modeling patterns of co-occurrence among signs and symp-
toms (Krueger et al., 2018).

One of the syndromes that can be used as a “specifier” in
DSM-5 for the characterization of several clinical phenotypes
including schizophrenia spectrum disorders, affective, and
neurodevelopmental disorders is catatonia (Wilson et al.,
2015). Catatonia is a psychomotor syndrome characterized by
various signs: stupor, catalepsy (posturing, waxy flexibility),
stereotypy, mutism. This motor and behavioral alteration
may occur in many psychiatric conditions but predominantly
in schizophrenia, affective psychosis, autism (Fink, Taylor,
2001). While many aspects of human psychopathologies
cannot be simulated in animals, some symptoms of catatonia
can. Different animal models can help characterize the nature
of specific psychopathology symptoms, and there are special
behavioral parameters of potential relevance to signs and
symptoms of schizophrenia. Excessive catatonic reactions in
animals can also correspond to catatonia in humans and include
presence of bizarre motor activity, decrease in motor activity,
or catatonic excitement (intense bursts of agitated stereotypy).

For genetically based modeling of schizophrenia-relevant
and catatonia-relevant symptoms, the GC (genetic catatonia)
and the PM (pendulum-like movements) rat strains were of-
fered (Timofeeva, 1985). The strains were obtained by selec-
tion for intensification of such catatonic reactions as freezing
or catalepsy (GC strain) and stereotyped pendulum movements
(PM strain). The GC rats demonstrate occasional freezing
or, instead, hyperkinetic behavioral reactions that resemble
the manifestations of the catatonic syndrome (Ryazanova et
al., 2012). These reactions can be spontaneous, as well as in
response to a weak stressful stimulus, such as in a special test
for catatonic freezing (Fig. 1, a). In addition, rats of this strain
are characterized by increased stress reactivity (Alekhina et
al., 2015), increased shock-induced aggression (Nikulina et
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al., 1987), impaired filtration of sensorimotor information
(manifested by a deficiency of PPI) (Ryazanova et al., 2017).
PM rats are characterized by rhythmic side-to-side rocking
of the head and forebody in the absence of locomotion (see
Fig. 1, b). More than that, rats selected for an increased
amplitude of pendulum-like movements after the 40th gene-
ration started generating seizures to audiogenic stimulation
(Alekhina et al., 2007).

Despite some parameters supporting face validity of this
model, phenotype of these strains is not yet well explored. For
example, aspects of behavior and cognitive activity such as
social interactions and learning are also of interest. A variety
of neuropsychiatric disorders are characterized by disruptions
in social behavior and social recognition, including depression,
autism spectrum disorders, bipolar disorders, obsessive-com-
pulsive disorders, and schizophrenia. In animals, altered social
interaction responses in a variety of situations are considered
as analogs related to negative — social withdrawal — symptoms
of schizophrenia (Powell, Miyakawa, 2006), hyperactivity and
aggressive behavior directly related to positive symptoms of
schizophrenia (Volavka, Citrome, 2008).

To determine whether selection for predisposition to the
catatonic freezing and the amplitude of pendulum-like move-
ments influenced social interactions and learning in the GC
and PM rat strains, behavioral phenotyping of rats in the
resident intruder test, three-chamber test, Barnes maze test
was carried out.

Methods
The study was carried out on male rats of the GC (genetic
catatonia), PM (pendulum-like movements), Wistar and
WAG (Wistar Albino Glaxo) strains. Since the PM rat strain
is outbred, rats of the outbred Wistar strain were used as a
control, while for the inbred GC, the inbred WAG were used.

Experiment 1 included the catatonic freezing test (22 males
at the age of 2 months from each strain); the three-chamber
paradigm test (the same 15 males at the age of 5 months
from each strain) and the resident-intruder test (5 days after
the three-chamber test). In the Experiment 2, another 60 rats
(15 males at the age of 4 months from each strain) were tested
in the Barnes maze.

Rats were kept under standard vivarium conditions with
a free access to food and water. All experimental procedures
complied with the rules and regulations formulated in the
EU Council Directive 1986 (86/609/EEC) and the Declara-
tion of Helsinki on the protection of vertebrate animals used
in experimental research and approved by the ICG SB RAS
Bioethics Committee (protocol No. 43, 28.09.2018).

Experiment 1. Social behavior and catatonia

The catatonic freezing test is a selection criterion for the
GC rats and was carried out according to the protocol (Timofe-
eva, 1985). To determine the presence or absence of freezing
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Fig. 1. Catatonic reactions in rats: g, catalepsy in GG; b, pendulum-like movements of the PM rats.

reactions and their duration, the rat was uplifted in the corner
of the cage by the forelegs using a test stick. The freezing time
was estimated as a time during which the animal retained the
induced posture or freezing position on 4 paws after the stick
was removed. Rats were tested two times on different days.
The three-chamber paradigm test. The three-chamber
social interaction assay was performed to assess social
deficits according to the protocol (Kaidanovich-Beilin et al.,
2011). Testing was carried out in a test arena manufactured
by OpenScience, Russia, model TS1701-R. The apparatus
for the test is comprised of a rectangular, three-chamber box.
Each chamber is 4085 c¢cm and the dividing walls are made
from clear Plexiglas, with an open middle section, which
allows free access to each chamber. For habituation, the test
rat was placed into a Plexiglas’s arena containing two empty
cylindrical containers in two side chambers for 10 minutes.
Session I. Wistar males of the same weight without any
prior contact (not littermates) with the subject were used as
control animals (Stranger 1 and Stranger 2). One of the control
rats (Stranger 1) was placed in one of the containers located
in one of the side chambers. The placement of Stranger 1 on
the left or right side of the chamber was systematically altered
between trials. After removing the walls between the compart-
ments, the following parameters were monitored and recorded:
duration of direct contacts of the subject rat with Stranger 1;
duration of contacts with empty enclosure. The duration of ses-
sion [ was 10 minutes. Then the Session II began. The second
control rat was placed in the empty cylinder in the opposite
side chamber. Duration of direct contacts of the subject rat
with Stranger 1 and Stranger 2 were monitored and recorded
within 10 minutes. The socialization index was calculated
by the formula (7', —1,)/(T,+7,)x100 %, where T is the time
of contact with the containment cup housing Stranger 1 rat;
T;,—time of contact with the empty enclosure. The social novelty
index is calculated by the formula (7,—T,)/(T,+T,)*100 %,
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where T is the time of contact with familiar rat (Stranger 1),
T, is the time of contact with the container housing Stranger 2
rat. The freezing time in this test was also recorded at each
session (Freezing 1 and Freezing 2, respectively).

The resident-intruder test. To measure offensive aggres-
sion, the resident-intruder test was performed according to
the standard protocol (Koolhaas et al., 2013). To assess the
defensive behavior of resident males of the studied strain, they
were placed in cages for 7 days before the test. To preserve
olfactory signals, the cage was not cleaned before the test. The
intruder (the Wistar male of the same size) was placed in the
resident’s cage through the partition, then the partition was
removed. Testing was carried out for 10 minutes. Durations
of the behavioral parameters were registered: (1) total offense:
sum of lateral threat, upright, clinch and keep down; (2) social
exploration: sum of social explore, ano-genital sniffing and
move towards; (3) non-social activity: non-social explore,
rearing, grooming; (4) inactivity, including rest and freezing
(freezing in the RI). Also the numbers of mounts and attack
latencies were analyzed.

The analysis of the main factors determining the variability
of behavior characteristics in Experiment 1 was investigated
by the Principal Component Analysis.

Experiment 2. Spatial learning

The Barnes maze was used to test the acquisition of spatial
memory. Testing was carried out in a setup manufactured by
RPC OpenScience, Russia, model TS1101-R (field diameter
122 c¢m, 18 holes are located around the perimeter). Testing
in the Barnes maze included 3-minute training sessions once
a day for 5 days (Stansley, Yamamoto, 2015). Probe trial was
administered 24 hours after the acquisition session (Day 7).
The following parameters were to be calculated: (1) primary
latency, (2) primary errors, (3) distance moved (in cm), and
(4) velocity (cm/s) (Gawel et al., 2019).
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Fig. 2. Behavioral profile of resident males during a ten minutes'resident-
intruder test.

Differences marked are shown for PM versus Wistar rats, and GC versus WAG.
*p < 0.05; *** p <0.001, Student’s t-test.

Video tracking and registration of behavioral parameters
were carried out using the program EthoVision XT 15 (Noldus,
Wageningen, Netherlands). In addition, on 4, 5 and 7 day trial
was classified into 1 of 3 categories of search strategy (Yassine
etal., 2013) reflecting the use of either a direct spatial strategy
(defined as direct visit to the target, sometimes preceded by
at most 1 adjacent hole visit), a serial strategy (minimum of
2 adjacent hole visits in a serial manner before reaching the
target) or a mixed (i. e., random) strategy (remaining trials).
The data were subsequently analyzed in terms of percentage
of trials with a direct spatial strategy.

Statistics

The obtained data were processed using STATISTICA 10.0.
In the paper, data are presented as mean + SEM. Behavioral
scores from Experiment 1 were analyzed by Student #-tests
(except for parameters: lateral threating, clinch attack, attack
latencies, which was analyzed by Mann—Whitney U test).
When comparing a rate, Fisher’s exact test was used. The
analysis of the main factors that determine the variability of
behavior characteristics in Experiment 1 was investigated
by the principal component analysis. In Experiment 2, com-
parisons of components were made using the Mann—Whitney
U test. Data analysis from the training sessions of Barnes maze
was carried out using repeated measures ANOVA, followed
by Fisher LSD post hoc analyses to analyze group differences.
Statistical evaluation of the probe trial data was performed
using one-way ANOVA, Fisher LSD post hoc analyses.

Results

Experiment 1. Social behavior and catatonia

The catatonic freezing test revealed a mean duration of freez-
ing in the GC and PM rats is by far longer than in the control
rats (35.6 £ 3.4 s in GC vs 18.4+3.0 s in WAG, p<0.001;
23.7+3.7 s in PM vs 16.6+4.5 s in Wistar, p<0.05). In ad-
dition, a rate of rats in populations that freeze for longer
than 10 seconds was estimated. In the GC (95.5 %) and
PM (77.3 %) strains, the rate is significantly higher than in
the control strains (63.6 and 39.1 %, respectively; p < 0.01,
F=0.0351 for GC; F = 0.0155 for PM).
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Component patterns for Experiment 1

Variables @ (@) (e

The catatonic
freezing test

The resident-
intruder test

The three-
chamber test

Note. Catatonic freezing — duration of stupor in the catatonic freezing test;
Freezing in Rl - duration of immobility in the resident-intruder test; Mount -
number of mounts in the resident-intruder test; Offense in Rl - total duration
of aggressive behavior in the resident-intruder test; Social exploration in Rl -
total duration of non-aggressive social behavior in the resident-intruder test;
Sociability index — in the three-chamber paradigm test; Social novelty index —
in the three-chamber paradigm test; Freezing 1 and Freezing 2 in the three-
chamber test — duration of immobility in the session | and in the session I,
respectively, of the three-chamber paradigm test. Only component patterns
above 0.55 were recorded.

A study of behavior in the three-chamber paradigm test
showed a decrease in the sociability index in the GC rats
(18.6 +10.2) compared to WAG (56.0 £ 10.1) (» <0.05). The
sociability index in the PM rats (35.7 + 15.4 vs 44.6 £+ 14.6),
as well as the social novelty index in both groups (-9.4+12.1
in GC, —0.7+15.8 in PM) did not differ from the control
(-15.84+12.9 in WAG, —29.6 + 12.5 in Wistar).

In the resident-intruder test the parameters of resident’s
behavior in the home cage when adding an intruder were
registered and combined in categories (see Methods). The
analysis revealed an increased level of social exploration of
PM versus Wistar, as well as GC compared to WAG (p<0.05)
(Fig. 2). Moreover, unlike the GC, PM rats exhibited more
aggressive behavior both in total duration (p < 0.05) and
short attack latencies (90.3+ 16.9) compared to Wistar
(273.7+65.8, p<0.05). In addition, the GC and PM strains
showed significantly increased sexual behavior (p < 0.01),
which was estimated in the number of mounts (3.5 + 0.9 in
GCvs0.0£0in WAG;2.9+0.7in PM vs 0.6 = 0.4 in Wistar).
Non-social activity of the GC and PM rats was significantly
lower compared to control (»p <0.05 and p <0.001), while the
time of inactivity was higher (p < 0.05). Thus, the behavior
of the GC and PM rats in the home cage when the intruder is
placed shifts towards an increase in social interactions with a
decrease in exploratory activity.

The principal component analysis of Experiment 1 para-
meters produced three factors with eigenvalues greater than 1.
These three factors explain 57 % of the variance in the cor-
relation matrix. The factor patterns are presented in the Table.

Component 1 (24.1 % of variance) was explained by stupor
in the catatonic freezing test (—0.69) and in the three-chamber
paradigm test (—0.68 for session I; —0.65 for session II) and
sociability index value (0.59).
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Component 2 (18.7 % of variance) was mainly loaded by
number of mounts (0.74) and total duration of non-aggressive
social behavior (0.66) in the resident-intruder test.

Component 3 (14.2 % of variance) was loaded by the total
duration of aggressive behavior (0.71) and duration of im-
mobility (0.57) in the resident-intruder test.

Mann—Whitney U test procedures showed a strain effect for
Component | in PM and Wistar rats (p < 0.001) (Fig. 3, a).
For WAG and GC, a significant difference was shown in Com-
ponent 1 (p <0.001) and Component 2 (p <0.01) (Fig. 3, b).

Experiment 2. Barnes maze task

The data analysis revealed that latency time for the GC group
was significantly increased in the probe trial when compared
to the WAG group (F[1.26] = 5.9, p < 0.05) (Fig. 5, a). No
difference was found between PM and Wistar. The average
velocity of movement across the maze field did not differ
for Wistar and PM. Comparison of GC and WAG rats speed
revealed a significant effect of the test day (F[4, 108]=13.7,
»<0.0001) and the interaction of factors of the genotype and
the test day on the speed (F[4, 108] = 3.95, p < 0.001) was
found. The average velocity of movement across the maze field
was significantly lower for GC in day 3 (effect of the genotype
factor, p < 0.001), in day 4 (p < 0.05), in day 5 (p <0.05)
(Fig. 4, b) and in the probe trial (F[1.28] =12, p <0.01) (see
Fig. 5, b). Total distance moved did not differ between groups.
The use of spatial strategy increased with the training during
the acquisition phase, except for the PM group: in the 7th day

b 10

Velocity, cm/s

40

30

20

Percentage of spatial strategy

10

Day 4 Day 5

Training days

Day 7

Fig. 4. Spatial learning of the PM and GC rats during the acquisition session in the Barnes maze compared to Wistar and WAG, respectively: a, mean
latencies to enter the escape hole; b, the average velocity of movement across the maze field; ¢, mean distance traveled; d, the incidence of spatial

strategy in groups.
*p<0.05 % p<0.01,**p<0.00]1.
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Fig. 5. Probe trial in the Barnes maze of the PM and GC rats compared to Wistar and WAG, respectively: a, mean latencies to enter the escape hole; b, the

average velocity of movement across the maze field.
*p < 0.05,* p <0.0]1.

of trials, the incidence of spatial strategy in the PM rats was
0 % (0/15) compared to 46.7 % (7/15) in the Wistar rats
(» <0.01, F = 0.0063, Fisher’s exact test) (see Fig. 4, d).
There was no significant effect of genetic group on the
mean number of errors per trial made during the probe trial.

Discussion

Experiment 1. Social behavior and catatonia

Decreased sociability in the three-chamber test shown by
GC rats in this work is consistent with literature data about
social abnormalities in different animal models of psychopa-
thologies. Most of the animal models of schizophrenia have
decreased or normal social interaction (Jones et al., 2011; Nani
etal., 2019). In particular, in the model of negative symptoms
of schizophrenia in animals induced by NMDA-receptor an-
tagonists, social interaction deficits have been shown (Neill et
al., 2010). DISC-1 mutations known to cause schizophrenia-
like abnormalities in rodents can impairs cognitive and social
behaviors in some transgenic mice (Shevelkin et al., 2017;
Sultana, Lee, 2020), but not in rats (Li, Zhang, 2017; Glenn et
al., 2021). Research of knockouts of the Neuregulin-1 (NRG1)
gene which has been identified as a candidate susceptibility
gene for schizophrenia, revealed a selective impairment in
response to social novelty in NRG1 mutants, but not in so-
ciability (O’Tuathaigh et al., 2007). Developmental models of
schizophrenia, such as using neonatal lesions of the rat ventral
hippocampus or prenatal administration of methylazomethanol
into pregnant rats, result in deficits in social behavior, as well
as impaired memory, and increased anxiety (Sams-Dodd et
al., 1997; Winship et al., 2019). Another selective breeding
model of psychopathology that exhibits increased freezing
to context (but unlike rats of the GC strain only onto acute
prior stress) is the Wistar Kyoto (WKY) rats (Nosek et al.,
2008). WKY is a depression model characterized by elevated
anxiety- and depression-like behavior. In the social interaction
assessment, the WK rats avoided contact with another rats
(Nam et al., 2014).

However, in the resident-intruder test, the total time that
the GC and PM rats spent on direct contact with a social ob-
ject (intruder) was significantly higher than that of control.
This discrepancy in social activity in the two tests may be
explained by different environmental conditions that affect
emotional state and motivation. Stress level of the three-
chamber test is mostly caused by placing the experimental
animal into a novel environment by the experimenter. Earlier
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it was shown that the GC rats react more strongly even to the
handling required to place the animal in the experimental
setup: corticosterone concentrations were increased during
handling, but reduced at rest (Alekhina et al., 2016). Such
an increased stress reactivity in the GC rats may explain the
decrease in sociability index in the three-chamber test due to
the passive-defensive reaction in response to handling stress
in the three-chamber test, but not in the resident-intruder test,
which does not require handling. Previously, it was shown that
passive-defensive reflex expressed in the form of catatonic
stupor is of dominant character and significantly prevails over
cognitive and alimentary reflexes (Petrova, 1990). The results
of'this work suggest that the predisposition to catatonic stupor
also negatively affects social motivation during testing in the
three-chamber paradigm.

The data on the increase in social contacts of both GC rats
and PM rats in the resident-intruder test shown in this work
are of interest. It is known that an increase in social interaction
in rodents can be achieved in certain ways, such as medial
prefrontal cortex lesions (Gonzalez et al., 2000) or low doses
of ethanol (Varlinskaya et al., 2001). At the neurochemical
level, a wide variety of systems have been examined for their
role in the normal expression of social behavior (Crowley et
al., 1989). Oxytocin, vasopressin, endogenous opioids and
catecholamines appear to participate in a wide variety of
affiliative behaviors (Nelson, Panksepp, 1998). Acute admin-
istration of opiate drugs, low dose morphine and naltrexone
produced a more robust attenuation of social investigation than
non-social exploratory activity in rats. Amphetamine increased
both forms of investigation and haloperidol had the opposite
effect (Deak et al., 2009). More than that, there is evidence
of the involvement of the glutamate system in the formation
of social deviations. D-Cycloserine, a partial agonist at the
glycine recognition site of the glutamatergic NMDA recep-
tor, can increase social investigation and sexual behavior and
decrease aggressiveness in mice (McAllister, 1994). There are
results supporting a role of glutamate receptors subunits in
the modulation of social behavior (Vekovischeva et al., 2004;
Adameczyk et al., 2012), however the study of the glutamate
receptors genes mRNA in the hippocampus and frontal cor-
tex of the GC rats did not reveal any changes (Plekanchuk,
Ryazanova, 2021).

The increased mounting in the GC and PM rats shown
in this paper may be indicative of aggressiveness between
rats of the same sex. It has previously been shown that the
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GC rats demonstrate a high level of shock-induced aggres-
sion (Nikulina et al., 1987), but not aggression towards male
rats or interspecies aggression towards mice (Alekhina et al.,
1987). In addition, both PM and GC rats have an increased
aggressive response towards humans (Alekhina et al., 2016;
Alekhina, Kozhemyakina, 2019).

Considering the fact that PM rats, in addition to catatonic
symptoms, have a predisposition to audiogenic seizures, the
connection between epilepsy and psychopathology in humans
should be mentioned. Many symptoms of neurologic or psy-
chiatric illnesses — such as cognitive impairment, depression,
anxiety, attention deficits — occur more frequently in people
with epilepsy than in the general population (Brooks-Kayal
et al., 2013). The rat lines selectively bred for differences in
amygdala excitability, manifested by “fast” or “slow” kindling
epileptogenesis, display several comorbid features related
to anxiety and learning. Seizure-prone genetic background
provides poorer original learning and easier disruption of
new learning, as well as increased anxiety and impulsivity
(McLntyre et al., 2004). Rats in the chronic phase of the
lithium-pilocarpine model of epilepsy showed disturbed
communicative behavior, with impaired social behavioral
patterns, increased motor activity and impaired memory
function (Smolensky et al., 2019). Aggression is one of seve-
ral psychiatric disorders that is observed, among others, in
epileptic patients (Deb et al., 2020). This association has
been reliably replicated in several animal models including
those using pilocarpine (Desjardins et al., 2001) and domoic
acid (Fuquay et al., 2012), in which aggression develops
either in parallel to spontaneous seizures or precedes the
development of recurrent seizures. The increased offensive
behavior of the PM rats in the resident-intruder test shown in
this work may confirm the likely relationship between seizure
predisposition and aggressiveness.

Experiment 2. The Barnes maze task
Rodent basal cognitive abilities include, along with elementary
logic tasks solutions and generalization capacity of a low level,
spatial behavior and memory. This type of cognitive ability
requires the formation of mental representations of spatial
environmental characteristics (Poletaeva, Zorina, 2014). To
test the acquisition of spatial memory in PM and GC, the
Barnes maze was used. The increased time required to search
for the target hole in the GC rats may indicate impaired spatial
learning. However, a decreased locomotor activity has earlier
been shown in rats of this line (Petrova, 1990), and to assess
whether potential disturbances are in fact memory impair-
ments it is necessary to take into account such parameters
as primary errors and search strategy. No differences were
shown for these parameters in GC compared to WAG. The
reduced GC rats velocity of movement across the maze field
for 3—7 days confirms the effect of motor activity on latency
to first target visits. The GC rats appear to have no learning
impairment in this test. The fact that the velocity of movement
of the GC rats in the field does not differ in the first two days
of'testing, but is less than in the control on the following days,
may indicate a slower adaptation to new conditions.
Estimation of the search strategy showed differences in
PM in comparison with Wistar. After a few days of training,
non-cognitively impaired animals frequently use the spatial
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strategy to resolve the BM task. The fact that after a few days
of learning trials the PM rats still use mixed (i. e., random) and
serial strategies instead of spatial to resolve the maze means
that they are cognitively impaired and do not employ spatial
clues to reach the target hole (Yassine et al., 2013). It has previ-
ously been shown that the PM rats exhibit longer latency and
lower rate of successful trials in the Morris water test, at the
same time, the GC rats did not differ from the control in these
parameters (Barykina et al., 2009). The Morris water maze
is more stressful for animals than the Barnes maze, because
there is water immersion (Gawel et al., 2019). Water-maze
training induced greater increases in plasma corticosterone
which may affect the performance of animals (Harrison et al.,
2009). In addition, the GC rats are inclined to passive drift
and longer floating episodes in the Morris water test (Barykina
et al., 2009). Low movement speed in Barnes’s maze, high
time of inactivity and low exploratory activity in the resident-
intruder test in the GC rats are caused by catatonic freezing.
The data shown in this work confirm the manifestation of
catatonic inhibition by the GC rats in different stressful situ-
ations (Barykina et al., 2009).

Conclusion

Selection for the duration of catatonic freezing and the ampli-
tude of pendulum-like movements influenced social interac-
tions and learning in the GC and PM rat strains. In particular,
the GC rats have increased or decreased social interactions
depending on the environment, and a negative relationship
between catatonic freezing and sociality were shown in this
work. The PM rats show increased social activity and offensive
aggression in the resident-intruder test. Except for the reduced
velocity of movement across the maze field, the GC rats appear
to have no difficulty in solving the Barnes maze, whereas the
PM rats do not use a spatial strategy in the maze, which may
indicate impairment of learning and spatial memory.
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AnHoTauusa. Mugil cephalus L., 1758 (nobaH) — LeHHaA NPoMbICIOBas pbib6a 1 NEPCNEKTUBHbIN O6BEKT pa3BefeHUn
B 6acceliHax YepHoro 1 A30BCKoOro mopeii. MisyyeHue ero napasmtodayHbl KpaiHe BaXKHO A1 pbI6HOTo Mpombicia
1 MapurKynbTypbl. OQHMMM 13 MAacCOBbIX SKTOMapPa3UTOB, OOUTAIOLMX Ha Kabpax Kedanesblx, ABAATCA MOHOre-
Heu popa Ligophorus. Ha nobaHe B A30B0-YepHOMOPCKOM pernoHe napasutnpytoT ABa npeacTaBuTensa 3Toro poga:
Ligophorus mediterraneus Sarabeev, Balbuena et Euzet, 2005 u Ligophorus cephali Rubtsova, Balbuena, Sarabeev,
Blasco-Costa et Euzet, 2006. Mopdonoruyeckoe onpeaeneHmne 3Tux BUAOB BeCbMa TPYA0EMKO 1 TpebyeT BbICOKOro
ypoBHA KBanndukaumm. 1na 6bICTPOro 1 TOYHOro pasnnunsa ABYX Ha3BaHHbIX BMAOB Mapa3nToB Hamu paspaboTaH
MeTofl, OCHOBaHHbIN Ha MNLIP BaprabenbHbiX y4acTKOB pUBOCOMHOro reHa 28S. [JaHHbIN reH WPOKO UCMOoSb3yeT-
cA AnA MoneKynsapHOW TakcoHomumn poga Ligophorus. B HacToswwen paboTe NpUMeHANNCH TPY Noaxona: aHanms
ANViHBI aMNAn$ULMPOBaHHbIX parmeHToB, annenb-cneunduyHan MLP ¢ geTekuneln B KOHeYHON TOUKe 1 ansienb-
cneunduyHan MNMLUP B peanbHOM BpeMeHM € MICMONIb30BaHMEM NHTEpKanupytowwero kpacutensa SYBR Green. MNepBbii
NnoaxoA 3aKkntoyanca B nogbope nparnimepos ana nonyyerunsa MNLP-npoayKToB pasnvMyHoOM AfivHbI, KOTopble Obinn
xapaKkTepHbl ans L. mediterraneus vnwn L. cephali. 3ToT nogxop 6611 ocyLecTBneH 6narogapa HaaMumMio HECKONbKNX
BapurabenbHbIX JIOKYCOB, KOTOPble HAaXOAATCA Ha paccToAaHum apyr ot apyra. MLP-cmech copepkana Tpu npanme-
pa: oavH npaAmon 1 aBa o6paTHbIX. MpAMoN npaimep 6bll KOMMNEeMeHTapeH KOHCEPBATVBHOMY YyUacTKy, KOTOPbIi
He pa3nuuanca mexay suaamu. O6paTHble Npanimepbl 6biny BUAOCNELUGUYHDBI, MPU STOM AN KaXXA0ro BUAa OHY
6blIN KOMMEMEHTapPHbI pa3nnyHbiM yyactkam JHK, koTtopble pacnonoxeHbl Ha yaaneHun 100 n. H. 4pyr oT Apy-
ra. B pesynbrate L. mediterraneus xapaktepu3soanca 6onee KOPOTKUMU amMMIMKOHamMu, yem L. cephali. [ina BTopo-
ro 1 TpeTbero noaxofda KOHCTpyMpoBanach napa npariMepos Mo cieyowemy npruHUMny: NpamMoi npamep 6bin
KomnnemeHTapeH o6oMM BrAaMm, Tak Kak NMoabupanca K KOHCepBaTUBHOMY y4yacTKy reHa. ObpaTHble npanmepbl
6b111 BUAocneurduYHbIMU 1 paspabaTbiBanuch K BaprabenbHomy yyacTky 28S. Ha sTom yyacTke fBa BuAa napa-
3UTa pasnnyanncb Tpema ToYeUHbIMU MyTaumaMn. Takum o6pa3om, ogHa napa nparimepos Obina KoMMeMeHTapHa
L. mediterraneus, BTopas — L. cephali. AHanu3 paviHbl aMnandUUMPoBaHHbIX GparMeHTOB U annenb-cneundryHan
MLP B peanbHOM BpemeHn npofeMoHcTpupoBanu 100 % coBnageHvie pe3ynbTaToB reHOTUMPOBAHNA NPU CpaB-
HeHun ¢ Mopdonornyeckon naeHTMdrKaLmen n cekBeHnposaHmem no CaHrepy. Pa3paboTaHHble MPOTOKOSIbI FeHO-
TUMMPOBaHMA MOTYT ObITb MCMOJIb30BaHbI HE TOMbKO AJ1A pasnnyma obuTatowmx Ha nobaHe aByx BUAOB Ligophorus
NPV SKOSTOTMYECKMX NCCefoBaHNAX 1 B BETEPUHAPHON NPAKTUKE, HO 1 AN nocneayoLlell pa3paboTku NogoOHbIX
MeTOLO0B AJSIA APYTMX MOHOTEHe, Cpefin KOTOPbIX MHOTO NMaTOreHHbIX BUAOB.

KnioueBble cioBa: reHOTUNMPOBaHWe; annenb-cneymnduyeckasn MLP; Monogenea; Ligophorus; Mugil cephalus.

Ons yntuposaHus: Bogacosa E.A., Yenebuesa 3.C,, Wuxat O.B., AtonkuH J.M., AmnTpresa E.B. MonekynspHo-
reHeTuYecKmne Noaxoabl K BULOBOW NAEHTUGMKALMI NAPA3UTUYECKIX MIOCKNX YepBelt poaa Ligophorus (Monogenea),
obuTaoLWx Ha nobaHe. Bagunosckuli XypHasn e2eHemuku u cenekyuu. 2022;26(3):290-297. DOI 10.18699/VJGB-22-36

Molecular-genetic approaches to species identification
of platyhelminthes of the genus Ligophorus (Monogenea)
parasitising flathead mullet
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Abstract. Mugil cephalus L., 1758 (flathead mullet) is a valuable commercial fish and a promising object of artificial
breeding in the Black Sea and the Sea of Azov, and the study of its parasite fauna is important for fishery and
mariculture. Monogeneans of the genus Ligophorus are common ectoparasites dwelling on the gills of mullets.
Two representatives of this genus parasitise flathead mullet in the Azov-Black Sea region, namely Ligophorus
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MaoeHTndrkauma napasmTmyeckmx Niockux Yepeen
Ligophorus (Monogenea) Ha nobaHe metogamu MLIP

mediterraneus Sarabeev, Balbuena et Euzet, 2005 and Ligophorus cephali Rubtsova, Balbuena, Sarabeev, Blasco-
Costa et Euzet, 2006. Morphological identification of these species requires spending much time and a high level
of experience in monogenean taxonomy. For quick and correct species identification of these parasites, we have
developed a genotyping approach based on the polymerase chain reaction of allele-specific gene sites for various
Monogenea species. A fragment of the 28S ribosomal gene, which includes conserved and variable sites, was
chosen as a genetic marker. Three approaches were used as follows: amplified fragment length analysis, allele-
specific PCR with endpoint detection and allele-specific real-time PCR using SYBR Green intercalating dye. The
first approach was by obtaining PCR products of different lengths that were specific either to L. mediterraneus or
to L. cephali. This approach was implemented due to the presence of several variable sites located at a distance
from each other. The PCR mixture contained three primers: one forward and two reverse. The forward primer
was complementary to the conserved site, which did not differ between species. Reverse primers were species-
specific and, for each species, they were complementary to different DNA regions located 100 bp apart. As a result,
L. mediterraneus was characterized by shorter amplicons than L. cephali. For the second and third approaches,
a pair of primers was designed according to the following principle: the forward primer was complementary to
both species, since it was selected for the conserved gene region. Reverse primers were species-specific and were
designed for the 28S variable region. The two parasite species were distinguished by three-point mutations. Thus,
one pair of primers was complementary to L. mediterraneus, the other, to L. cephali. The amplified fragment length
analysis and the allele-specific real-time PCR demonstrated 100 % coincidence of genotyping results compared
with Sanger sequencing. The developed genotyping protocols can be used not only to distinguish two species of
Ligophorus from flathead mullet in ecological studies and veterinary practice but also for further development of
similar approaches for other monogeneans, among which there are many pathogenic species.

Key words: genotyping; allele-specific PCR; Monogenea; Ligophorus; Mugil cephalus.
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BBepeHune

Mownorenen (Platyhelminthes: Monogenea) — mapasuTsl,
MPEUMYIIECTBEHHO PbIO, UMEIOIINE MPSAMON KU3ZHEHHBIN
K1, Kaskaplid To71 ONUCHIBAIOT IECATKH HOBBIX TaKCOHOB
9THX TMapa3utoB. VX pasnooOpasue nocruriio 5000 BumoB
(Vanhove, 2013), 1 MHOTHE HMEIOT 3MTU300THYUCCKOC 3HAUCHHE
(Cribb et al., 2002; Bakke et al., 2007; Rubio-Godoy, 2007).
I'panuIBl OOMBITMHCTBA BUIOB YCTAHOBJICHBI HA OCHOBAaHUHU
MOP(]OJIIOrHYECKUX KPUTEPHUEB, a Uil BUIOBOH HACHTH(DU-
KaIl{ UCTIONB3YIOTCS ITIaBHBIM 00pa3oM (opma U pa3Mepbl
CTPYKTYp MpHUKpenuTeabHoro nucka (Yamaguti, 1963; I'yces
u ap., 1985; Pugachev et al., 2009; Vignon, 2011; Strona et
al.,2014; Kalafi et al., 2016). OgHaKo 3TH CTPYKTYpPHI IMEIOT
BBICOKYIO BHYTpPHBHIOBYIO n3MeHunBOCTh (Ergens, Gelnar,
1985; Caltran et al., 1995; Dmitrieva, Dimitrov, 2002; Olstad
etal., 2009; Mladineo et al., 2013). ITociennaee cymiecTBeHHO
3aTpynHSET ONpe/ielICHHEe BUAOBOM MTPUHAUIC)KHOCTH MOHO-
TeHeH, a TaKKe CTaBUT BOMPOC 00 YCTAaHOBICHUH PaMOK MX
BHYTPH- 1 MEXBHI0BOH M3MeHINBOCTH. CorocTaBieHHe C pe-
QJIBHBIMHU KOJUICKIIMOHHBIMU 00pa3IaMHy JIsl IIOTBEP K ICHUSI
OIPECIICHUS YaCTO OCJIOKHEHO M3-32 TPYAHOAOCTYITHOCTH
KOJIJIEKLIMH ¢ TUITOBBIMHU MaTteprazamu. CpaBHEHHE OpraHu3-
MOB C MHO)KECTBOM ITOXOXHX» BUIOB M3 Pa3HBIX PAHiOHOB 110
KpaTKUM OIMCAHUSIM U IOPOU HETOUHBIM PUCYHKAM JAJIEKO HE
BCET/Ia O3BOJISIET IOCTOBEPHO ONPEACIUTE BUI. B pesynbrare
YBEJIMYEHUE YUCIA «JIOKHBIX» U HEJOOIIEHKA «CKPBITBIX»
BUAOBBIX TAKCOHOB MOT'YT IIPUBOAUTH K HEIIPABUIIBHOMY I10-
HUMAaHUIO (DUIIOTeHe3a, pa3HO0Opa3us U PactupOCTPaHCHHUS
MpeACTaBUTENCH OTIENbHBIX Tpynn MoHoreneil (Poisot et
al., 2011), a uHOTAA K TIpoOIIEeMaM C ONpeAeTIeHUEeM cTaTyca
MATOTEHHBIX BUIOB, KaK, HalpuMep, B ciaydae ¢ Gyrodactylus
salaris w G. thymalli (Fromm et al., 2014; Mieszkowska et
al., 2018).

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

B cBsI3u ¢ BbllIECKa3aHHBIM Pa3padOTKa MOJIXOI0B U Me-
TOJIOB, TIO3BOJISIOMINX MAaKCHMAaJIbHO TOYHO HIICHTH(OUITPO-
BaTh BHJBI MOHOTCHEH, OCTACTCsl aKTyaIbHOW 3aadeil Kak
B TEOPETHYECKOM, TaK U B PaKTU4YECKOM Iiane. OQHUM H3
TIEPCTIEKTUBHBIX HAIIPABICHNI B MOJIEKYIISIPHO-TEHETHUECKIX
WCCIICZIOBAHUSIX TTapa3UTOB SIBIIICTCS pa3padOTKa METOHOB
TEHOTUITUPOBAHYS BU/IOB M BHY TPHUBH/IOBBIX JIOKAJILHBIX IPYTI-
MTUPOBOK, KaK JIS [eTIeH HCCIeJOBaHMUSI OMOpa3HO00pasus OT-
JIEITIbHBIX TAKCOHOB, TaK U JIJIS IIeTICH SKCIPECC-THarHOCTUKA
B 10B 1 ux nomyssinuii (Toxapes u ap., 2015). B otHOomeHuu
MOHOTeHeH Takue paborsl equmHUYHEI (Fromm et al., 2013,
2014; Mieszkowska et al., 2018), mpu 3TOM B HECKOIBKHX
craThsix paccMarpuBarorcs npobnemsr JJHK-0apkonunra
Bu0B MoHOoTeHe# (Littlewood, 2008; Vanhove, 2013). Moue-
KyJISIpHBIC UCCIICIOBAHUS MOHOTeHEW pona Ligophorus Euzet
et Suriano, 1977 orpaHu4YeHbl HECKOJIBKMMHU paboTamu, 1o
pesynbraraM koTopsix B 0ase GenBank NCBI pasmemnieHo
135 nocnenosarensHOCTEH pribocomHoro knacrepa s/IHK (na
27.11.2021). ®parmentst 188, ITS1, 5.8S u 28S nonyuens
1t 12 BumoB u3 Cpenu3eMHOro Mopsi M IBYX BHIOB U3 Yep-
Horo mops (Blasco-Costa et al., 2012; Rodriguez-Gonzalez
etal., 2015). JIns nByx BumoB y nooepexbst bpaszuiuu cexse-
uHuposansl 18S, ITS1, 5.8S u 28S (Marchiori et al., 2015), a
i 14 Bumo 3 MHIuCKOTO OKeaHa IMoTydeHbI ()parMeHTHI
18S,28SuITS1 (Soo etal.,2015; Khang et al., 2016; Pakdee
et al.,, 2019). B psane uccrnenosanuii (Blasco-Costa et al.,
2012; Rodriguez-Gonzalez et al., 2015; Khang et al., 2016)
MIPOBOAMIIOCH CPAaBHEHUE MOP(OIOTHYESCKOM U TEHETUYECKOM
M3MEHYNBOCTH, TIOKA3aBIIee OOIBIIYIO0 CTETIEHh KOHTPYIHT-
HOCTH MEXIY (DHUIOTCHETUICCKIMH PEKOHCTPYKIUSIMH, OC-
HOBaHHBIMH Ha 3TUX JaHHBIX, YTO ITO3BOJISIET [IPEAIIOIAraTh
MIEPCTIIEKTUBHOCTH IIPIMEHEHNS IOCIIeI0BaTeIbHOCTEH proo-
COMHOTO KJIacTepa JUTsi TCHOTHITUPOBAHHSI BUIOB ATOTO POAA.
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Jloban Mugil cephalus L., 1758 0THOCHTCSI K TPOMBICIIOBBIM
pribam YepHOTo 1 A30BCKOTO MOpPEH, a TaKKe MePCIeKTHB-
HBIM 00BEKTaM MapUKYIIBTYPbI B PETHOHE, TOATOMY H3yUCHHUE
ero napasutodayHbl KpaiHe Ba)KHO HE TOJIBKO C HAyYHOM, HO
U C TIpaKTHYeCKOl cTOpoHBL. MoHOTeHen pona Ligophorus,
oOuTaromue Ha xabpax keharaeBbIX, SBISIOTCS I J00aHa
OJTHUMU U3 MaCCOBBIX dKTONapa3zuToB. B A3zoBo-UepHoMop-
CKOM perHoHe Ha T00aHe perucTpupyrorcs L. mediterraneus
Sarabeev, Balbuena et Euzet, 2005 u L. cephali Rubtsova,
Balbuena, Sarabeev, Blasco-Costa et Euzet, 2006, nmeromiue
MOP(OIOTHYECKN CXOHBIE MPUKPETUTEIbHbIE CTPYKTYPBI
(Dmitrieva et al., 2009a, b), uTo 3aTpymaHSET UX BHIOBOE
orpezeneHue. B 1o jxxe BpeMsi 1aHHbIE BUJIbI UMEIOT XOPOIINI
YPOBEHb F'€HETHYECKOM IMBEPIEeHIIMH 110 PUOOCOMHBIM I'eHaM
28S u ITS1 (Blasco-Costa et al., 2012). Takoe pacxoxacHue
00yCIIOBJIEHO OIMHOYHBIMU HYKJICOTHIHBIMU 3aMEHaMH, KO-
TOpBIE XapaKTepHb! A L. cephali n L. mediterraneus. Ipu
OIIEHKE 3apa)XKEHHOCTH 3THMHM BHAAMHU OOJBIINX BBHIOOPOK
PpBIO, HAPUMEP MTPU BBHITIOJIHEHUH SKOJIOTHYECKUX MCCIIEN0-
BaHWUH WIIHM NP BETEPUHAPHO-CAHUTAPHBIX O0CIIEIOBAHUSIX,
UCTIONB30BaHNE MOP(OIIOrNUECKUX TPH3HAKOB 3aTPY/THUTEb-
HO, @ CEKBEHHPOBAHUE C MOCIICAYIOIIIM ITPOBEICHUEM MOJIe-
KYJISIPHOM TAKCOHOMHHU 3aHUMAET MHOTO BPEMEHH U TpeOyeT
Gonpinx pruHAHCOBBIX 3aTpat. Kpome Toro, Ha o1HOI 0co0n
Kedaau MOTyT apa3uTHPOBATH 10 BOCBMHU BUIIOB Ligophorus
(Dmitrieva et al., 2012; Soo et al., 2015). Ota cutryauus He
VHHKaJIbHa, OHa BCTPEYACTCS B OTHOIICHWH BHIOB OIHOTO
pozia y MHOTHX IpejcTaBuTelieii cemeiictsa Dactylogyridae,
K KOTOPBIM OTHOCSITCS U JIMTO(OPYCHI.

C nosisnenuem I[P B peanbHOM BpeMeHM cTajIu CO34aBaTh
aJIbTePHATHUBHBIE TTOJIXO/IbI JUIs TEHOTHUITUPOBAHUSI, OCHOBAH-
HBIC Ha ayvienb-crenuduyaeckoii [1L[P, koTopbie mO3BOMISAIOT
OBICTPO M HAJEKHO MPOBECTH BUIOBYIO MJCHTHU(HKAIHIO.
Opnako s mpeactaBuTeneit cemeiictBa Dactylogyridae
9TH TIOAXOMBI HE MCIOIB30BAIHNCE. TakuM 0Opa3oM, HamIei
IeNTbI0 OBIIIO Pa3padoTaTh SKCIPECC-METOINKY, C TIOMOIIBIO
KOTOPOIl MOXKHO Pa3fIM4MTh JIBa BUJIA MOHOTeHeH L. cephali
u L. mediterraneus, napa3uTHPYIONINX Ha J0OaHe B A30BO-
YepHOMOPCKOM pErnoHe, Ha OCHOBE M3MEHYHMBOCTH TeHa
28S. YuuTsiBasi, yTo MHOTHE mpencrasutenu Dactylogyridae
HUMEIOT 3MHU300THYECKOe 3HAYCHHE, pa3paboTka MPOCTHIX
1 HEJOPOTHX METO/IOB DKCIIPECC-TeHOTUITUPOBAHUS BHJIOB
9TOTO TAKCOHA ISl PAa3IM4Ks MAaTOTCHHBIX M HEMaTOTeHHBIX
BUJIOB, B TOM YHCJI€ HA CTAJAWU JMYUHKH, aKTyalbHa U B
MIPAKTHYECKOM CMBICIIC.

MaTeleaﬂbl n metoabl
Coop marepuana. MarepuanoM Juist paOOTBI MTOCITYKHITH
20 HK3eMILIIPOB MOHOTeHE# pona Ligophorus, COOpaHHBIX C
*Kabp Tpex ocobeit Mugil cephalus ocennio 2019 . B UepHoM
Mope y nobepesxbsi KpeiMa, B banaknasckoit Oyxre. Uepseit
coOMpaiy KHUBBIMHU, U3 YAaCTH OCOOM MOATOTABIUBAIH IJIH-
HepuH-kenaTnHOBEIN perapat (I'yces, 1983) mng npentndu-
Kaluy BUJIOB 110 MOP(OJIOTUH CTPYKTYP TPHKPEMHUTEIHHOTO
JUICKA, IPYTYIO YacTh 3TOH K€ MOHOTreHeH (DMKCHUPOBAIU B
96 % sTaHoNe ISt MOJEKYIISIPHO-TEHETUIECKIX NCCIICIOBAHHIA.
Takconomnueckast ugeHTuukanus. Bunosoe omnpene-
JICHUE POBOJIMIIH IO (hopMe 1 pazmepam CPETMHHBIX KPIod-
KOB ¥ COCIMHUTENBHBIX TNIACTUHOK MOHOTEHEH C UCIIOIIb30-
BaHneM Mukpockorna Olympus CX41 u ¢pazoBo-koHTpacTHOH
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Identification of Platyhelminthes Ligophorus (Monogenea)
from the flathead mullet by PCR

ontuku npu yeenuuenun x800-2000 Ha OCHOBE ONMUCAHUIN
BUIOB Ligophorus oT yepHOMOpCKHX Kedanei (Dmitrieva et
al., 2009a, b). U3mepenus u ororpaduposanue ocymiect-
BJISIM C TIOMOIIBIO TIPOrPaMMBbl JUisi 00pabOTKH LU(PPOBBIX
n3zobpaxkernii CellSense.

Boigesnenne JHK n MouekynasipHo-reHeTHYeCKHIH
aHaJm3. BeiienieHre npoBOIUIIN C UCTIONb30BaHHEM Habopa
«IHK-axerpam» (OO0 «Cuntomy, Poccns). Kaxayro ocodb
nukyOuposanu B 100 Mxur nusupytomiero o6ydepa (OO0
«Cunrom») ¢ 5 mxn npotenHassl K (OO0 «Cunrton») u 1 Mxi
2-MepKanTodTaHona mpu remmneparype 56 °C B Teuenue 3 4.
[Tocne nmu3upoBanus npoObl BeTpsixusanu 20 ¢ 1 TanbHel-
1iee BoiiesieHne JJHK BBITOMHsUIN cOrTacHO peKOMeH Jalusim
npousBonutens. Dmonuio JJHK nposogmnu B 30 Mki. Bei-
nenennyto JTHK xpanumu npu —20 °C.

Jiist MONeKyIsIpHOM TaKCOHOMMHU BHJIAa B KaueCTBE I'€He-
THYECKOTO Mapkepa OB BEIOpaH puOOCOMHEIN TeH 28S,
KOTOPBIN NCTIONB3YeTCs MPH aHayn3e aHHoro poxaa (Blasco-
Costaetal.,2012; Soo etal., 2015; Pakdee et al., 2019). ®par-
MEHT reHa 28S aMIUIIIpOBaIN C IIOMOIIBIO TpaifMepoB
U178 (5'-GCACCCGCTGAAYTTAAG-3") u LSU1200R
(5'-GCATAGTTCACCATCTTTCGG-3") (Littlewood et
al., 2000; Lockyer et al., 2003) mo ciemxyromnemMy TpOTOKO-
Iy: mpenBapuTenbHas AeHatypauus npu 95 °C B TeueHue
3 muH; 3areM 38 nukioB (neHarypanus npu 94 °C — 40 c,
omxkur pu 56 °C — 30 ¢, cunres ipu 72 °C — 45 c). Kaxmyio
[N P-peakuuio BHIMONHSIN B 25 MKJI peakLIMOHHOM cMecH,
conepxareit 1-10 ar marpuunoit JJHK, o 0.4 MxM kaxxaoro
mpaiimepa, 5x TTI{P-cmecs ScreenMix ¢ Taq-monmmMepasoit
(OO0 «Esporen», Poccus). JleTekiuio mpogayKToB aMIuidu-
KaIl[|¥ TPOBOMIM METOIOM iekTpodopesa B 1 % arapo3HoM
reje, OKpaluBaHUEM OPOMUIOM 3THIUS U BU3yalIU3alnei B
yasTpaduoneroBoM csere. [1L[P-mpoaykTsl ceKBeHHpOBAIN
B 000MX HaNpaBJCHUSIX C NOMOIIBIO CTaHJAPTHOrO Habopa
BigDye Terminator Cycle Sequencing Ready Reaction Kit
Ha anammzarope ABI PRISM 3130 (Applied Biosystems
Inc.). Ionyuennsie ¢parMeHTsl 28S BBHIPAaBHUBAJIM B IPO-
rpamme BIOEDIT (Hall, 1999), L. mediterraneus (JN996829,
JN996828, IN996827) u L. cephali (JN996830) BbiOpanu B
KauecTBe peepeHCHBIX MoCieoBaresibHOCTH. Bee Hykie-
OTHJIHBIE TTOCIIEIOBATEIEHOCTH, TOJyYCHHBIE B XO/I€ 3TOTO
WCCIIC/IOBAHUSL, ISTIOHNPOBAHBI B MEK/TyHAPOTHbIH OAHK reHe-
tnueckux ganubix GenBank: L. mediterraneus (MZ413895—
MZA413898) u L. cephali (MZ413887-MZ413893).

Ilon0op npaiimepoB 1j1s renoTunupoBanus L. mediter-
raneus u L. cephali. Ananu3 gpparmeHta pruOOCOMHOIO
reHa 28S He BBIABIJI BHYTPUBUIOBOW H3MEHUYNBOCTH ITO JTAH-
HOMY TeHETHYEeCKOMY Mapkepy. Bce HykieoTHHbIe TIOCITE-
JIOBATEJILHOCTH JIJIsl KKAOTO BHJIa MOHOTEHEH ¢ 1o0aHa Kak
3 Cpenmsemuaoro mops (JN996829, JN996828, JIN996827,
JN996830), Tak 1 u3 UepHoro mopst (zanHas padoTa) ObLTH
WJICHTHYHBL. Bcero ObUI0 MpoaHalM3upoOBaHO CeMb IOCIIe-
nmoBarenpHOCTEN pparmenta 28S g L. mediterraneus u
BOCEMb ITOCIIeIoBaTeNIbHOCTEH Ut L. cephali. B To xe Bpemst
00HapYKEHO HECKOJIBKO YYaCTKOB, MMEIOIINX XapaKTepHbIE
st L. mediterraneus v L. cephali myTtannu B paione 450480,
540-570 u 680-705 n. H. (puc. 1).

Just renotunuposanus oroupanu te odnactu JJHK, xoro-
pBIE pa3IHyaINCh MUHUMYM Ha TPU HYKJICOTHIHBIC 3aMEHbI
MeskTy 1ByMs Buamu. [TonOop npaitmepos, uiaHKHPYIOIHX
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MCF300

ACGTGAAACCGATTGCAGGGAAGCTGGTGGAGT
ACGTGAAACCGATTGCAGGGAAGCTGGTGGAGT

L. cephalii |

L. mediterraneus I I
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T T T >
100 200 300 400

T T T T
500 600 700 \800

GCCGGTGCTAATGCTCTGTCCTGAGCGATCTA
GCCGGCGCTTATGCTCTGCCCTGAGCGATCTA
CR450

MR450

CR550

AACTGTGCTTTGGTGGGCCCTTGGCTTGCCGGGTG
AACTGCACTTTGGTGGGCCCTCGGCCTGCCGGGTG

GTGCAGTCCTCGGACCGCGCACCGCTCAGAA
GTGCEBGTCCTCGGACCGTGCECCGCTCAGAA

CR650

Puc. 1. KoHcepBaTnBHbIE U MONMMOPPHbIE YYacTKn pubocomHoro reHa 28S ans L. mediterraneus v L. cephali.

Ta6nuua 1. MNocnegosatenbHOCTA pa3p360TaHHbIX I'IpaVIMepOB, ncnosibsyemMblx AsAa reHoTmunnpoBaHnA

Ha3sBaHwue npanmepa

MCF300 AAACCGATTGCAGGGAAGCTGG

CR 4 50 ....................................... GGACAGAGCATTAG CACCGGC ...................
M R450 ...................................... GGGCAGAGCATAAGCGCCG .......................
CR 550 ....................................... AG CCAAGG GCCCACCAAAG CA ..................
CR 6 50 ....................................... GTGCG CG GTCCGAG GACT ..........................

HykneoTnaHas nocnegosaTtenbHOCTb, 5'-3’

Temnepatypa nnasneHus, °C

Ta6nuua 2. Vicnonb3oBaHune pa3pa6OTaHHbIX npa|7|MepOB B 3aBUCUMOCTIN OT Bbl6paHHOFO MeToAda reHOTUNMpPOBaHNA

MeTon Mpanmep [LnuHa pparmeHTa, Bug
................................................................ 0.
npAamon ob6paTHbIN
Ananus gnuH MUP-npopykTa U178 MR450 630 L. mediterraneus
CR550 750 L. cephali
U178 MR450 630 L. mediterraneus
CR650 880 L. cephali
Annenb-cneundudeckas MNUP U178 MR450 630 L. mediterraneus
BKOHEUHOMTOUKE
CR450 630 L. cephali
Annenb-cneymnouueckan MNUP MCF300 MR450 170 L. mediterraneus
B DEKMME DEANIDHOTO BREMEHI e s
CR450 170 L. cephali

NONMUMOP(HBIE PETHOHBI, IIPOU3BOIUIICS C UCTIONb30BAaHUEM
uHTepHEeT-pecypea https://benchling.com/. Pazpaboranusie
npaiiMepsl IpeICcTaBIeHb! B Tao. 1.

Bce oOparHbie npaiiMepbl ObLIM IPOTECTUPOBAHBI HA YPO-
BEHb WICHTUYHOCTH K JIPYTHM BH/IaM C TIOMOIIBIO aJlTOpPHT-
Mma blastn o renernyeckoit 6aze nanaeix NCBI. IIpoepka
ObuIa TOJILKO JJIsi OOPATHBIX IpaiiMepoB, TaKk KaK UMEHHO
OHHN OOYCIIOBIMBAIOT ONpezaeieHue Buaa. [1o pesympratam
npaiimepsl CR450 u CR550 nokazanu 100 % uaeHTHYHOCTH
mnpu 100 % MOKPBITHH TOJBKO K BUAy L. cephali. ITpaiimep
MR450 xpome 100 % wmaeHTHaHOCTH K L. mediterraneus
MPOJEMOHCTPUPOBAJ TaKyl0 € WJCHTHUYHOCTb K BUIY
L. saladensis (nomep GenBank KF442629). lauublii Bujg
BCTpEYaeTcsl TONbKo y OeperoB bpasunuu u oburtaer Ha
npyroMm xo3suHe — Mugil liza. Cxoxasl CUTyalust U ¢ Tpaii-
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mepoMm CR650: momumo 100 % unentuunoctu ¢ L. cephali,
obnapysxena 100 % unentuanocts ¢ L. heteronchus (Homep
GenBank JN996812). 3tot napa3ut Toxxe 00HUTaeT Ha IPyTroM
xo3siuHe — Planiliza saliens. Takum 00pa3oM, cpeiu BCEX HU3-
BECTHBIX IIAPa3UTOB JI0OaHA pa3pabOTaHHBIC HAMH ITPaiMepHI
MO3BOJISIFOT MICHTU(UINPOBATH 1Ba BUaa — L. mediterraneus
u L. cephali, 4To naeT BO3MOKHOCThH HCIIOJIb30BaTh UX HE
TOJBKO B A30B0-UepHOMOpCKOM OacceiiHe.

AHanu3 JUINH aMILIM(UIHPOBAHHBIX ()parMeHTOB.
21.]'[51 TCHOTHUIIMPOBAHNA Ha OCHOBE aHaJIn3a Pa3JIMYHbIX JJINH
AMITTIKOHOB OBLTO BRIOPAHO [TBa BapHaHTa CMECH IIPaiiMepOB.
B nmepBom ciy4ae JUIMHBI aMIUTMKOHOB, XapaKTepHBIC IS
L. mediterraneus u L. cephali, pazmuanuce Ha 120 HyKII€0-
THUAOB, BO BTopoM — Ha 250 mHykmeotunoB (tadm. 2). Cyts
pa3paboTaHHOTO HAMH ITOJIX0/1a 3aKITI0YACTCS B CIIC/TYIOLIEM.
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Ha HECKOJIbKO MyTauui. B nanHoi
cmecu 310 Tpaiimep MR450, xoto-
PBI KOMIUIEMEHTApEH MOCIE0Ba-
TEJILHOCTH, XapaKTepU3yIoLIel BU
L. mediterraneus. Tpetuii paiiMep
(o6parusrit, CR550 wimm CR650)
TaKXkKe pa3padaTbIBaJIU AT y4acTKa,
KOTOPBIN Pa3INIaeTCs MEXK/TY TBYMS
BHJIaMHU Ha HECKOJIbKO MYyTalUi, HO
KoMILIeMeHTapeH L. cephali.
Taxum 06pa3zoM, B 3aBUCHMOCTH
ot marpunsl JJHK Oymer mpowc-
XOIHWTh OTXKUT U HApabOTKa Mpo-
Puic. 2. CTpyKTypbl MPUKPEnUTENbHbIX AUCKOB MOHoreHel L. cephali (a) v L. mediterraneus (6), cobpaH- AYKTa € y9aCTHEM TOJBKO OAHOTO
HbIX C »abp nobaHa Mugil cephalus B YepHom mMope y nobepexxbs KpbiMa. U3 JByX OOpaTHBIX NpaliMepos.
OOparHble npaiiMeps! MoJ00paHbI
TakuM o0pa3oM, 4TO B cliydae
20 21 2 20 21 p) 16 orxura MR450 Oyner Hapabarsi-
U178 + MR450 + CR650 U178 + MR450 + CR550 BaThCsl MPOAYKT JuinHON 630 1. H.,
a TIpY OT)KUTE IPYroro odpaTHOTO
paiMepa JIMHA aMILTHKOHA OyeT
JuinHHee. Tak, NP NCTIONb30BaHUU
npaitmepa CR550 miwHa cocTaBUT
750 m.H., a IpU UCMIOJb30BAHUU
CR650 — 880 m.H. B pesynsrare
L. mediterraneus L. cephali L. mediterraneus L. cephali noctanoBku [11[P-peakiuu ¢ Tpems

npaiiMepamMu MOKHO Pa3JIMYUTh 1B
Puc. 3. TunmuposaHue obpasuos [JHK npn nomowm aHanmn3sa anmHbl amnanduLmMpoBaHHbIX pparMeHTOB. BUJIA HI/IFO(I)OpyCOB, OCHOBBIBASICh

3pech 1 Ha puC. 4: BBEPXY yKasaHbl HOMePa 1CCeyemblx 0COGeN 1 NCMONb3yeMasn CMech NPaiMepos, BHU3Y = Hg JTHHE aMILTMKOHOR.

BUA, KOTOprIZ 6bin onpefesieH Ha oCHoBe MOpd)OJ'IOFI/II/I n MOﬂeKyﬂﬂpHOﬂ TaKCOHOMUN. COOTHOIHGHI/IS B HHP—CMGCI/I u

YCIIOBUS aMIUTA(UKAIIAN ObLITH OTU-
21 HAKOBBI B 000mX BapuaHTax. O6bpeM
peakuuonHoi cmecu 20 mxi1. Koneu-
Hasl KOHLEHTpAIHsI KaXJI0ro mpaii-
mepa (OOO «Esporen», Poccms)
0.25 MxM. AMIurduKaIus mpoxo-
JIUIIA TI0 CIeAYIOIEMY MPOTOKOIY:
TIpeABapUTETIbHAS ICHATYPAIHS ITPU
95 °C — 3 muH, 3aTteM 38 IUKIIOB
(menarypanus npu 94 °C — 40 c,
omxkur npu 56 °C — 30 ¢, cuHTe3
mpu 72 °C — 45 ¢). JleTekuuto npo-
JYKTOB aMITIH(UKALIAY TIPOBOIAMIH
¢ momoisio 3MekTpodopesa B 1 %
arapo3HOM rejie, OKpaluBaHUEM
OpOMUJIOM STHUANS U BU3yaln3anuen
B ynbsTpaduoneroBoMm cBere. s
BHIOB MOHOTEHEH ObLIIa XapaKTepHa
CBOS JUIMHA aMIUIMKOHA, KOTopas
l I l l yKkaszaHa B Taom. 1.
Anneab-cneuuuyunas P
B KoHe4yHOi1 Touke u IIIIP B peaib-

HOM BpeMeHH. ['eHOTHUIIHpOBaHHE
ow. 4. TunmposaHue obpasuos [JHK npu nomowm annenb-cneunduuHoin MUP ¢ petekuymein B KOHeu- Ha OCHOBE annenL-CHeHI/I(bI/I‘{HOﬁ
HOW TOUKe.

U178 + CR450

U178 + MR450

L. mediterraneus L. cephali

TP ¢ nerexuumeit IILP-nnpoxykra
B KOHEYHOW TOUYKE, KaK U B PEKIIME
B IIIIP-cmech mobaBisitoTes He qBa paiiMepa (kak mpu TpagunuonHoit [1L[P), a Tpu.  peambHOro BpeMEHH, MPOBOIIIIH
Opun npaiimep (mpsimoit, U178) sABnseTcss KOMIIJIEMEHTApHBIM KOHCEPBATUBHOMY B PEaKIMOHHOW cMecH 00beMOM
y9acTKy 28S 1, COOTBETCTBEHHO, OyZIET OT)KUTAThCs Y 000X BUAOB. Bropoii mpaiimep 20 mxi1. KoHeuHast KOHIIEHTpamus
(oOparHbIit) pa3pabaTeIBaId IS yIaCTKa, KOTOPBIN Pa3IyaeTCcs MeXITy IBYMs BUIaMu  Kaxkaoro mpaitmepa (OOO «Espo-
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ren», Poccust) cocrasnsna 0.2 MmxM. Mcnonb3yemble mapsl
paiMepoB T KaKJIOTO TTOX0a yKa3aHbl B Ta0d. 2. AM-
mdukarys ¢ nerexiueit [TIP-npoxykTa B KOHSUHOH TOYKE
MIPOXO/IHJIA TT0 TAKOMY 7K€ POTOKOIY, KaK U IS aHaJIN3a ITHH
aMIUTH(UITMPOBAHHBIX ()PATMEHTOB.

[Tpu TecTHpOBaHNK METO/Ia TCHOTHUITUPOBAHHS C TOMOIIBIO
aenb-cienuduunoii [P B pexxume peasibHOro BpeMeHH
KaX/Iblii 00paseln aHaJTU3UPOBAIN B TPEX MOBTOPHOCTSX.
O0beM U COCTaB PEaKIMOHHOI CMECH HE MEHSIICS, TOT/Ia KaKk
YCIIOBHS aMILTH(UKALMK ObUTH H3MEHEHBL: Pe/IBAPUTEIbHAS
nerarypanus mpu 95 °C — 3 muH u 3atem 40 IUKIIOB (IeHaTy-
pauus npu 95 °C — 10 ¢, orxur npu 60 °C — 10 ¢, cunTes mpu
72 °C — 30 c). B xoHIle aHaIM3UPOBATIH KPUBYIO IUIABICHUS
JUIsl OLICHKN 00pa30BaHuUs JUMEPOB MTPaiMepoB.

Pe3ynbraTbl n 06cyxaeHue

Mopdonorunyeckas ngeHTudrKalua supos

Cpenn 20 coOpaHHBIX 0cobel Mo Mopdosoruu uIeHTH-
¢unmposano asa Buna (puc. 2): 9 sxzemmusipos L. cephali
(poGer Ne 2, 3, 4, 6,7, 10, 16, 17, 19) u 11 sx3eMmuisipoB
L. mediterraneus (mpo0er Ne 1, 5, 8, 11, 12, 13, 14, 15, 18,
20, 21).

NpeHTndmkauma Bnpos

C MOMOLLbIO Pa3NNYHbIX METOAOB FeHOTUNMPOBaHNA

s Bcex 20 ocoOeit mpoBonmics MophoIornuecknii aHa-
JIU3, C TIOMOIIBIO KOTOPOTO OBUTH WAECHTH(UIINPOBAHBI BHIBI
MOHOI'€HEH. AHAIIN3 TOJTYUYCHHBIX HYKJIICOTUAHBIX ITOCIICA0BA~
TenpHOCTEH (pparmenTa pudocomMHOro reHa 28S moATBep I
Mopdoornyeckyro uaeHTudukamio 11 ocodel 1 mo3BoIHII
BBIJACJIMTH YYaCTKH, 11O KOTOPBIM PA3JINYat0OTCA 3TH IBa BUJa
(cm. puce. 1). 3atem ko Bcem 20 ocoOsim Ligophorus Obumn
MIPUMEHEHBI OMMCAHHBIC BBIIIE METOMBI Pa3feiCHUS JBYX
BUJIOB Ha OCHOBE ayuieib-creruduunon TP mis onenku
uX 3PEKTUBHOCTH.

Merton renotunupoBanus ananu3za aauHbl HIP-npoxykroB
JIBYX NOJIUMOP(]HBIX y4aCTKOB pOOCOMHOT0 reHa 28S mnoka-
3aJ1 YeTKOe pas3zeneHue BUAoB L. cephali u L. mediterraneus
(puc. 3). [Ipu ucnonp30BaHUM 0O0MX BAPUAHTOB CMECH TIpaii-
MepoB (U178+MR450+CR650 u U178+MR450+CR550) st
Bcex ocobeit Habmonanace ammumndukarus [ILP-npoxykToB
TOJIBKO C OJTHMM OOPaTHBIM ITpaitMepoM, KOTOPBIA UMe MOJI-
HYI0 KOMIUIEMEHTApHOCTh K HCCIIelyeMOMy ydacTKy 28S.

[Ipu renoTunupoBaHuu amienb-cuenupuanoit 1P ¢
JICTEKIMel B KOHEYHOM TOUKE JJISl KayKI0H TPOOBI CTaBHIIOCh
JIBE PeaKlMK aMILTU(UKALUH C Pa3HBIM COCTaBOM IpaiiMepoB.
B oxnOM BapmanTe 00paTHBII mpaiiMep OBUT KOMIIEMEHTA-
peH yJacTKy rena 28S, xapaxkrepHomy mist L. mediterraneus
(MR450), B ipyrom — 5TOMY K€ y4acTKy reHa 28S, xapakrep-
HoMy 1utst L. cephali (CR450). ITpaiiMeps! OTIHYaINCh HA TPU
HyKJeoTnaa. B Xoze paboTsl He yanock mogo0paTh ycaoBUs
aMHJ’ll/I(bI/IKaIJ,l/II/I, IIPpU KOTOPBIX HC NPOUCXOAUIIO 6])[ OTXuUra
mpaiiMepoB, KOTOPbIE HE MOJTHOCTHIO KOMIIJIEMEHTApPHBI.
B pesynbrare npu JeTEKIMK B arapo3HOM Tejie B KOHEYHOH
touke [TLIP-npomykThl 0OHAPYKUBAJINCH BCETJa, XOTA U C
Pa3NUYHON HHTEHCUBHOCTEIO (pHC. 4).

[IpumeHeHue 3TOTO JKe MOAX0AA, HO C ACTEKIINEH B pEKIME
peasbHOro BPEMEHH MO3BOJISIET YETKO PA3IMYUTh JBa BHJA
(puc. 5). D10 CBA3aHO ¢ Pa3TMYHON CKOPOCTHIO HAKOTIIICHHUS
TLIP-npoxyKTOB MY NCTIOIb30BAHNH ITOIHOCTHIO 1 YACTUYHO
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MaoeHTndrkauma napasmTmyeckmx Niockux Yepeen
Ligophorus (Monogenea) Ha nobaHe metogamu MLIP

L. cephali

En. dnyopecueHuyun

_
o
N

En. dnyopecueHumm

o
N
b

Yncno ymknos

Puc. 5. TunupoaHune obpasuos [HK npu nomowm annenb-cneunduny-
How MLP B peanbHOM BpemeHwu.

Mo ocx opauHaT 3HaueHWA faHbl B loraprdmmuyeckon wkane. Grioneto-
BbIM LiBETOM 0603HaueHbl KpyBble amrindukaumnm ana cMecn npanmve-
poB MCF300+CR450, »kentbim — ana MCF300+MR450.

KOMITJIEMEHTapHBIX MpaiiMepoB. B nanHoM moaxone ObLt 3a-
MEHEH TIPSIMOii rpaiimep, 4TOOBI MOTYy4UTh OOJIee KOPOTKHUE
MPOAYKTHI aMIuTHHUKamu, uTo pekomenayercs s [TIP B
peanbHOM BpeMeHH. [yt KaXkaoit ocoOu cTaBsiTCs IBE peak-
MY aMILTH(UKALMH 1 3aTEM BT OITPEIEISIETCS TI0 MEHBILIEMY
3HaueHnio Ct (HOMep IHKIa, B KOTOPOM CHTHas (ryopec-
[IEHIINH TIepeceKaeT MOPOroByo JUHMI0). Hakomienne mpo-
JIYKTOB HJIET ObICTpPEE B CITyyae MOJTHOW KOMIUIEMEHTapHOCTH
mpaiimepa u Mmarpuilsl uccnexyemoit JJHK. [l Bcex ocobeit
6bu10 MoKazano 100 % coBmasneHne Mpu WACHTH(UKALUH C
nomolnelo ajutens-crenuduanoit [P ¢ nerexnueli B peas-
HOM BpPEMEHH C pe3yJIbTaTaM# MOP(HOJIOTHYECKOTO aHAIN3a U
JTAaHHBIMH CEKBEHUPOBAHMSL.

3aknioyeHune

B nacrosmeit pabote 0611 pazpaboTaH MOJIEKYIIIPHO-TCHETH-
YeCKUH MOIXO0/, TO3BOJISIOIIUH OBICTPO Pa3IMuUTh J1Ba BHJIA
MOHOTeHel — L. mediterraneus v L. cephali, oOuTaronmx Ha
Mugil cephalus B A3zoBo-UepHOMOpckoM Oacceitae. 13 Tpex
MPOTECTUPOBAHHBIX ITOIXOJOB JiBa (METO/ aHaJIM3a JJINH
aMIUTH(OUIIMPOBAHHBIX (PArMEHTOB M allIeNb-Crielu(uIHas
[ILIP B peasbHOM BpEeMEHH) MO3BOJMIN JOCTOBEPHO pa3-
mnuuTh L. mediterraneus v L. cephali. IlpuMeHeHue ayuieib-
crneruduunoi [P ¢ neTexiueli mpoayKToB aMIuIH(OUKAIIAHI
B KOHEUHOH TOuke HEI(PPEKTHBHO, TaK KaK MPOUCXOIUT
OTKHT ¥ HAKOTUICHHE MIPOJYKTa JUIsl 000X IpaiiMepoB, KOM-
TUIEMEHTAPHBIX MOCIE0BATEIBLHOCTSIM, XapaKTEPHBIM Kak
L. mediterraneus, Tax u L. cephali. Hanbomee 53KOHOMHYECKU
BBITOJICH MPEUIOKEHHBII HAMH TOXO0J] C UCIIOJIb30BaHUEM
[TI1P-cmecu, coaepxkauieil Tpu npaiimepa. JJocratouno
3G PEKTUBHBIM M OBICTPBHIM MOXKHO CUMTATh METOA aJUIEib-
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crenuduunoit IMLP B peasbHOM BpeMEHH, HEIOCTATKOM
KOTOPOTO SIBJISIETCS JIMIIb €r0 BBICOKAs CTOMMOCTh. Tem
HE MeHee pa3pabOoTaHHBIM MOAXOA Topasao OblcTpee n
SKOHOMHYECKHU BBITOIHEE, UEM CEKBEHHPOBAHHME HYKJIEO-
THIHBIX MTOCIIEI0BATEIFHOCTEH (parMeHTa pHOOCOMHOTO
rena 288S.

[Ipenyaraempie METObI TEHOTUITMPOBAHUS MOTYT UCIIOJb-
30BaTHCS AT OBICTPOTO PA3/IEIICHHUS IBYX BUIOB IIOCKHX T1a-
pa3uTHYECKHUX uepBeil pofa Ligophorus ipn OLEHKE CTETICHH
3apa)KeHHOCTH JI00aHa dTUMH Iapa3utamMu B A30Bo-YepHo-
MOpPCKOM peruoHe. Takxke ciemyeT OTMETHTh, UTO, HCXOs
13 JJAaHHBIX O HYKJICOTH/IHBIX ITOCIIEIOBATEIILHOCTAX 28S Juist
JIPYTHX Mapa3uToB 3TOT0 pojia, paspaboTaHHbIe HAMU Mpaid-
mepsl nmeroT 100 % MAEHTHYHOCTD TOIBKO C 3TUMHU JBYyMS
BHJIAMH U3 BCEX OOMTAIOIMINX Ha JJ00aHe. DTO MO3BOJISIET PH-
MEHSITh MX U B JIpyrux paiiona MupoBoro okeana. Pa3pabo-
TaHHBIH MOIX0/1 KpalHe MOJIE3eH PH MPOBECHUN Pa3IMIHBIX
WCCIIE/IOBAaHUN pacCMaTpHUBAaEMBbIX BUIOB, TAKUX KaK H3yUCHHE
UX paclpoCTPAHEHHsI, N3MEHEHUsI COOTHOILICHHS JIBYX BHJIOB
Ha OJJHOM 0COOM X0351MHA, KOHKYPEHIIUH BUI0B, BIUSIHUS pa3-
JMYHBIX (PAKTOPOB HA WX YUCIEHHOCTH U T. 1. Kpome Toro,
MOJTy4EHHBIE Pe3yNIbTaThl AEMOHCTPUPYIOT NEPCHIEKTUBHOCTh
pa3pabOTKM TAKHUX TTOIXOI0B /ISl OLIEHKH YHCICHHOCTH APY-
THX BHJIOB MOHOTECHEH, B TOM YHCJIC AaTOr€HHBIX.
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CpaBHUTeNbHLIN aHa/In3 yacToT JHK-mmoaumopdpinsmMos,
aCCOILIMIMIPOBAHHBIX C 3a00JIeBAHMSIMU U XO35I/iICTBEHHO
BaKHBIMMU IMPU3HaKaMM, B reHOMaX POCCUIMCKUX

11 3apyOEeXHBIX ITOPOJ, KPYITHOTO pOraToro CKora
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AHHoOTauuA. [eHeTUYECKNIA COCTaB MOPOAbI U ee reHeTUYeCKre OTINYUA OT APYr1X NMOPOL ONPEeAeNsoT ee 061nK
1 XapaKTepHble 0COOEHHOCTK, BKNIOYas SKOHOMUYECKM BaXKHble MPU3HaKKW 1 BCTpeyaemMoCTb naTtosnoruii. K HacTo-
ALEeMy BPeMeHU BbIIBIEHO MHOXECTBO JIOKYCOB, KOHTPONMPYIOLWUX Hanbonee 3Haumble GEHOTUMbI, YTO yCreL-
HO MCMONb3yeTcs B MUPOBOWN MPaKTUKe Af1A MapKep-aCCoOLMNPOBAHHOW CeneKkumy B Lenax yayyleHnsa CBONCTB
nopog. B HacToAwe paboTe NpoBeAeH CPaBHUTENbHDBIN aHaNN3 YacTOT M3BECTHbIX Kay3aTUBHbIX HYKNEOTUAHbIX
3aMeH, BCTaBOK 1 ieneLnil, CBA3aHHbIX C 3a60/1eBaHUAMM U XO3ANCTBEHHO LIeHHbIMM NPU3HAKaMK, B POCCUACKNX U
3apy6exHbIX NOpofax KPYyNHOro poraToro cKoTa. BbisiBleHbl YacToTbl BblleyKa3aHHbIx JHK-nonmmopdunsmos B no-
NynAUMAX POCCUACKNX MOPOA KPYMHOMO POraToro CKOTa, BbINMOIHEHO X CPaBHEHME C YacTOTaMu B 3apyOeXkHbIX Mo-
nynaumaAx Ans nopog, passoaumbix B Poccuinckoin ®egepaumm, a Takxke C Apyrmim 3apybexkHbiMm nopogamu. Hawwm
|pe3ynbTaThl MOKa3bIBalOT CXOXKECTb YaCTOT GONbLIMHCTBA annenein BHyTpU Nopog (POCCUINCKOTo Uv 3apy6eXHOro
pasBefieHMs), a TakXKe CBA3b MeXAy NPeACTaBlIEHHOCTbIO annenel nccnenyemblx NoMMopdn3MoOB U HaMUneMm
onpegensemMbix MU GeHOTUNMYECKUX MPU3HAKOB. bbiny HaliaeHbl 1 NPeBbIWEHKA Mo YacToTaM pAfa HexenaTenb-
HbIX ansienei B POCCUNCKUX NOMYNALMAX KPYNHOrO poraToro CKoTa, Ha KOTopble CTOMT 06paTuTb BHUMaHWe npu
ceneKkuMoHHoI paboTe ¢ nopoaamu. OOHapyXeHo, YTo annenu, oTeeyvatLme 3a NOBbILEHHYIO GepTUAbHOCTb MOo-
pogbl repedop, UMeIOT NOBbILEHHYO YacTOTY B MONYNALMAX POCCUNCKOTO pa3BeAeH A No CPaBHEHNIO € 3apybex-
HbIMU nonynAaunaMnU. VIHTepecHo, YTo ANA a3nmaTCcKux TypPaHO-MOHIONIbCKMX Barto 1 AKYTCKOro CKOTa Habnioganach
MEHbLUAA CBA3b MeXAy GeHOTUNMYECKMMI NPU3HAKaMU 1 YacTOTaMy U3BECTHBIX Kay3aTUBHbIX anienei no cpas-
HEHWIO C eBponenckMmMmn nopodamu. Hawa paboTa yKasblBaeT Ha KOHKPETHble reHeTUYeCcKne BapraHTbl, KOTopble
MOTYT ObITb MCMONb30BaHbI AN1A YNYULIEHUA U/VAN NOAAEPKAHNA KauecTB pafa Nopos KPYMNHOro poraTtoro CKoTa,
pa3Boanmbix B Poccuiickon ®epepauun.

KntoueBble c/10Ba: KPYMHbI poraTblil CKOT; cenekums; nopoaa; Poccuinckaa Oefepauns; reHeTMYeCK e BapuaHThl;
SNP; uHcepums; peneuns.
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Comparative analysis of allele frequencies for DNA
polymorphisms associated with disease and economically
important traits in the genomes of Russian

and foreign cattle breeds
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Abstract. The genetic makeup of a breed including its genetic differences from other breeds determines its appearance
and characteristics, including economically important traits and resistance to pathologies. To date, many loci controlling
significant phenotypes have been identified, which is successfully used in the world practice of marker-assisted selection
to improve breed properties. The aim of this study was a comparative analysis of frequencies for known causative
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CpaBHuTenbHbIN aHanu3 [HK-nonumopdrsmos
B reHOMaX POCCMNCKMX MOPOJ CKOTa

nucleotide substitutions, insertions and deletions associated with disease and economically important traits in Russian
and foreign cattle breeds. As a result, we identified frequencies of these DNA polymorphisms in the populations of
Russian cattle breeds, compared them with those of foreign populations of the same breed, as well as other foreign
breeds. Our results indicate similarities in frequencies for most of such alleles within breeds (populations of Russian and
foreign breeding), as well as the relationship between the causative allele prevalence and the presence of phenotypic
traits under the effect. We also found an excess of some undesirable alleles in the Russian cattle populations, which
should be paid attention to when designing breeding programs. We found that the alleles increasing fertility in the
Hereford breed have a higher frequency in the Russian Hereford population compared to the foreign counterpart.
Interestingly, unlike for the European breeds, for Asian Turano-Mongolian Wagyu and Yakut cattle, there was a less clear
link between phenotypic traits and frequencies of known causative alleles. Our work points to specific genetic variants
that could be used to improve and/or maintain the performance of certain cattle breeds bred in the Russian Federation.
Key words: cattle; selection; breed; Russian Federation; genetic variants; SNP, insertion; deletion.

For citation: Igoshin A.V.,, Romashov G.A., Chernyaeva E.N., Elatkin N.P, Yudin N.S., Larkin D.M. Comparative analysis of
allele frequencies for DNA polymorphisms associated with disease and economically important traits in the genomes
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BBepeHune
PacnipocTpaHeHHBIE THUITBI TEHETUYECKUX Bapualnii, Taknue
KaK OJTHOHYKJICOTH THBIE TOJIMMOP(U3MBI, BCTABKH 1 JICJICIIAH
HYKJICOTHJIOB, CPE/IU IIPOYMX MOT'YT OKa3bIBaTh «IOJIE3HOEC)
WIN «BPEIHOE)» BIMSHME Ha 3/10pPOBbE M MPOAYKTHBHOCTD
*uBoTHBIX (Liu, Bickhart, 2012; Bourque et al., 2018).
[ToaToMy cexkBeHHpOBaHUE reHOMa Bos faurus BBI3BAIIO
BCIIECK HCCIIEJOBAaHN I TeHETHIECKOTO Pa3HO00pasns opox
kpynHoro poraroro ckota (KPC) n ero cBsi3u ¢ X031HCTBEHHO
Ba)KHBIMU NIPU3HAKAMH, aAlITALUSIMU 1 3a00JIEBAHUSIMH, YTO
OTKPBUIO BO3MOKHOCTH JJISI MCIIOJIB30BAHUS MOTYYEHHBIX
3HaHWH TIPU CO3JaHUM MOPOJ C HEOOXOANMBIMH KadyecTBa-
MU W YAy4YLICHUs! CyliecTByronmx mnopox (Jlapkun, HOauH,
2016; FOmuH, JIapkun, 2019). Cornacuao 6a3e nanasrx OMIA
(www.omia.org; Lenffer et al., 2006), B HacTosiiee Bpemst
M3BECTHBI TCHBI, KOHTPOIUpYIomue 272 mpru3Haka KpyImHOTO
poraToro ckota, BKIIo4Uas psan 3abomeBanuid. [ms 175 u3
HUX YK€ BBISIBJICHBI Kay3aTHBHBIC MyTallll B KOANUPYIOLIIUX
n Hekonupyromux obnactax JJHK, peanusyromnue cBoit
3¢ deKT myTeM pa3IMYHBIX MEXaHU3MOB, CPEI KOTOPBIX
M3MEHEHHS B TIOCJIE/I0BATEIbHOCTH Oelka, B CTAOMIBHOCTH,
skcnpeccnn uin nporeccunre PHK (Ibeagha-Awemu et al.,
2008; FOnuH, Boeona, 2015; Cieptoch et al., 2017). Ha oc-
HOBaHMU 3ToW MHQOpManuu ObUIH pa3paboTaHbl TECTHI IS
TeHOTHITUPOBAHHMS [1ATOJIOTMYECKUX MYTAIMH U BBIOPAKOBKH
JKMBOTHBIX-HOCHUTEJEH 13 TuieMeHHoro cTaja (PoMaHeHKoBa
u np., 2015; dopuapa u ap., 2019; Caderosa u ap., 2021).
C MOMOIIBIO TAKOTO TIOX0Ja MOXKHO HJCHTH(HUIIMPOBATH
MyTalliyd B PaHHEM BO3pacTe IJIsi CBOEBPEMEHHON BBIOpa-
KOBKH JKMBOTHBIX MK SMOproHoB (Tepaenkuii u ap., 2016).
B 10 ke BpeMsi CTOMT yUUTBIBATh, YTO «BPEIHASD MYyTaLUsI
MOKET OKa3aThCsl «IOJE3HOW» ISl IPYTOro XO3sHCTBEHHO
BaxHoro npusHaka (Fasquelle et al., 2009). Unentnduxarms
ajyiesiell TeHOB, CBS3aHHBIX C XO3SHCTBEHHO BaKHBIMH TTPH-
3HaKaMH, 03BOJIMIIA IPOBOANTH MAPKEP-OPUEHTHPOBAHHYIO
ceneknuto o HuM (Pighetti, Elliott, 2011; Abd El-Hack et al.,
2018). Mapkep-opueHTHPOBaHHAs CENEKIUs UMEeT 0coboe
3HA4YEHHUE I NMPU3HAKOB, KOTOPBIE MPOSBISIIOTCS C BO3-
pacToM WM TOJBKO y XMBOTHBIX OJIHOTO II0JIa, HATIPUMED
MPOAYKTUBHOCTh MJIH TUIOZOBUTOCTH (3MHOBBEBa, 2016;
Raina et al., 2020).

Poccwuiickne mopoast KPC 1o cux mop ObutH Beciie1oBaHbI
Ha HaJIMYHe JIMIIb HECKOJILKMX Harnboliee pacipoCTpaHEeHHBIX
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MYyTalHi, acCOIMMPOBAHHBIX C X035 HICTBEHHO BaXKHBIMH ITPH-
3HaKaMu U 3710poBbeM (PomanenkoBa u ap., 2016, 2018; Ycopa
u ap., 2017; Cypxukosa u ap., 2019). Llensio Hameit paboTsI
SIBJISITICS QHAJIM3 CHIEKTPa M YacTOT M3BECTHBIX Kay3aTHBHBIX
nonumopusmos JJHK y neBsitn poccuiicknx nopoj KpyHo-
TO pPOraToro CKOTa Ha OCHOBAaHMH JIAHHBIX TTOJTHOT€HOMHOTO
CCKBEHMPOBAHUS 1 CPABHEHHSI YACTOT STHX ITOIMMOP(PHU3MOB
C MUPOBBIMH IMOPOJAaMU NI Sapy6e)KHbIMl/I TNOMYJIAIUAMUA TEX
K€ CaMBIX TIOPOJ JUIS OTIPEEIICHUS] BAPUAHTOB, [0 KOTOPBIM
Moru1a Obl BECTUCH CEJICKIUST POCCUHCKHX TTOPO/I.

MaTeleaﬂbl n metogbl

CnMcoK KIMHUYECKH U SKOHOMHUYECKH 3HaUMMbIX A1 KPC
OJTHOHYKJICOTUHBIX HoiauMopusMoB (SNP), BcraBok u
JIENIeIii OBLT COCTABIICH HA OCHOBE WH(OPMAITUH U3 0a3bl
nmaaaeix OMIA (www.omia.org; Lenffer et al., 2006) n mpak-
THUYECKOTo pyKoBojicTBa Mpnanickoit eiepanny pa3BeieHus
ckora (McClure M., McClure J., 2016). [eHOMHBIEC TTO3UITUT
MOJIMMOP(U3MOB, yKa3aHHBIE B KOOpAMHATAaX cOOpKH Bos
taurus UMD3.1, Obun nepeBe/ieHbl B KOOPAMHATHI COOPKH
ARS-UCDI1.2 ¢ ucnonp3zoBanueM nporpammsl LiftOver
(Kuhn et al., 2013). s monmumophu3MoB, TPUCYTCTBYIO-
IIUX B BBIOOPKE POCCHUHCKUX TOPOJ, BBIIIOJHEHA CBEPKa
pedepeHCHBIX 1 aTbTepPHATUBHBIX AJUIENIEH Ha COOTBETCTBHE
yKa3aHHBIM B ITyOnukanusx. s getsipex n3 12 BO3MOKHBIX
3ameH (T>A u G—C) npoBepka COOTBETCTBUsI aJIEIsIM,
YKa3aHHBIM B UICTOUYHHKAX, OCTIOKHEHA, OCKOIIBKY: 1) MOXeT
UMETh MECTO CMeHa pe)epeHCHOTO aJlIeysl TP MEepeXoe
K HOBOI cOOpKe reHoma; 2) B MyONMKalUK ajulellb MOXKET
OBITH yKa3aH JJIs IeTH, KOMIUIEMEHTapHOH pedepeHCHOM.
B 1otoGHBIX ciydasx MbI CBEpSUTH AJIJICTIH TTOJIMMOP(HU3MOB
B KOHTEKCTE KOIOHOB (B ClTyyae 3aMeH B KOAUPYIOIIEH 4acTH)
WM OKPECTHBIX ITOcIenoBarenbHocTel. Hanpumep, cornacHo
(Hirano et al., 2013) u 6aze OMIA, 3ameHa Hykieotunaa G
Ha C B no3utu BTA8:83909754, npuBosiias K 3aMeIlieHHIO
BaJIMHA Ha JISHIINH, BEZIET K BPOKICHHON TUIIOTPO(MHHN Y TEJISAT.
OnHako, 10 Bceil BUANMOCTH, IaHHAs 3aMeHa Oblila yKa3aHa
aBTOpaMHM AJis mocnefoBarenbHocTH MatpuuHoid PHK: B
coopke ARS-UCD .2 pedepercubM spusiercs HykineoTun C,
Haxogsmuica B coctae Tpumiera AAC, B MPHK coort-
BeTcTBytomui kogoHy GUU, koaupyroiieMy BanuH. Takum
o0pasowm, B petepencHoit coopke ARS-UCDI1.2 «Bpeqasiv»
Oynet siBisAThCs amens G.
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Ta6nuua 1. AHanu3vpyemble BbIGOPKY NOPOA

Comparative analysis of DNA polymorphisms
in the genomes of Russian cattle breeds

MNMopopa

leorpaduyeckoe NPoncxoxaeHve

YrcneHHOCTb BbIGOPKM

OcTanbHasn BbibopKa -
(>180 nonynaymin/nopon)

B namreit pabote MbI ncnionb3oBaiy qanabe 1o SNP, Bctas-
KaM U JIeJIenusiM y MUPOBBIX opoA npoekTa « 1000 renomos
osikoB» (1000 Bull Genomes Project) (Hayes, Dactwyler,
2019), BkiTrouast MoTy4eHHbIe HAMH PaHee Pe3yTbTaThl PECeK-
BEHHPOBAHHSI BOCBMH POCCHHCKHX ITOPOJI, @ TAKXKE HCXOTHBIC
JlaHHbIe pecekBeHupoBanus (“.fastq”-daitibr) poccuiickoi
MOTYJISAIINHN abepInH-aHTyCCKOW MOPOJIBI (Janee — aHryc),
npegocrasieHHsle OO0 «Mupatopr-I'eneruka». [Ipu aTom
4acTh )KUBOTHBIX ObuIa nMnopTupoBana n3 CIIA u ABcrpa-
sy (Tadi. 1). JIomoITHUTENBHO MBI UCTIONH30BAJI CBEICHUS
0 TpeM abOpUreHHBIM (UHCKHUM IOPOJAAM, TPEAOCTaB-
JeHHBIM MHCTUTYTOM NpPUPOAHBIX pecypcoB DUHISHANN
(LUKE). ®unnsganus rpaanyaut ¢ Poccneit m obmamaeT BO
MHOTOM CXOJIHBIM, XOTsI ¥ 00J1€€ MSTKUM KIIMMaToM, T03TOMY
BKIIFOUCHHE B MCCIIE0BaHIE (DUHCKHX ITOPOJ] MOTJIO OBbI yKa-
3aTh HA 0COOEHHOCTH CEJEKIHH, TTPOSIBIISTIOIINECS B OM3KUX
MIPUPOJHBIX YCIOBHUSX JIBYX CTpPaH.

VYnaneHue mocienoBaTeIbHOCTEH ananTepoB U3 HEOO-
pabOTaHHBIX MApPHBIX MPOYTEHUI MPOBOIMIN B IPOrpaMMe
Trimmomatic-0.39. OunieHHbIe TPOYTEHHS OBLUTH BEIpaBHE-
HBI Ha pedepeHcHyo nocienosarenbHocth ARS-UCDI1.2 ¢
nomonibio BWA-MEM v.0.7.17 (Li, Durbin, 2009). ®aiinsl,
cozieprKalye BeIpaBHEHHBIC TocieoBarensHocT (““.sam”-
(haiinber), 3aTeM ObUTH MpeoOpa3zoBaHbl B “.bam”-dpopmar u
OTCOPTHPOBAHBI C MCIIOIB30BaHUEM ITporpaMMbl SAMtools
v.1.8 (Li et al., 2009). lanee OnOMMOTEKH, IPHHAIICKALITHEC
OJIHOMY M TOMY JK€ )KUBOTHOMY, ObUIN OOBEJIMHEHBI B O/IUH
myn ¢ npuMeHeHneM Monynst MergeSamFiles makera Picard
v.2.18.2 (http://broadinstitute.github.io/picard). {yomuxarst
ObLTM OTMeUeHbI ¢ noMollbio Moayiist MarkDuplicates Bbirire-
HazBanHOH porpaMMsl. [Tapamerp OPTICAL DUPLICATE
PIXEL DISTANCE = 2500 Obl1 BBIOpaH B COOTBETCTBHHU
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C peKOMEeHAAUsAMHU MpoTokora mpoekTta «1000 reHoMoB
ObIKOBY». PexanmOpoBKa KauecTBa OCHOBAaHMH BBITIOJIHEHA
monyiasimu BaseRecalibrator u PrintReads makera GATK
v.3.8 (McKenna et al., 2010) ¢ nucrmonb30BaHHEeM JTaHHBIX,
IpeI0CTaBIeHHBIX poekToM « 1 000 renomoB Ob1koB» (Hayes,
Daetwyler, 2019). Unentudukauus noiuMoppu3MoB u
obpenuHeHne nomydeHHBIX gV CF-¢aitnoB ocymecTBieHs!
¢ nomotsio moxyneit HaplotypeCaller n GenotypeGVCFs
nporpaMMbl GATK v.3.8 cooTBeTCTBEHHO.

W3sneuenne SNP, nHCEpIHii 1 eNeIiil 13 OTHOTEHOM-
ubIX VCF-¢aiinoB nposoauiu ¢ yrunutoit Tabix (Li, 2011),
UCIIOJIb3YSI KOOPMHATHI TOIMMOP(PHU3MOB 13 paHee chopMu-
poBanHoro crincka. [Tomyaennsie VCF-gaiinel, comeprkarime
BBIOpaHHbBIC MOJIUMOP(GU3MBI, OBIIM MCIOIB30BAHBI TS
MO/ICUETa YacTOT allbTepPHATUBHBIX ajjielield B BHIOOpKax B
mporpamme PLINK 2.0 (Purcell et al., 2007) ¢ mapamerpaMu
--vef --chr-set 30 --freq --pheno --loop-cats. [Togcuer ocy-
mecTBIsuIn: 1) 11 mopos, pa3BoguMbIX B Poccnu, a UMEHHO
XOJIMOTOPCKOM, SIPOCTaBCKOM, aNTalCKOH, IKYTCKOH, OypsT-
CKOM, KQJIIMBIIIKOH, aHTyC, Barto 1 repedop; 2) st 3apyoesx-
HBIX MOMYJISIUNA TeX ke Mopoj (TIpH HAIWYKK); 3) IS TpeX
(hMHCKUX TIOPOA — CeBEpHOM (pUHCKOH, 3amagHoil GpuHCKOH
1 BOCTOYHOM (DPMHCKOH; 4) 1JIsl COBOKYITHOM BBIOOPKH BCEX
MIPOYMX MUPOBBIX MOPOJ CKoTa (cM. Tab. 1).

Hanuuue paznuuumii o yacroraMm ajuiened Mexay mnepe-
YHCIEHHBIMH BBIOOPKAMH TIPOBEPSUIN C TIOMOIIBIO TOYHOTO
tecta ®urepa, ucrons3ys pynkuuio ‘fisher.test()’ s3pika R.
TaGmuIbI CONPSHKEHHOCTH 2 X 2 COCTABIISUTH ITyTEM MOICUeTa
coziepkaHusi pepepeHCHOTO M AIBTEPHATUBHOTO aJlIesei B
XPOMOCOMHOM IIyJI€ KaXKA0H U3 JBYX MCCIIEIYyeMbIX PYIIIL.
Brutn BEITTONTHEHBI TPH THIIA CPAaBHEHUH: 1) MEXTy IOPOIOH,
pasBonumoii B Poccnu (11160 3apyOexHOM momysnuen Toi

BaBunosckuii xKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 3



A.B. rowwH, IA. Pomawos, E.H. YepHsaeBa
H.M. Enatkun, H.C. I0anH, .M. NNapkunH

K€ TIOPOIBI, TPY HAJTMYNH ), 1 COBOKYITHOW BEIOOPKOH OCTAIIb-
HBIX MHPOBBIX ITOPOJ; 2) MEX1y IOpOJOH, pa3BOJUMON B
OUHIISTHANY, U COBOKYITHOW BBIOOPKOH OCTaJIbHBIX MUPOBBIX
MIOPO/I 110 aJUIEJISIM, BBISIBJICHHBIM B [IEPBOM TUIIE CPAaBHEHUIA;
3) TONIBKO MEXTy POCCHICKOH IOMYIISIIUEH U 3apyOeyKHOI 1mo-
MyJSIUEH TOH yKe Mopobl. J{ist morpaBKy Ha MHOYKECTBEHHbBIE
CpaBHEHHS HCIIONB30Bai MeTof Storey u Tibshirani (Storey,
Tibshirani, 2003) peanu3oBanusii B pyHknuu ‘qvalue()’
s3bika R (Storey et al., 2020).

Pe3ynbtatbl

CchopMupoBaHHBIIT HAMH CITUCOK KIMHHUYECKH M SKOHOMH-
YECKH 3HAYUMBIX MosmMophu3mMoB coaepxan 193 SNP u
63 macepuuu/nenenuu. [Tonck B VCF-daiinax BeISBHI MpH-
CyTCTBHE B poccuiickux nopoaax 38 SNP u onHoit nHCcepiiuu
U3 BBINIEYNIOMAHYTHIX noiuMopusmos ([Ipunoxkenune 1),
KOTOpBIE COOTBETCTBOBAJIM He MeHee ueM 21 ¢eHorunmye-
CKOMY ITpU3HAKY.

[Ipu cpaBHEHNHU ¢ MUPOBOI BBEIOOPKOH 15 momymsimuii mo
39 nommmopduzmam (Bcero 585 cpaBHeHwMIT) B 229 ciuydasx
HUMEIINCh cTaTHCcTUYecKu 3HauuMble (q < 0.05) pasnuuus B
4acToTax ajurener (CM. pucyHOK). bombIe Bcero 3Ha9MMBIX
pa3INyuui ¢ COBOKYITHOI BBIOOPKOW MHMPOBBIX MOPOJ OBLIO
y 3apyOeKHBIX MOIYJISALIUI nopoy aHryc u repedopa (29 u
27 TOKyCOB COOTBETCTBEHHO). M3 POCCHICKUX MOIMyIISIIHN
HanOOoJIbIIee YUCIIO0 OTIAMYMNA OT MHUPOBOI BBHIOOPKH HMMerna
sAKyTcKas moposa (16 JIokycoB), a u3 GUHCKUX — CeBEpHas
¢uaCKast (20 m0oKycoB).

Hawubonee 3aunmoe (q = 4.24E-286) paznmure ¢ MEPOBOIA
BBIOOPKOH 110 YacTOTaM aJuieneit HabIonaIoCh s 3apyOesK-
HOH rommyrsarn aurycoB — 110 SNP 1s109688013 B rene penen-
Topa MenaHokoptuHa-1 MCIR, HOCUTENH anbTEPHATUBHOIO
ayutenst C kotoporo uMmeroT yepHsIi okpac meperd (Klungland
etal., 1995). OTamame oT COBOKYITHOM MHPOBOH BEIOOPKH IO
JTAHHOMY JIOKYCY OBUIO CTaTUCTUYECKHU 3HAYUMBIM JIIIsT 00JTb-
IIMHCTBA OCTAJIBHBIX ITOITYJISIHHN, 38 HCKITIOYEHUEM CEBEPHOI
(hMHCKOM, a TaKKe OTEYECTBEHHOH 1 3apyOeKHOM MOMYIAIIN
Barto. [Ipu 3ToM OHO OBUTO HAUBBICIIMM cpear 39 JOKycoB
JUIsl POCCHICKOM Tormysisiinu anrycoB (q = 6.01E-35), obenx
nomyssiuid repedopaos (q = 6.22E-37 nus 3apyOexHOi 1
7.34E-07 mns poccuiickoit), s anraiickoit (q = 1.99E-06),
xonmoropckoii (q =9.27E-12) u sipociasckoii (q = 2.76E—06)
nopoz. Y 3apyOeKHBIX U OTEUECTBEHHBIX aHTYCOB YacCTOTA
anmnens C, patouiero yepHblid okpac, gocturaetr 0.973 u
0.989, Toraa kak B ocTajgbHBIX MUPOBBIX mopoaax — 0.339.
B nonynsuusx ke anTaiickoi, X0JIMOTOPCKOH, sIpOCIaBCKON
MIOPOJI, OTEYECTBEHHBIX U 3apyO0eKHBIX repe(opaoB OH MMe-
et yactoty 0.026, 0.828, 0.772, 0 u 0.019 cooTBeTCTBEHHO.
B ¢unCckix mopomax gactota amens C BAppUPYET OT HyJIEBOU
y 3amagHo puHCcKoH 10 0.052 y BocTouHOH (huHCKOM 11 0.258
Y CEBEpPHOU (PUHCKOM.

W3 ocTanbHBIX JTOKYCOB HaHOOJIbIIEE OTIINYNE B UCCIIELY-
eMBIX opojax oT miodansHoi nomymsinun KPC mposBisitu
MOJIMMOP(U3MBI, CBSI3aHHBIE C MOJOYHBIMH NPU3HAKAMH,
OKpacoM ILIepCTH M HAPYIICHWEM CBEPTHIBAEMOCTH KPOBH.
Tak, poccuiickast HOIYJIALMS Barto HMesa Hanoosee 3Ha9uMoe
(q = 6.44E-21) paznuuue ¢ MUPOBOH BBIOOPKOH 110 4acTOTE
BcTaBku 15 m.H. B mo3unuu BTA27:16305660, mpuBoms-

" Mpunoxenna 11 2 cm. no aapecy:
http://www.bionet.nsc.ru/vogis/download/pict-2022-26/appx6.pdf
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el K HapyuieHuto GyHkiuu rena 71 u, Kak cleacTBue, K
nedunuTy QGaxropa CBEpTHIBaHUSA KpoBU XI, KOTUpyeMOro
stum reaoM (Kunieda et al., 2005). ¥V poccuiickux Barto
gacToTa AaHHOW BcTaBkU gocturaet 0.25, B TO Bpems Kak B
rnobansHOHU omyssimuy KPC ona 6ru3ka k Hyiro. Hanboee
3HAUUMBbIE PA3IMYMsl C MUPOBOW BBIOOPKOH sl 3apyOesk-
Ho¥ momymsnuu Bario (q = 2.60E-05) u sxyTckoit moposs!
(q = 2.21E~18) mabmomanuce mo SNP rs210634530 B rene
MHUKPOPTAIBMHS-aCCOIIMUPOBAHHOTO TPAHCKPHITIIHOHHOTO
(axropa MITF, kotopsiii cBsi3aH ¢ mposiBjieHUeM (heHOTHIIa
‘white spotting” — 6emoii matauctocteio (Fontanesi et al.,
2012). Yactora Hykieotuaa T, BRI3BIBAFOMIETO OCITYIO IS THH-
CTOCTb Y SIKYTCKOH IOpO/IBI M 3apyOekHBIX Barto, paBHa 0.083
1 0.111 cooTBeTCTBEHHO, TOT/Ia KAK B MUPOBOM BBIOOPKE OHA
nocruraet 0.65. Y OypsaTCKOil M KaJIMBIIIKOM 1OpOj camoe
3Haunmoe otianuune (q=6.81E-10 u 2.33E-06 cooTBeTCTBEH-
HOo) nmen SNP rs109191047 B rene ropmona pocta GHI,
ACCOIMUPOBAHHEIN ¢ cocTaBoM Mojoka (Mullen et al., 2010).
Yacrora Hykieotuaa G, HOBBIIIAIOIIETO COAEPIKAHUE JKUPA
1 Oenka B MOJIOKe, B MUPOBO# momyisin coctasisieT 0.100,
JIOCTHTasI TIPH ATOM B OyPSITCKOM M KaJIMBILIKOH ropozax 0.526
1 0.500 COOTBETCTBEHHO.

CpaBHEHHS MEXIy POCCHICKOM M COOTBETCTBYIOIIEH
3apyOeKHON TOMYJSIUSIMA, TIPUBEICHHBIE ISl )KUBOTHBIX
MOpoJI aHryc, repedop/] U Barko, BbISBUIN YETHIPE JIOKYCa,
crarucTryecku 3Ha9nMo (q < 0.05) paznmgaromuxcs mo 4a-
croram ayteneit. M3 aux Tpu SNP (1543703017, rs43703015 u
rs110014544) umenu oTIMYArOIIKECcs YaCTOThI B OTEUECTBEH-
HOH 1 3apy0eKHOH TOIIIAIAX aHTyCOB U OIIPEICTISIIN aJlie-
i reHa kanna-kazenHa CSN3. Onun SNP, pacrionoxeHHbIH B
rene CAPNI (rs17872050), paznuyancst Mex 1y HOMyJIIusIMI
repedopIoB U OBIT CBA3aH C HEKHOCTHIO MsCA. Y UUTHIBAS
YaCTOTHBIE Pa3JINdus HAa HOMHHAIEHOM YPOBHE 3HAYMMOCTH
(» < 0.05), MOXHO JOTIOJHUTEIHHO OTMETUTH €I BOCEMb
JI0KycoB (Tabm. 2), cpean KOTOPBIX MHUCCeHc-3aMeHa V311A
(BTA26:34340886T > C) B rere NHLRC2, oTiar4aromascs
y @HTYCOB U NMPUBOJSIIIAsE B TOMO3UTOTE K HOTOMEIIUH — Pa3-
HOBHJIHOCTH TIOJINMENIHH, MIPH KOTOPOH IOMOJHUTEIbHAS
KOHEYHOCTB PAacIiojiaraeTcsi BJIOJIb MM OKOJIO CPEIMHHOM
nuHuK ciiuHbl (Beever et al., 2014).

O6cyxpeHue

Ocob6eHHOCTN reHoOPOHAA NOPoy,

I'eHOOH] CEITBCKOXO3SHCTBEHHBIX )KUBOTHBIX (POPMHUPYETCSE
IO/ BIMSIHUEM TaKUX (DaKTOPOB, KaK CEJICKIHS Ha yiTydIlle-
HUEC MPOAYKTUBHBIX KaY€CTB, aJjaliTalluAd K YCIIOBUAM CPEbI,
rubpuam3anus, de novo Mytannd, 3¢p¢HeKT oCHOBAaTeNs U
renernaecknii npeiid (Notter, 1999; Xu et al., 2015).

Kak nmokazano BBIIIC, 3HAUYUTCIIbHAsA 4aCTh B3AThIX B aHa-
JH3 TTOIUMOP(HHU3MOB B HCCIEIYEMBIX IIOPOIAX OTINYAETCS
OT «CPEIHEMUPOBOI» BHIOOPKH I10 YaCTOTaM, OTpaskasi 0CO-
OcHHOCTU reHO(OHIa KOHKPETHBIX momyisiiuii. Hampumep,
SAKYTCKHH CKOT AEMOHCTPHPYET HAUBBICLIYIO JTUBEPIECHIIUIO
10 YacTOTaM aJulesieil Cpei OTEeYeCTBEHHBIX TOPO/], BBIpa-
JKAIOUIYFOCS KaK B OOJIBIIEM YHCIIE PA3INYAIONIUXCS JIOKYCOB,
TakK 1 B OOJBINEH 3HAYMMOCTH PA3IUINi, YTO COTIIACYETCs C
JTAaHHBIMH €T0 (pHITOreHNH ¥ aHAJTH3a MTOITYIISIIHOHHON CTPYK-
typs! (Yurchenko et al., 2018; Buggiotti et al., 2021).

Hexotopsle U3 uccienyeMbIX MOTMMOP(HU3MOB BHOCAT
OITpe/IeIISIFOIINI BKJIa]] B IIPOSIBIICHUE XapaKTEPHBIX JUIsl TIOPO-
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len YacToTbl annenei MeHoTyn
F11 N * Ledvunt dakTopa cBepTbiBaHNA KpoBu XI
IARS wak ® BpoxpaeHHan runotpodus Tenat
NHLRC2 R [ynnvkauyuv npw passutin
ROR2 MexnanbLesas runepnnasma
LRP4 CuHpakTMAnA (Mynbe KonbiTo)
TLR4 BocnpummumnBocTb K MHPEKLMAM
STAT1 MoHVKeHHas BbIXKMBAaeMOCTb SMOPUOHOB
STAT3 MOHVKeHHas BbKNBAEMOCTb SMEPUOHOB
STAT5A CHWXeHHas GpepTUNbHOCTL
STAT5A CHUXeHHas GpepTUNbHOCTL
STAT5A CHUXeHHas GpepTUNbHOCTb
STAT3 CHmxeHHas bepTUbHOCTL
CAST Bonee HexHoe mAco
CAST Bonee HexHoe mAco
CAST Bonee HexHoe MACO
CAPN1 Bonee HexHoe mAco
CAPN1 Bonee HexHoe mAco
CAPNT Boree HeXHOe MACO
CSN2 * Annenb F 6eTa-KazenHa
CSN2 Mornoko npeanoyTUTeNbHEe ANA Cbipoaenus
CSN2 CHUXeHHOe coaiepaHue 6eka B Mofioke
CSN2 A2-monoko
CSN3 Annenb | Kanna-kasenHa
CSN3 Annenn G1 uH kanna-kaseuHa
CSN3 Moroko npegnouTuTenbHee Ans ColpOAenus
CSN3 CHMKEHHanA KOHLEHTPaLMA Kanna-KasenHa
CSN3 YXyALEHHbIE KOArynsaLMOHHbIE CBOWNCTBA MOJIOKa
CSN3 Mosnoko npegnouTUTenbHee A Cbipoaenis
GH1 loBbilleHHOE cofiepKaHue Xupa v 6enka B MooKe
GH1 CHuKeHHOe cofepaHiie 6eska B MOSIoKe
GHR CHUKEHHas XMPHOCTb MOJIOKa
LeB Monoko npeanoyTTenbHee Ans CbIpOAENUs
Les Monoko npeanoyTUTenbHee ANA CbIPOAENNA
LGB Monoko npegnouTUTenbHee A Cbipoaents
LGB Mornoko npeanoyTUTenbHeE AN1s CbipoAenus
KkRT27 Kypuasasi wepcrb
MCiR [IOMWHAHTHBbI YepPHBI OKPAC, CUHAPOM KPbICUHOTO XBOCTa
MITF

Benas neroctb

Xonmoropckas
fipocnaBckas
AnTaiickan
Byparckan
Kanmbiykan

Anryc (Poccmn)
Barto (Poccus)

Bario (3apy6exHbie)
lepedopg (Poccus)
BocTouHasa ¢puHckas
CeBepHas PpnHCKan
3anagHasa duHckas

©
X
a
o
©
e
o
©
©
o
o
a
=
=

AHryc (3apybexHble)
lepedopp (3apybexHbie)

YacToTbl KNMHNYECKM N SKOHOMUYECKU 3HaYMMbIX MONMMOPGU3MOB B POCCUIACKIMX 1 3apybexxHbix nonynaumax KPC.

CneBa yKasaHbl reHbl, COAepxalive wuccnepyemble nonuMopdHble BapuaHTbl. bonee TeMHbI OTTEHOK COOTBETCTBYeT 6onee BbICOKOW 4acToTe pe-
depeHcHoro (3eneHblil) NGO anbTepHaTMBHOrO (KpacHbl) annena. CnpaBa ykasaH (EHOTUMN, acCOUMMPOBAHHBLIN C 3TUM annenem. HasBaHuA no-
NMOPOU3MOB 1 UNUCNIEHHbIE 3HAYEHUA WX 4acToT npuBefeHbl B [MpunoxeHwun 2. 3Be3goukamu 06GO3HAUeHbl JIOKYCbl, 3HAUMMO pasfuyarLvecs
0 YacToTaM MeXAy YKazaHHO nopofoii 1 rnobanbHon nonynaumen KPC: ¥**** q < 1,0E-25, **** q < 1.0E-10, *** q < 1.0E-5, ** q < 1.0E-3, * q < 0.05. Pamkoi1 no-
Ka3zaHbl JIOKYyCbl, OTnyatowmecs (p < 0.05) Mexay poCCUIACKON 1 3apy6eXHON NONYNALMAMUN OLHO 1 TOW e MOPOAbI: KPACHbIV LIBET — <BPEfHbI» annenb umeet
60s1bLUYI0 NPEeACTaBIEHHOCTb B OTEYECTBEHHON MONYNALMM, CUHWNIA — B 3apyOeXKHON, YEePHbIV — 3HaYeHne annena 1A CBONCTB NopoJ MACHOTO HanpasfieHna He
yCTaHOBJIEHO.
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Ta6nuua 2. Pa3nnmumna mexay oteyecTBEHHbIMY 1 3apyOeXKHbIMY NOMYNALUAMUN BHYTPY NOPOZbI

Jlokyc Annenb YacTtoTa annens,
accoLUMpoBaHHOro
¢ peHOTUMOM
pede- anbTepHa-  Poccuiickana 3apy6exHas
PEHCHBIN  TUBHbIN nonynAauMAa  nonynauus
rs43705173 G* A 0.853 0.971
rs43703015 T* C 0.304 0.157
rs43703016 C A* 0.696 0.833
rs43703017 A G* 0.283 0.113
rs110014544 G* A 0.304 0.159
rs41255587 G* 0.620 0.725
rs109221039 A* 0.793 0.894
rs208753173 G* 0.917 0.988
rs110942700 T c* 0.083 0.267
BTA26:34340886 T c* 0.065 0.024
rs17871051 G* A 0.722 0.894
rs17872050 c* T 0.500 0.799

* Annenb, acCOLMMPOBaHHbIN C yKa3aHHbIM GeHOTUMOM.

bl Tpu3HaKoB. Tak, cozieprkaHue B IOpoiax yIIOMSIHYTOTO pa-
Hee amens rs109688013-C rena MC1 R X0po11o COOTHOCUTCS
C TUIIMYHBIM OKPACOM HX IPEACTABUTEINCH. Y aHT'yCOB, HMEIO-
X YEPHYIO MaCTh, YaCTOTA JJAHHOTO aJuiessi OJIM3Ka K eANHHU-
1e. Y SpociIaBcKoro u xonmMoropcekoro ckora rs109688013-C
TOXE Mpeo0iIaaeT, Mo Beeil BUIMMOCTH, ONIPEACIISS YUepHYIO
U YCPHO-NMECTPYIO MaCTHU, B OCHOBHOM XapaKTCPHbIC IJIA
9THX JKMBOTHBIX. B TO e Bpems y repe)opoB, KOTOPEIM He
CBOMCTBEH YepHBIH OKpac, yactoTa ajmiesns C Onm3ka K HyJTro.
AHanorn4Ho HaOJIOIAeTCs COOTBETCTBHE MEXK/Yy OKPACOM U
gactoroi amutens C B mOMymAusax GUHCKAX mopoA. B mopo-
Jlax, IMEIOIINX MTPEUMYIIECTBEHHO MacTH CBETJIOTO OTTEHKA
(maneBasi, cBeTII0-Oypast U pbDXKasi, 4acTo OeJIble MOpAa, OPIOX0
u cruHa), oHa Hebompmras (0.053 B BocTOUHOW (PHHCKOI)
WM HyneBas (B 3amaJHON QHUHCKOMH). Y ceBepHOI (HHCKOI
MOPOJIbl C NPEUMYIIIECTBEHHO OEJIbIM OKpacoM (HEKOTOpbIE
ocobun gepHO-TIecTphIe) yactora 1s109688013-C pasna 0.258.
[Toponel, U KOTOPBIX THITMYHBI KpacHas (KaJIMBILIKas!) MITH
Oypasi (anraiickast, OypsTckast) MacTH, umerot rs109688013-C
B HI3KOI gactore (0.03—0.08). OqHaxo B MOMYNIALKAX Bario,
JUTISL KOTOPBIX, KaK NMPaBWJIO, XapaKTepeH YepHBIH OKpac,
4acTOTa JAHHOTO aJuIels JajieKa OT eMHUIIbI 1 UMEeT 3Ha-
uyerns 0.42 B poccuiickux u 0.67 B 3apyOeKHBIX, BEPOSITHO,
OTpaxasi TeHETUYECKUE 0COOCHHOCTH TYPAaHO-MOHTOJILCKUX
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Moka3zaTtenu ctatncTun-
YeCcKon 3HaYMMOoCT

Mopoga ®eHoTvN

p q
lepedopn lMoHmkeHHas BblkmBaemocTb  0.0086 0.1465
SM6proHOB
AHryc Bonee 6bicTpas Koarynauma 0.0011 0.0353
MOMOKa nop AeNCTBMNEM Cbl-
YYXKHOTO hepMeHTa, CHUKEH-
HaA KOHLEHTpaLuaA NakTo3bl
AHryc CHWKeHHas KOHUeHTpauus 0.0024 0.0563
Kanna-kaseunHa
AHryc YXyALWeHHble KoarynaunoHHole 4.88E-05  0.0057
CBOWCTBA U MOBbILEHHOCTb
XNPHOCTb MOJOKa
AHryc Bonee 6bicTpan Koarynauma 0.0012 0.0353
MOMOKa nop AeCTBMEM Cbl-
Yy»Horo depmeHTa
AHryc bonee HexHoe mACO 0.0385 0.3753
AHryc bonee HexHoe mAco 0.0088 0.1465
lepedopn CHMXKeHHas GepTUIbHOCTb 0.0298 0.349
lepedopn [MoHwkeHHas BbkMBaemocTb  0.0201 0.262
3M6proHOB
AHryc Oynnukaumn 0.037 0.3753
npwv passuTUn
lepedopn Bonee HexHoe MACO 0.0127 0.1854
lepedopn bBonee HexxHoe Msico 0.0003 0.0154

Opoj. TO HECOOTBETCTBHE HAONIONACTCS U Y SIKYTCKOTO
CKOTa, KOTOPOMY CBOMCTBEH YEpPHO-IIECTPBIA OKpac, HO MpHU
3ToM gactoTa rs109688013-C ucuesaronie Majia. Y4YUThIBas
TeHETHYECKYIO Y/IQJIEeHHOCTh TypaHO-MOHTOJIbCKUX OO
OT JIPyTUX TOPOJ, MOXKHO MPEANOIOXKHUTh, YTO B KOHTPOIIb
OKpacKH TeJa y HUX BOBJICYCHBI HHBIE JIOKYCBHI.

Taxoke BKJaJX B OKpac BHOCHT OJHOHYKJICOTHIHBIN MO-
mumopdmsm 15210634530 B rene MITF, annens T xoTopo-
TO accoIMUpoBaH c mpu3HakoM ‘white spotting” — Oemoit
MATHUCTOCTHIO (merocteio). Hambomnee BbIcokas dacToTa
1rs210634530-T nabmromaeTcs B HOMyIANUAX TepedopacKkoro
cKoTa ((MKCHpOBaH B poccHiickoii BeIOOpKe, 0.92 B MUPOBBIX),
JUIsl KOTOPOT'O XapaKTepHbI Oelible rojioBa U Oproxo. Kpome
TOTO, JAHHBIN a/IeNnb MpeodasaeT B MOMYISAHUAX XOJIMO-
TOPCKOM, SIPOCIABCKOM, aaTalCKOW M KaJIMBILKON MOPOJ,
MMEIOLIMX OCJyIO ISITHUCTOCTh B OKpAace, a TAKKe aHT'yCOB.
B ocranpHBIX MOMynAnusAx dacToTa ajiens T BapbUpyeT
OT HU3KOH (SKyTCKas mopoja) 10 ymepeHHol (Oypsrckas,
Barto). CBs3p ¢ npenctaBieHHOCTbIO 15210634530-T mpo-
ciexxuBaeTcst ¥ Ui GUHCKUX mopos. Kak roBopuiocs Baline,
MHOTHE 0coOu 3amagHoil PUHCKOH M BOCTOYHON (HUHCKOM
uMeroT Oelble Mopay, criuHy 1 Oproxo. CeBepHasi (pHHCKas
Ke uMmeeT oo Oerryro, 100 pexe YepHO-TIECTPYIO0 MaCTh.
Crenyer y4uThIBaTh, 4TO B KOHTPOJb (peHOTHMA ‘White spot-
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ting’ kpome SNP rs210634530, no-BuaMOMY, BOBIICUCHBI
JoTtoTHUTENbHEIE ToKychl (Fontanesi et al., 2012), B cBsi3u ¢
4yeM CBsI3b aiienbHOM 4acToThl 15210634530-T ¢ 101 MacThiO
HE CTOJIb BBIPAXKEHA.

HexoTopsle 13 reHeTHIeCKUX 0COOEHHOCTEH TTOPOJT HOCST
HE BIIOJIHE OYCBHIHBINA, HA MEpPBBIN B3I, Xapakrep. Ha-
[IpUMeEp, KaKk OTeUeCTBEHHBIC, TAK 1 3apyOe)KHBIE TTOMYJISILIAH
AHTYCOB M Barto UMeIT ¢ BICOKOH (0.89-0.95) wacToToit
amnenb rs43703011-G rena 6era-kazenna CSN2. Bapuanuu
reHa CSN2 1o paay HECUHOHUMHYHBIX TO3ULIUI ONPeeNoT
ero autenmn — Al, A2, A3, B, C u 1. 1. BemmeynomsHyThIi
nykseotus G SNP rs43703011 mpucyTCTBYET y HECKONBKHX
amneneit reHa CNS2, caMmblil pacipoCTpaHEHHBIH U3 KOTO-
peix — A2. Tak Ha3zpiBaeMoe A2-MOJIOKO CUHMTaeTcsi Ooiee
MIPEANIOYTUTEIBHBIM ISl YIIOTPEOJICHNUS B CBSI3H C JIyUIINM
YCBOGHHEM M MEHBIINMH HEXeJaTeJIbHbIMU d(PPeKTaMu co
CTOPOHBI MMUIIEBAPUTENLHON CHCTEMBI YenoBeka (Jiangin et
al.,2016). B mocneaame ros! CeNeKIIMOHHBIC TPOTPaMMEI BO
MHOTHX CTpaHax HalleJIeHbl Ha MOBBIIIEHHE YacTOThI aje-
151 A2 y MonouHoro ckota (Sebastiani et al., 2020). YunTsias,
YTO aHTyC M Barto — MsCHBIC TIOPOBI ¥ HE UCTIONB3YIOTCS ISt
MIPOU3BOJICTBA MOJIOKA, HAOJIIOaeMOe y HUX MpeolIiagaHue
Hykneotuaa G BpsJ IU MOXKET OBITh CBA3aHO C CENeKIMei
Ha yJIydIIeHHEe MOJIOYHBIX KadecTB. Hanbomnee npasonomo0-
HBIM OOBSICHCHHEM SIBJISICTCSI OTOOP Ha MOKa3aTe/id MSICHOU
npoayktuBHOCTH. Tak, cormacHo (Hohmann et al., 2020),
HOCHTEIBCTBO ajutelisi A2 MOBBIIIACT THEBHOW IIPUBEC U BEC
IIPU OThEME y HEMELKUX aHTyCOB U CHMMEHTAJIOB. Takum
o0pasom, moBsIIIeHne 9acToThl amutens rs43703011-G, a cie-
JoBareabHo, U ayiens A2 rena CSN2, MOKeT OBITh ITOJIE3HO
JUIsl YITYYIIEHUS HE TOJIBKO MOJIOYHBIX, HO M MSICHBIX MTOPO/I.

Hexoropsle n3 00Hapy>K€HHBIX BAPHAHTOB CHEIN(IIHBI
JUISL OJTHOM TTOPOJIBI U MPAKTHYECKH OTCYTCTBYIOT B IPYTHX.
HawuGouiee BbipaskeHHast TOPOAOCTICIM(DUIHOCTD XapaKTepHa
JUTS KIIMHWYECKH 3HAYUMBIX MOTMMOpP(HU3MOB B TeHax F/1,
IARS n NHLRC?2. Panee ynomsiHyTast UHCepLus B rene /1,
npuBozsias kK aedunury dakropa ceepreiBanus Kposu XI,
BCTPEYAETCS MOUTH NCKIIIOUMTENILHO B TTOIYIIALIAX 3apyOesk-
HBIX M pOCCHICKNX Barto. [Ipy 3TOM 1aHHast MyTalys BCTpe-
YaeTcs JIMIIb y JABYX XMBOTHBIX Cpelu Oojiee ueM S5 Thicsd
npencTaBiIeHHBIX B mpoekTe « 1000 renoMoB ObIKOBY. CBS3b
aktuBHocTH aktopa XI co BcraBkoit ATATGTGCAGAATAT
Obula BIiepBbIe MpojeMoHcTpupoBana s Barto (Kunieda
et al., 2005). ToMO3HUTOTHBII TE€HOTHII TT0 TaHHOH MyTaluu
COIIPSDKEH € YXY/IIICHHEM CBEPTHIBAEMOCTH KPOBH M YBe-
JIMYEHUEM JUIMTEIIbHOCTH KPOBOTEUEHUI. B oTeuecTBEeHHOM
MOMYINIAIANA Bario 4acToTa 3TOW BcTaBKH paBHa 0.25, 9TO
coryacyercst ¢ JaHHBIMH PaHHHUX MyOJIMKanuii 1o ee pac-
MPOCTPAHEHHOCTH Y SITTOHCKOM uepHo# nopop! (Watanabe et
al., 2006; Ohba et al., 2008). B To e Bpems y 3apyOeKHBIX
Bario, B HAIlleM HMCCJIC[IOBAHHUHN MPEACTABICHHBIX BHIOOPKOI
n3 ABCTpanuu, 3Ta BcTaBka umeet yactoTy 0.11.

Jpyrue npuMeps! TopoaocenpUIHbIX BAPUAHTOB — OTHO-
HyKJICOTHAHBIE 3aMeHbl B reHax JARS (BTAS8:83909754C > G)
u NHLRC2 (BTA26:34340886T > C). Myrtanus
BTAS8:83909754C > G B rene /ARS B TOMO3UTOTE IPUBOAUT
K BPOXKACHHOI TUIOTPOGUH y TEJISAT U MMOBBIMICHUIO TIPEHA-
tangbHO# cMeptHOocTH (Hirano et al., 2013, 2016). anHbrii
BapUaHT CIEU(UIEH IJIs Barko ¥, KpOME Hee, IIPUCYTCTBYET
JIMIIB y OJJHOTO YKHBOTHOTO M3 BEIOOpKH npoekTa « 1000 reno-
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MOB OBIKOBY. B poccuiickoit 1 aBcTpainiicKoii BEIOOpKax 3Toi
mopoas! ero yactota paBHa 0.075 u 0.056 cooTBETCTBEHHO.
Myranus BTA26:34340886T > C B rene NHLRC?2, npu-
BOJSIIIAs B TOMO3HMIOTE K HOTOMEJWH, Mopojochennpuita
JUIsl aHTYCOB ¥ OblJIa BIIEpBbIC OOHApYyKeHa NMEHHO y 3TOH
nopozns! (Beever et al., 2014). B Beidopke «1000 renomoB
OBIKOBY, IOMHMO aHI'yCOB, MyTaHTHbIH aJUIeIb HalIeH TOJIBKO
Yy OIHOTO >KMBOTHOTO HEW3BeCTHOU (crossbreed) mopomHoi
MPUHA/ICKHOCTH. B poccuiickolt 1 3apy0eHON MOIyIISIIHsX
JTaHHOII moposs! OH mpezacTasieH B yactore 0.065 u 0.024
COOTBETCTBEHHO.

Pasnuuna mexgy oteyecTBeHHON 1 3apy6exKHON
nonynAunAMN OAHON nopopabl

Hannuue B HameM ananmse 3apyOeHbIX aHT'YCOB, repedop-
JIOB M Barro MOXKET IPOJINTh CBET HA 0COOCHHOCTH CEJIEKIINU
W aJanTalnny OTeUeCTBEHHbIX MO/ ISIIUI JaHHBIX TTopos. B
IIEJIOM pOCCHICKHE U 3apyOexHbIe BHIOOPKH OTHOM U TOH ke
MOPO/IbI JIEMOHCTPHUPYIOT CXOAHBIE IPOQHIN YACTOT aJlIesIeH,
UMesl CTaTUCTHYECKH MOATBEPKIacMble pa3Ivdus JINIIb
0 HEeOONBIIOMY YHCIY JIOKYCOB. BBISBICHHBIC pa3imuyus
MOTYT OBITH O0YCIIOBJIIEHBI MHOTHMH (DaKTOpaMHu WIIM HUX
coueranneM. Hampumep, moutn TpexkpaTHOE MPEBLIIICHUE
COZICP)KAHUSI Y OTEUECTBEHHBIX aHTYCOB IO CPABHEHUIO C
3apyoexubivMu ajutesst BTA26:34340886-C (3aech u jpasee
CM. Ta0J1. 2), MPUBOAAIIETO K IOSIBICHUIO JTOTOTHUTEIBHBIX
KOHEYHOCTEH, MOXKET OBITh cIeACTBHEM (P (PEeKTa OCHOBATEIS
Wi Jpeiida reHoB B IEJIOM, a TaK)Ke MEHee MHTEHCHBHBIX
YCWIMH 10 3JMMHUHALMK JaHHOTO BapuaHTa B POCCUHCKOM
cTaje.

MeXIomyIsIIMOHHBIE Pa3INyMs 110 JIOKYCaM, CBSI3aHHBIM
C PEnpoAyKIHUeH, MOTYT OBITh PE3YJIbTATOM aAANTAIMU K
YCIIOBUSIM cpenibl. B oTeuecTBeHHON OMy sy repeopaoB
aJJIeNN psa NoJIMMOP(U3MOB, HEraTUBHO BIHSIONINE HA BbI-
xuBaeMocTh SMOpHoHOB (1543705173-G nrs110942700-C) n
¢eprunbHOCTE (15208753173-G), IMEIOT MEHBIIYIO YaCTOTY
B CPaBHEHUH C 3apy0eKHOU BBIOOPKOIL 3TOI 1oposibl. MOXKHO
TIPEATIONIOKHTE, 9TO pOCCHiicKas BEIOOpKa repedopaoB, B Ha-
cTosie paboTe npe/cTaBIeHHas MOMYJISILHEH, Pa3BOIMMOH B
3anaanoit Cubupu ¢ 1960-x rr. (Beskux, Kypunckuit, 1976),
MoziBeprajach JeHCTBUIO 0TOOPA Ha YITydIICHHE PENpOAyK-
TUBHBIX NIOKa3aTesiel. B o3y 3Toro npearonoxeHus cBuse-
TeNbCTBYIOT faHHble A.M. AdanackeBoii ¢ koiuteramu (2015),
COITIACHO KOTOPBIM B YCIOBHSIX ANTaNHCKOTO Kpast TTOITYJISIIUS
repedopaoB CHONPCKOI CENEKIINH AEMOHCTPUPYET 3aMETHO
MEHBIIYIO 4acTOTy MepTBopokaeHuii (1.4 %) B cpaBHEHUU
C KUBOTHBIMH (HUHCKOH cenekimn (6.6 %), 3aBe3eHHBIMHU B
2011 r. I3BeCTHO, YTO HU3KHE TEMIIEPATypbl OTPHLATENLHO
BJIMSIFOT Ha BOCIIPOM3BOJICTBO KPYITHOTO POTaTroro CKOTa,
cHMXas (PePTUIBHOCTD M MOBBIIIAs IEPUHATAIBHYIO CMEpT-
HocTh (Gwazdauskas, 1985; Mee, 2020). [ToaToMy mormysisiiu-
OHHBIE OTJMYHS 10 YIIOMSHYTBIM JIOKyCaM MOTYT OTPa)aTh
IIpoLIECC TEHETUYECKOM afanTalny, HalpaBJIeHHOW Ha KOM-
MICHCAIMIO BBI3BAHHOTO XOJIOJIOM YXY/ILICHUS PEIPOLYKTHB-
HBIX (QYHKIIHH.

OTnenbHBIM MHTEPEC MPEACTABISIIOT OJHOHYKICOTH]I-
HBIC TTOIMMOP(U3MBI, CBSI3aHHBIC C MSACHBIMH MPU3HAKAMHU
U pa3nyarliuecs B BrIOOpKax aHrycoB (rs41255587 u
rs109221039 B rene CAST) u repedopmaos (rs17871051 u
rs17872050 B rene CAPNI). Ilo Bcem yetsipem SNP mupo-
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BbI€ MOMYJISLUH YKa3aHHBIX MOPOJ] UMEIOT 00Jiee BBICOKYIO
MPE/ICTaBIEHHOCTD aJUIENIEH, TTOBBIIAIONINX HEXKHOCTh MsICa.
JlaHHBIN MPU3HAK SBJISETCS BaXKHOW raCTPOHOMUYECKON Xa-
PaAKTEPUCTUKOM, U €r0 YIyUIlIeHHe BKIIOYEHO B IIPOTPaMMBbI
TI0 COBEPIIICHCTBOBAHMIO 3apy0eKHBIX MACHBIX opox (Tatum
2006). B To e Bpemst HaM HEN3BECTHO O BEJICHUH IIMPOKOH
CeJIeKLIMOHHO-TIIIEMEHHO paboThI Takoro pona B Poccu, uro,
BEPOSITHO, N 00YCIOBINBACT HAOIIONAEMBIE PA3THIHS MEKITY
BbIOOpKamu. TakuM 00pa3om, poccuiicKne MOMyJIISIINH aHTy-
COB 1 repedop/10B MMEIOT MOTEHLINA IS yITyYIIEHHS] MSCHBIX
KauecTB IMyTeM ceneknnu 1o jokycam CAST u CAPNI.

W3 nccnenoBaHHBIX JIOKYCOB, PAa3JIMYAIOIIAXC MEXIY
HOIYJISIMSIMU OJHOM M TOW K€ IOPOABI, CTOUT TAKXKE OT-
MeTuThb 9eTeipe SNP (rs43703015, rs43703016, rs43703017
n 1s110014544), xoTopble OnpenenstoT ajuiesy TeHa Kara-
kazenHa CSN3 U 4acTOThI KOTOPBIX Pa3IMYHbI B POCCUICKON
1 3apyOexHOil BEIOOpKax aHTYyCOB. JlaHHbBIE TOMUMOP(PU3IMBI
ACCOLMUPOBAHBI C MOJIOYHBIMH MPU3HAKAMH, B YACTHOCTH C
KOHIIEHTpAIMe! Kalna-Ka3erMHa B MOJIOKE M KOaryisilHOH-
HBIMH CBOMCTBAMH MOJIOKA, YTO BaXKHO TSI chipoaenus. [1pu
9TOM BiusiHue ajutened CSN3 Ha NpORyKTHBHOCTb MSICHOTO
ckota MasionsyuenHo. Mccnenoanus Tambasco ¢ kojuteramu
(Tambasco et al., 2003) u Curi ¢ coaBropamu (Curi et al., 2005)
HE BBISBIJIN KaKOH-THOO CBsi3u Mexnay amtermsimu CSN3 u
MSICHBIMH TIpU3HaKaMu. Takum 00pa3om, HaOIIOIACMbIC Pa3-
JIYUS MOTYT OBITH MPHYPOYEHBI K 3P PEKTy OCHOBATEIS THO0
K 0TOOpY Ha XO3SIIICTBCHHO BaXKHBIC NMPHU3HAKU, NMEIOIINE
TI0Ka e1lIe He BBISIBIICHHYIO aCCOIMAIIMIO C TIOIUMOP(PU3MaMU
B rere CSN3.

KnnHunuyeckn 3Haunmble nonumopdmsmsl,
nNpUcyTCTBYIOLME B POCCUICKNX MOpoAax

B poccniickux mopojax mpejacTaBieH psiji MOTMMOP(HBIX
BapUaHTOB, B TOMO3HUIOTE BBI3bIBAIOLIMX HACJIEICTBEHHbBIE
3a0omneBaHus ckoTa. HekoTopsie U3 KOTOPHIX (MyTalny B Te-
Hax F'11,IARS u NHLRC?2) yxe 00CyXJallich BbIIIE B CBSI3H
C ¥X TIOPOJOCHEHU(PUIHOCTBIO. J[OMOTHUTENBHO YIOMSIHEM
BapuaHThl B TeHaX ROR2 u LRP4, CBsI3aHHBIE C TTPOSIBICHIEM
MEXXIMaIBIEBON THIEPIUIa3un (pa3pacTaHue TKAaHH MEXy
KOTIBITLIAMH) U CHHJAKTHINH (CpallleHHe ManbleB, TaK Ha-
3BIBAEMOE MYJbE KOMBITO). B oTmmame ot reroB F11, IARS
n NHLRC?2, «penuble amnenn» B ROR2 (1s377953295-A) n
LRP4 (rs453049317-T) ne noponocnennpuIHbI ¥ JOCTATOUHO
pacnpoCTpaHEeHbI KaK B POCCHHCKHX IOPO/ax, TaK U B OCTAIb-
Ho# muposoi nomynsuuu KPC. 3 poccuiickux momymasiiuii
HAMOOJIBIIYIO MPEICTABICHHOCTh ayutesst 1s377953295-A B
reHe ROR2 nmetotr kanmbinkas (0.192) n anraiickas (0.15)
nopossl. B MupoBoii BeIOopke ero gacrora jocruraer 0.13.
Bapuant 1s453049317-T B rene LRP4 uMeeT HauBBICIIYIO
4acToTy B anraiickoif mopoxe (0.2) n oTedecTBEHHOH MOITy-
nsiin aerycoB (0.12), Torma Kak B 0CTambHON COBOKYITHOU
MupoBoH nomynAnuu oHa pasHa 0.076.

B HacrosIee BpeMsi TECTHPOBAaHNE Ha TCHETHUYECKHE JIe-
(heKTHI IUPOKO MPUMEHSIETCS B MIPAKTHKE XKMBOTHOBOJCTBA
MHorux crpad (Tepnerkuii u np., 2016). Tak, TectupoBanue
Ha MyTanuu B reHax F// m IARS BXOOUT B MPOTPaMMBI
TeHETHYECKOT0 CKPUHUHTA, PEeKOMEH0BaHHbIE ABCTpa-
nuiickoit acconmanueit Barwo (https://www.wagyu.org.au/
content/uploads/2020/08/Genetic-Conditions-in-Wagyu-
FactSheet-2020.pdf). Onnako K ycTpaHESHHIO HEXKENIaTeIbHBIX
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CpaBHuTenbHbIN aHanu3 [HK-nonumopdrsmos
B reHOMaX POCCUINCKNX MOPOJ CKOTa

BapHAHTOB CJIE/LyeT IOJXOANUTh C 0CTOPOXKHOCTHI0. Hanprmep,
CYILECTBYET MPEIIIOJIOKEHIE, YTO HOCUTEIBCTBO MyTalHii,
ACCONMUPOBAHHBIX C CHHJIAKTWINCH, YITydIIaeT MOJIOYHYIO
MPOJAYKTHBHOCTh KOPOB, YeM MO)KHO YaCTHYHO OOBSICHUTD
pacmpocTpaHeHUe JaHHOU IaTOJIOTHH Y KPYITHOTO POraToro
ckota (Johnson et al., 20006).

3aknioyeHune

[IpoBeneHHbIi aHaIN3 MOKa3al paclpeeNieHne aIeIbHbIX
YacToT JyIsl HanboJiee BaKHBIX C TOYKH 3PEHMUS KITMHUYECKOH
3HAYMMOCTH U XO3SHCTBEHHOW HEHHOCTH ITOJMMOP(HHU3MOB
JHK, mpucyTCTBYIOIIHMX B POCCHICKHUX MOPOAAX KPYMHOIO
poraroro ckora. Hekoropble BapraHTbI, NPUBOISIINE K pac-
MIPOCTPAHEHHBIM HacleICTBEHHBIM 3aboneBanusm y KPC,
MMEIOT CYIIECTBEHHYIO PE/ICTaBICHHOCTD B OTCUECTBEHHBIX
MOMYJISILIMSIX U, BEPOSITHO, OJDKHBI OBITH YCTpaHeHbl. B To ke
BpEMSI OTIIMUHSI POCCUIICKOTO CKOTa OT 3apyOeKHbIX MOIyIIsi-
LU 110 PSATY JIOKYCOB PEITOIOKNATENEHO NMEIOT a/IalITHBHOE
3HaueHue. JlaHHbIE HACTOSILErO UCCIIEJOBAaHNSI MOTYT OBbITh
BOCTPEOOBaHbI MPU MPOBEAECHUH CENIEKIIMOHHO-TNIEMEHHOM
PabOTHI IO YITyUIICHHIO CYIIECTBYOIIUX M CO3/IaHNIO HOBBIX
OTCYCCTBCHHLIX IIOPO/J CKOTA.
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AHHoTayua. ignonatnyeckunii nerouHbin Gubpos — Taxkenaa nporpeccupyoas MHTepcTuLmanbHaa 6onesHb ner-
KNX C pacnpoCTpaHeHHOCTbo 2-29 criyyaes Ha 100 000 yenoBek HaceneHUs B Mmpe. 3HaunmMbiM GakTOPOM prCKa
3aboneBaHuA ABNAETCA CTapeHne, MexaHV3Mbl Pa3BUTHA KOTOPOro 3afieCTBOBaHbI B MaToreHese nanonaTnyecko-
ro neroyHoro ¢mbposa. K HUM OTHOCATCA UCTOLLEHNE TENOMEP, TEHOMHAA HeCTabuNIbHOCTb, AUCHYHKLUA MUTO-
XOHAPUIA 1 NOTepA NpoTeocTasa. BaxHyo ponb B pa3BuTM NMANONATUYECKOTO SleroyHoro Grubposa nUrpatoT TakKe
annTeNManbHO-Me3eHXMManbHbIN nepexof, aktneaumna TGF-B 1 cHuKeHne aKkcnpeccun cnpTymHa SIRT7. Moneky-
NAPHO-TreHeTNYeCKMe NCCNeoBaHNA NMOKas3anu, YTo B naToreHese MAMOMNATUYECKOro fleroyHoro prbposa umerot
3HayeHve myTaummn n nonnmopdusmbl B reHax myumHa (MUC5B), B reHax, OTBETCTBEHHbIX 3@ LIeNOCTHOCTb Teno-
mep (TERC, TERT, TINF2, DKC1, RTEL1, PARN), reHoB cypdakTtaHTa (SFTPC, SFTPCA, SFTPA2, ABCA3, SP-A2) n ummyH-
How cuctembl (ILTRN, TOLLIP), a Takxe rannotunbl reHoB HLA (DRB1*15:01, DQB1%*06:02). MepcneKkTMBHO n13yyeHune
BAVAHMA Ha pa3BuTVe 6one3HN 06paTNMbIX SNUreHeTUYecKnx GakTopoB, KOTopble MOryT GblTb CKOPPEKTUPOBA-
Hbl TapreTHol Tepanuein. Cpean HUX C UGMOMATUYECKUM NeroyHbiM GrOPO30M accoummpoBaHbl creurduleckme
MUKPOPHK 1 anuHHble Hekogupytowwme PHK. CaenaHo npeanonoxeHue, YTo ApaiBepHbIM COObITUEM ANA NANo-
naTn4yeckoro neroyHoro Grubposa CNyxuT JUCPErynaLnaA TPAHCNO30HOB, KOTOPble ABMSIOTCA KOUEBbIMU UCTOY-
HMKaMmn Hekoaupytowx PHK 1 BAKAIOT Ha MexaHU3Mbl CTapeHrA. To 06yClIOBNEHO TeM, UTO NP NATONOrMYECKon
AKTMBALMMN TPAHCMO30HOB MPOUCXOANT HapyLLUEHWE PErynALnm reHOB, B SNMUIreHeTUYEeCKOM YNpPaBfieH KOTOPbIX
YYacTBYIOT MPOUCXOAALLME OT STUX TPaHCNO30HOB MUKPOPHK (B CBA3M C KOMNIEMEHTAPHOCTbIO HYKNEOTULHbIX
nocnegosatenbHocTen). AHanms 6a3bl gaHHbIx MDTE (miRNAs derived from Transposable Elements) nossonun
BbIABUTb 12 pa3nuyHbix MUKPOPHK, reHbl KOTOPbIX B 3BOMIIOLMN BO3HUKIN OT TPAHCMO30HOB 1 acCOLMMPOBaHbI
C anonaTUYeCcKnm nerodHbiM pri6posom (mikR-31, miR-302, miR-326, miR-335, miR-340, miR-374, miR-487, miR-493,
miR-495, miR-630, miR-708, miR-1343). OnucaHbl B3auMOoCBA3Y MOOUbHbIX 3nemMeHToB ¢ TGF-B, cupTynHamu n Te-
nomepamu, ANCPYHKLMA KOTOPbIX BOBJIEYEHA B NAaTOreHE3 MAMONATNYECKOrO NeroyHoro Gprbposa. Hosble gaHHble
06 3nureHeTNYECKMX MeXaHM3MaXx Pa3BUTUA NATONOrMN MOTYT CTaTb OCHOBOW ANA YNyYlleHNsa pe3ynbTaToB TapreT-
HOW Tepanuu 60/1e3HM C UCMONb30BAHNEM B KauecTBe MuLLEeHN Hekoampyowwmnx PHK.

KnioueBble cnioBa: MAMoNaTUYeCcKnii neroyHbin Gnbpos; MUMMyHHasa crcteMa; MUKPOPHK; Teniomepbl; TpaHCMO30HbI;
anureHeTnyeckne GakTopbl.
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Abstract. Idiopathic pulmonary fibrosis (IPF) is a severe progressive interstitial lung disease with a prevalence of
2 to 29 per 100,000 of the world’s population. Aging is a significant risk factor for IPF, and the mechanisms of
aging (telomere depletion, genomic instability, mitochondrial dysfunction, loss of proteostasis) are involved in the
pathogenesis of IPF. The pathogenesis of IPF consists of TGF- activation, epithelial-mesenchymal transition, and
SIRT7 expression decrease. Genetic studies have shown a role of mutations and polymorphisms in mucin genes
(MUC5B), in the genes responsible for the integrity of telomeres (TERC, TERC, TINF2, DKC1, RTEL1, PARN), in surfactant-
related genes (SFTPC, SFTPCA, SFTPA2, ABCA3, SP-A2), immune system genes (ILTRN, TOLLIP), and haplotypes of HLA
genes (DRB1*15:01, DQB1*06:02) in IPF pathogenesis. The investigation of the influence of reversible epigenetic
factors on the development of the disease, which can be corrected by targeted therapy, shows promise. Among
them, an association of a number of specific microRNAs and long noncoding RNAs was revealed with IPF. Therefore,
dysregulation of transposons, which serve as key sources of noncoding RNA and affect mechanisms of aging,
may serve as a driver for IPF development. This is due to the fact that pathological activation of transposons
leads to violation of the regulation of genes, in the epigenetic control of which microRNA originating from these
transposons are involved (due to the complementarity of nucleotide sequences). Analysis of the MDTE database
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(miRNAs derived from Transposable Elements) allowed the detection of 12 different miRNAs derived in evolution
from transposons and associated with IPF (miR-31, miR-302, miR-326, miR-335, miR-340, miR-374, miR-487, miR-493,
miR-495, miR-630, miR-708, miR-1343). We described the relationship of transposons with TGF-B, sirtuins and
telomeres, dysfunction of which is involved in the pathogenesis of IPF. New data on IPF epigenetic mechanisms can
become the basis for improving results of targeted therapy of the disease using noncoding RNAs.

Key words: idiopathic pulmonary fibrosis; immune system; microRNA; telomeres; transposons; epigenetic factors.
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BBepeHune

Wauonarudeckuii nerounsiii pudpos (MJID) —sto mporpec-
CHpYIOIIas TsDKENas MHTEPCTUIMAIbHAS OO0JIE3Hb JETKHX C
©)XKEeroIHOW 3a00JIeBaeéMOCThIO B MUpe 10 17.4 denoBeka Ha
100 000 nacenenus (Chioma, Drake, 2017). Pacmpocrpa-
HeHHOCTb MJI® B pa3HbIX cTpaHax BapbUpyeT OT 2 10 29 Ha
100 000 uenosek (Zhao et al., 2017): B Ounnsaaann — 16—18
(Hodgson et al., 2002), B CIHA — 14-42.7. Crapenue no-
BbIIIAET pUcK pa3Butus MJI®, mocKonbKy I ML CTaplue
75 ner pacnpoCTpaHCHHOCTh 0o0Je3HH nocturaet 227.2 Ha
100 000, Torma kak Juis Jirofeit B Bo3pacte oT 18 mo 34 mer
NJI® BcTpevaercs ¢ yactotoit 4 Ha 100 000. CpenHuit Bo3-
pact 60mbHBIX — 66 5T (Raghu et al., 2006). BepkuBaemocTtsb
npu MJID cocraBnsieT okoio 3 JeT, a JOCTyIHbIE JIeKapCTBa
JIMIIb 3aMEJUIAIOT CHIDKCHNE (DYHKINH JIETKUX, TIPAKTHIECKU
He BiMsis Ha cMepTHOCTH (Wyman et al., 2017).

B narorenese MJI® yyacTBYIOT Cpe/loBble BO3ACHCTBUS 1
MuKpoopranu3mel (Sgalla et al., 2018). [ToTeHaTbHYO POITH
urparor BupycHele (Onmreiina—bappa, nuTomeranoBupyc,
reprieceupyc-1,-7,-8 (Sheng et al., 2020), capkombl Kariorm u
reratuta C), bakTepuansHble i rpuOKoBbIe nHpeKmu. [Toka-
3aHa acCOLMALs KyPEHHS U BIBIXaHUS MCTATIMYECKOH ITBLTN
¢ puckom passutust 1JI® (Chioma, Drake, 2017; Sgalla et al.,
2018). 13 cpenoBeIx (hakTOPOB BBIACIIAIOT TAKOKe PO ECCH-
OHAJIbHBIC BPEHOCTH, TAKME KaK KOHTAKTHI C KpEMHHUEM, Oe-
pWILIHEM, YTOIBHOM MBLIBIO, acOecToM, paauanyeil. Pazsutue
MNJI® MoryT BbI3BATH HEKOTOPbIE MPOTUBOBOCHAIUTEIbHBIE
(cynbdacanasun, puTyKcuMad), XUMHOTEPAIIEBTHYECKHC
(61eomMMLIH, METOTPEKCAT), CepedHble (aMHOAAPOH, PO-
MIPAHOJION) IMPeTaparsl U aHTHONOTUKU (HUTPO(ypaHTOUH,
stamOyToin) (Chioma, Drake, 2017). [IpoBenennstii B 2019 1.
MeTaaHaJIu3 HUCClIeNoBaHui, BKItodaBiuid 3206 mamueHToB
1 9368 310pOBBIX MHAWBUAOB, ITOKA3aJl POIb racTpol3oda-
reaJbHON pedurrokcHOl Oone3nn B pazsutuu UJID (Methot
etal., 2019).

CornacHo obmenpuHsTO# rumotese, NJI® pa3suBaercs B
pe3yabrare MOBTOPSIOMINXCS TTOBPEXKICHNI aJIbBEOJIIPHOTO
SIMUTEINA WU SHAOTCIINA C MPOBOUUPOBAHUEM UMMYHHBIX
peaknuii U1t BOCCTaHOBJICHHS CTPYKTYpbI TKaHu. [Ipn aTom
MEIMaTOPBl BOCHAICHHS, TaKhe Kak NpoduOpoTHIECKHH
LUTOKHUH — TpaHchopmupytommuii paxrop pocra B (TGF-p),
AKTHBUPYIOT aHTHOTEHE3 M MPOAYKIHIO KOMIIOHEHTOB BHE-
KJIETOYHOT0 Marpukca (koyutarena u ¢pudponekruna). Hecro-
COOHOCTh MHAKTHBUPOBATH (PUOPO3HBIN TPUTTEP MPUBOAUT
K 000CTPEHHIO BOCTIAIUTENBLHOTO OTBETa C M30BITOYHBIM
OTJIO)KEHHEM KOMIIOHEHTOB MaTpuKca u obpa3oBaHneM pyo-
1108 B jierkux (Chioma, Drake, 2017). BoisiBiieHO MHOXXECTBO
MOJICKYJSIPHEIX MeauaTopoB MJID: Oenku moBepxXHOCTH
KJIETOK, BHYTPHKJICTOUHBIC OCIIKM 1 pACTBOPUMBIEC MOJIEKYIIBI
(tmroxunsl). ITokazana B3anmocssss MJID ¢ cuprynHamu,

CEMEeHCTBOM I'MCTOHOBBIX JIealleTHIa3, KOTOPhIE HYXK/IAl0TCS B
NAD-+ a11s1 cBoel KaTaluTHUECKOM aKTUBHOCTH. DKCITPECCHSI
cUpTyrHOB B (udpodiacrax OonbHbix MJID 3HauMTENBHO
cHKaeTcs. CXOOHBIM 00pa3oM OOHapY)KEHO YMEHBIICHHE
koHueHTpauu SIRT7 B TKaHSX JErKUX Ha 9KCIIEPUMEHTAIb-
HBIX MOJIeJIsIX MbIiel ¢ MJID, uHayupoBaHHBIX OJICOMUITH-
HoM. MarnbupoBanne SIRT7 B kynmbsTypax pubpoOmacToB mpu
nomory siPHK BeI3bIBaIIO ycriieHue CHHTE3a KoJuiareHa. B To
e Bpemst cBepxakcipeccus SIRT7 B pubpodiactax merkux
npuBoanT K Oosee Hu3kuM ypoBHAM COL1A1, COL1A2,
COL3A1, okassiBast anTuduOporryeckuit addexr (Wyman
etal., 2017).

Baxnoe 3nHaueHue B naroreHeze MJID nmeer snurenu-
aJTBHO-ME3CHXHMAJBHBIA MTEePEeX0/l, BO BPEMsI KOTOPOTO II0-
JaBlsieTcsl dKcnpeccust Mosekyn aare3uu (E-kaarepuna),
a IMUTOKEPATHHOBBIA ITUTOCKENET TpaHCHOpPMUPYETCS B
BUMCHTHHOBBIA. COOTBETCTBEHHO SMHUTEIHAIBHBIC KIICTKA
npuoOperarT Me3eHxuMaibHyo Mopdomoruto (Li J. et al.,
2021). OmgHako 10 CHX MOp HEeT 3aKOHYEHHOH TeOpHH, KOTO-
past OBbI MOTHOCTEI0 O0BSICHsTIA MeXaHu3M paszputus NJIO.
HaunbGosiee 00beKTUBHBIC TaHHBIC O MATOTCHE3¢ OOJIC3HU
MOYXHO TOTYYHTH C MIOMOIIBIO0 MOJIEKYTIPHO-TEHETHIECKIX
UCCIICIOBAHHM, KOTOPHIC MEPCIECKTHBHBI IS BBISIBICHUS
uHIMBHyasbHOro pucka MJID n pazpadborku s3¢phekTuBHOIM
TapreTHOH Tepanmu (Spagnolo, Cottin, 2017).

leHeTnYeckne ¢pakTopbl

namnonaTnyecKkoro sero4yHoro ¢v|6po3a

Cewmeitnblie ciyuan MJI® c mopakeHuneMm aAByx u Ooisee
YJICHOB CEMBH COCTaBISIIOT B cpeaHeM 10—15 % Bcex dopm
6ome3nn (Chioma, Drake, 2017). PasnugatoT ciopaandeckne
u cemeiiapie cryyan UJI® (Lawson et al., 2004), a Taxke
aACCONMMPOBAHHLBIC CO CHe]_Il/I(bI/l‘leCKI/IMI/I HaCJICACTBCHHbBIMU
cuanpomamu (cuHapoMainbHbie) hopmsr MIID (Gochuico et
al., 2012). Criopaauueckue cirydan OTHOCSITCS K MHOTO(aK-
TOPHBIM OOJIE3HSIM, T. €. aCCOLIMUPOBAHBI C MOIUMOPPHBIMU
BapHaHTaMHM Pa3IMYHBIX TeHOB (Ta0i. 1), HO Ha UX pa3BUTHE
OKa3bIBAIOT BIMSHKE (DAKTOPBI BHEMIHEH cpe/ibl. DakTopamu
pucka cnopaauueckoro MJID saBiasoTcs My>KCKOU IO, Ky-
peHue, BIBIXaHHE METAUTMUECKOW U JIPEBECHOM MBUIN WU
HCIIONIb30BaHNE OTIPEETICHHBIX JICKAPCTB, TAKMX KaK METO-
tpekcar u oneomuiiud (Fernandez et al., 2012). Cemelinbie
NJI® (CNJID) cXoqHBI CO CIOPATNIECKIMHU, HO XapaKTePH-
3yrorcst 6onee panHeil manudecranneii. OHM 00yCIOBICHBI
MYTaIUsIMK OIPECICHHBIX TeHOB (cM. Tabi. 1) (Lawson et
al., 2004).

Briepseie CUJI® 6bumn onncansr eme B 1958 1. kak ayTo-
COMHO-JIOMUHAHTHOE 3a00JIeBaHUE C BapbHUPYIOLIEH TeHe-
tpanTHOCTRIO (McKusick, Fisher, 1958). /1o 18 % Bcex CUJID
00yCITOBJIEHBI MyTallsIMH B TeHAaX KOMIIOHEHTOB TEJIIOMEPA3bl:
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Ta6nuua 1. leHeTUKa pasnnyHbix GOpM NANONATUYECKOTO NeroyHoro ¢préposa

leH/myTaums (nonumopdusm) Bbenkosbin (PHK) npoaykT JlntepatypHbin
NCTOYHMK

RTEL1/ lenvkasa, perynupyoLlas yaiMHeHne Stuartetal., 2015
€.602delG, c.1451C>T, c.1940C > T, c.2005C > T, c.3371A > C Tenomep

PARN / Hykneasa

IVS4-2a > g, c.529C > T, c.563_564insT, c.751delA, IVS16+1g >a, peafeHUnMpoBaHus

Cc1262A> G

MUC5B/(rs35705950) MyuwnH 5B Seibold et al., 2011
TERT/ O6paTHan TpaHCcKpunTasa Tsakiri et al.,, 2007
c.97C>T, 430G > A, c.1456C > T, ¢.2240delT, c. 2593C > T, Tenomep

€.2594G > A, c.3346_3522del

TERC/ PHK-komnoHeHT Tenomep

r37a>g

TERT/ O6paTHan TpaHCcKpurnTasa Fernandez et al., 2012
c.1892G > A, c.2594G > A, c.2648T > G Tenomep

SFTPC/ Bbenok cypdaktaHTa C Thomas et al., 2002

3K30H 5 (+128T > A)

AP3B1/ benok BHyTpukneToyHoro Gochuico et al., 2012
¢.1525C > T (p.R509X), c.1739T > G (p.L580R), Tpaduka
IVS10+5G > A, IVS11-1G > C

AKAP13/(rs62023891) JIumdpo6nacTHbIN OHKOreH Allen et al., 2020
ATP11A/(rs9577395) Memb6paHHas ATOa3a, pery-
npytoLasn TPaHCMoPT MOHOB
Kanbuus
DPP9/(rs12610495) CepuriHOBas nNpoTeasa
DSP/(rs2076295) [ecmonnakuH onsa MeXKNeToUHbIX
KOHTAKTOB
IVD / (rs59424629) M3oBanepun-KoA germpgporeHasa
ILTRN / (VNTR*2) NHTepnenknH Korthagen et al., 2012
FAM13A/(rs2013701) benok, yuactsyowun Allen et al., 2020
B pPeLenTOPHOM CUrHaNINHIe
MUC5B/ (rs35705950) MyuuH 5B Seibold et al., 2011; Noth et al.,
2013; Lee M.G., Lee Y.H., 2015;
Allen et al.,, 2020
SFTPC/(G4702C, C4859G, G4877A, G5089A, C5210A, Benok cypdakraHTa C Lawson et al., 2004
G5236A, G5574A, A5786C, T6108C, C6699T)
SPPL2C/(rs17690703) JInzocomanbHbIi MEMOPAHHbIN Noth et al., 2013
6enok
TERC/ (rs12696304) PHK-komnoHeHT Allen et al., 2020
Tenomep
TERT/(rs7725218) O6paTHan TpaHCKpunTasa Teflomep
TOLLIP/(rs111521887, rs5743894, rs5743890) Toll-B3anmopeiicTBytoWMI 6enoK Noth et al,, 2013

BPOX[EHHON UMMYHHOWN CUCTEMDbI
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TERT (c.97C > T, c.430G > A, c.1456C > T, c.2240delT,
€.2593C > T, ¢.2594G > A, ¢.3346_3522del) u TERC
(r.37a> g) (Tsakiri et al., 2007). DK30MHOE CEKBECHUPOBAHHE
TMIO3BOJIMJIO OTIPE/ICNIUTh TaKoke Oosee penkue popmblr CUIID,
BBI3BAHHBIC MYTALMSIMH B T'€HE T€JINKa3bl, PEryaupyromeit
anonranuio tenomep (RTELI: c.602delG, c.1451C>T,
c.1940C>T, ¢.2005C>T, ¢.3371A>C) u B rene HykJjea-
36l geageHwInpoBanus (PARN: IVS4-2a>g, ¢.529C>T,
c.563 564insT, c.751delA, IVS16+1g>a,c.1262A> G) (Stu-
art et al., 2015). Bessiens cinyuan CUJID, oOyciiosieHHbIe
MyTaImei B 9k30He 5 (+128T > A) B rene 6enka cypdaxranrta
SFTPC (Thomas et al., 2002).

Cunnpomansusiii NJID pa3BuBaeTcs mpu ayToCOMHO-
peueccuBHOM cuHIpoMe ['epmanckoro—Ilynnaka, KOTOpbli
oOycnoBinen myranueid B rene AP3B1 (xoxupyer Oeiok
BHYTpHUKJIETOYHOTO Tpaduka). [Ipu 3ToM XapakTepHBIMH
MYTaIUsAMHI SBISIOTCS crepytomue: ¢.1525C > T (p.R509X),
c.1739T > G (p.L580R), IVS10+5G > A, IVS11-1G > C
(Gochuico et al., 2012).

B npomotopHoii obmactu rena myrmHa (M UCSB) pactiono-
JKEH BBICOKOKOHCEPBATUBHBIH JIJIsl IPUMATOB MOIMMOPQHBIIH
BapuaHT 1s35705950, KOTOPHIil aCCOIMUPOBAH CO CIIOPATUYIC-
ckumu u cemeitapivu popmamu NI (Seibold et al., 2011).
ommopduamser rena SFTPC (G4702C, C4859G, G4877A,
G5089A, C5210A, G5236A, G5574A, A5786C, T6108C,
C6699T) accormmmpoBans! co ciopanmaeckum NJID (Lawson
et al., 2004). IIpn nanHoi opme OONE3HM ONpeEENETCS
YKOpOYECHHE TEJIOMEp LHUPKYJIUPYIOUHUX JIAMQPOIUTOB, YTO
CBUICTENIECTBYET O poin u3MeHenuii B renax TERT u TERC
(Fernandez et al., 2012). CoracHo 3MuaeMHOIOTHYECKUM
JaHHBbIM, CeMEHHbBIC q)OpMI)I C ayTOCOMHO-JOMUHAHTHBIM
THUTIOM HaclenoBaHus cocTapisioT oT 0.5-2 % (CILA) (Al-
lam, Limper, 2006) no 3.3-3.7 % (®unnsaamust) (Hodgson et
al., 2002) Bcex cinyuae NJIO.

Hawnbonee nocToBepHbIE JaHHBIE O T€HAX, BOBJICUYCHHBIX B
natorene3 MJI®, MOXHO IMOTyYUTh B MAaCIITAOHBIX HCCIIEO-
BaHUSIX C MOMOIIBIO MOJHOICHOMHOTO aHaJIM3a acCOlMaInii
(GWADS). Tak, Ha OCHOBaHWH METaaHAIN3a ITATH HCCIICTOBAHNT
6onpHBIX MJID 110 cpaBHEHMIO €O 310pOBBIM KOHTpoJeM (88,
61,54,22 n 77 6onbubix NJID B BEIOOpKAX U3 pa3HbIX CTPAH)
6511 BeIBIIEeH Tamutobmok VNTR*2 rena ILIRN (xomupyet
AQHTArOHMCT PELETITOpa HHTepIIeHKNHA- ), aCCOIMUPOBaHHBIH
C BOCIPUMMYHBOCTBIO K Pa3BUTUIO criopaauyeckoro MJID
(Korthagen et al., 2012). Ilpu nccrnenoBanmnu 544 mannueHToB ¢
WJI® onpezeneHbl acCOMANNY C PA3TNIHBIMU AJIEISIMA TeHa
TOLLIP (rs111521887, 155743894, rs5743890), annenem rena
SPPL2C (rs17690703) m anmnenem rena MUCSB (rs35705950).
I'en TOLLIP xonupyet Toll-B3anMoneiicTByromuii 6emnox,
YYaCTBYIOIIHUN B pabOTe BPOXKACHHONW UMMYHHOU CHUCTEMBI,
red SPPL2C xopupyeT Tu30COMaIbHBII MEMOpaHHBIH OEI0K
C KOHCEpBaTHBHBIM TpaHcMeMOpaHHBIM gomeHoM (Noth et
al., 2013). Pons amnenbroro Bapuanta MUCSB (rs35705950)
B mpeapacmonokeHHocTH kK MJID Oplma monTBepkaeHa B
metaanammuze 2859 Gompubix MJID (koHTpOss — 6901 ven.)
(Lee M.G., Lee Y.H., 2015). benox Tollip urpaer Baxuyo
pOJb B MOIYIMPOBAaHHM TPAHCHOPTUPOBKU U IETPajaluu
TGF-B (Zhu L. et al., 2012), uto cornacyercst ¢ ponsio TGF-f
B nmaroreuesze MJI® (Chioma, Drake, 2017).

[IpoBenennoe B 2016 . GWAS Ha 1616 OompHBIX (KOH-
Tpodb — 4683 dein.) mokasajxo CBs3b JABYX TalUIOTHIIOB
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T€HOB TJIABHOTO KOMIUIEKCA THCTOCOBMeCTUMOCTH (HLA):
DRBI1*15:01 n DOBI1*06:02 c pazsutuem WUJI®. D1o mo-
3BOJIMIIO TIPEATIOIOKNTE POJIb Ay TOMMMYHHBIX TPOIIECCOB
B pazsutuu MJI® (Fingerlin et al., 2016). B 2020 . GWAS
Ha oOpasmax JIHK 2668 manmeHTOB mokasayio acconma-
uuto cnopaaudeckoro MJI® ¢ annensimu renoB MUCSB
(rs35705950), TERC (rs12696304), TERT (rs7725218),
DSP (xomupyeT 1eCMOIUTAKHH JUI MEKKJIETOYHBIX KOHTAK-
TOB, ayutenb 1s2076295), ATP11A (xomupyer MeMOpaHHYIO
AT®da3y, peryIupyomnryo TpaHCIOPT HOHOB KaJblUs, BapH-
anT 1$9577395), IVD (xomupyet m3oBanepui-KoA merua-
porenasy, nomamophusm rs59424629), AKAP13 (konupyet
nuMdoOnacTHbIil OHKOTeH, amiens 1s62023891), FAM134
(MHIYIIPYEMBII THITOKCHEH TeH, aCCOITMUPOBAHHBIN C PAKOM
nerkoro, BapuanT rs2013701), DPP9 (komupyeT CepHHOBYIO
nporeasy, nonmumopdusm rs12610495) (Allen et al., 2020).

Takum 00pa3zoM, COTIIaCHO OONBITMHCTBY T€HETHYECKUX
uccnegosanuii, MJI® accounnpoBaH C aaiaenbHbIMHU Ba-
pHaHTaMH I€HOB, OTBETCTBEHHBIX 32 BBIPAOOTKY MYIIHMHA,
(DYHKIIMOHUPOBAHUE TEIOMEP M UMMYHHOW CHCTEMBI, UTO
CBUJICTEIBCTBYET O CIOKHOM TaToreHese Oose3Hu. Kpome
toro, JI® acconuuposan co crapenueM. Ha monekyisspaom
ypoBHe B pa3BuTuu NJID yyacTBYyIOT XapakTepHble s CTa-
PEHUS POLIECCHI, BKIIIOYAs HCTOIIEHUE TEJIOMEp, TeHOMHYIO
HECTaOMIIBHOCTh, TUC(OYHKIIMIO MUTOXOHJIPHHU, KIETOYHOE
crapeHme u morepro nporeocrasa (Gulati, Thannickal, 2019).
OnHOI M3 NMPUYNH CTapeHus SBISAETCS AUCOYHKIUSI UM-
MYHHOI CHCTEMBI U TeJIOMep, 00yCIIOBICHHAS! HAPYILICHUEM
SKCTIpeccuu TpaHcmo30HoB (Mycrtadun, 2019). D10 cBsI3aHO
C TeM, YTO B ABOJIIOIIMN TPAHCIIO30HBI CTAIN MCTOUHHKAMH
HYKJICOTH/IHBIX ITOCJIE/IOBATEIbHOCTEH KaK CaMHUX TeJIOMep
(Arkhipova et al., 2017), Tak ¥ TeHOB, KOTUPYIOIIUX TEIOME-
pasy (Garavis et al., 2013). ¥ 1po30¢puiis! poib TeromMepasbl
BBIMOJIHSIOT HETOCPEACTBEHHO peTpoTpaHcno3onsl TAHRE
(telomere associated and HeT-A related), TART (telomere
associated retrotransposon) u HeT-A (healing transposon)
(Casacuberta, 2017). Y yenoBeka BbISBICHA CIIOCOOHOCTH
LINE1-peTpoTpaHCcIIO30HOB y4acTBOBATh B AJIbTEPHATUBHOM
yanmHennn tenomep (bonngapes, XasuucoH, 2016). Poms
TpaHCI030HOB B naroreHese MJI® BeposATHA, MOCKOIBKY
CNJI® nambomnee 9acTo 00yCIOBICHB MyTallUsAMHU B T€HAX,
ofecreynBaoIX MoAepKaHUE IIEJIOCTHOCTH TEJIOMEp
(reust TERC n TERT) (Tsakiri et al., 2007; Fernandez et al.,
2012), a ciopagmueckue Gpopmbel NJID mMoryT OBITH acCcOIH-
MPOBaHBI C MOIMMOP(HBIMHI BapHaHTaM1 3TUX TeHOB (Allen
et al., 2020).

MoOnIbHBIE AIIEMEHTHI CIIY’KaT OCHOBOHW ISl DIIHTEHE-
THYECKOW peryisnuu pa3sutus opranusma (Mycradun,
XycuytauHosa, 2019). OHu mpeacTaBisitoT cOO0K y4acTKu
TEHOMa, CIIOCOOHBIE K IIEPEMEIIEHHUIO B HOBBIH JIOKYC, U 3a-
HuMarot 45 % JIHK wenoseka. Mx knaccudunmpytor va JJHK-
TPAHCIIO30HBI (TIEPEMEIICHUE 110 MEXaHU3MY «BBIpE3aHHE U
BCTaBKa») M PETPOTPAHCIIO30HHBI (0OpaTHAs TPAHCKPHIILINS
MPHK u BcraBka k/IHK B renom) (Wei G. et al., 2016).

Ponb mukpoPHK B natoreHese

nanonaTnyeckoro neroyHoro ¢ubposa

K snurenetndyeckum (akropam OTHOCSITCS METHIMPOBAHUE
JHK, MomuduKkauy THCTOHOB U PEMOICITNPOBAHUE XPO-
maruHa, a takke PHK-uHTepdepennns ¢ momomnipo HeKo-
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nupyromux PHK. TpaHcro3oHsl — BajkHEHIIne NCTOYHUKU
BO3HMKHOBEeHHs reHoB MUKpOPHK B Xo/1e 3BoIIONUH, B CBA3U
¢ yeM eme B 2016 . Obura co3gana 0asa ganasix MDTE
(miRNAs derived from Transposable Elements) (Wei G. et
al., 2016), B koTOpoii COOpaHBI Pe3yabTATHI pAaOOT Pa3INIHBIX
aBropos (Piriyapongsa et al., 2007; Gu et al., 2009; Filshtein
et al., 2012; Tempel et al., 2012; Qin et al., 2015). H3yue-
Hue MuUKpoPHK Moxer mars mH(pOpManuio o MexaHHU3Max
pasButua WJID, a Takke craTh OCHOBOH Ul pa3padOTKH
a¢dekTrBHOI Tepanuu 6osie3HH. B MHUIIMUPOBaHUH U TIPO-
rpeccupoBarnd NJID BaxHYIO poib UTPArOT GHOPOOIACTHI
nerkoro. [TpoBeneno uccnenosanue sxcnpeccun MukpoPHK
9THX KieTok. OOHapyKeHo cHikeHue ypoBHed miR-101 y
6ompHEIX MJI® mromeli u Ha SKCIEPUMEHTATIBHBIX MOJCIISIX
(vHypoBaHHbIH OeomuHOM (hrdpo3 nerkux) (Huang C.
et al., 2017). B pa3suruu NJI® BreisBieHa aucperysius
pasznnuHbelx MUKpOPHK, Binusiiomnx Ha CUrHajabHbIE IYTH
TGF-B, xoropsle mHAYIHPYIOT AU(DGHEPESHIUPOBKY KICTOK,
MUTpPALHI0, HHBA3UIO U THIIEPIUIACTHYECKUe n3MeHeHus. K
takuM MuUKpoPHK otHOCATCT miR-21, miR-424 (mpodu-
oporrueckue) 1 miR-9-5p, miR-18a-5p, miR-26a, miR-27b,
miR-101, miR-153, miR-326, miR-489, miR-1343 (anTu-
¢dubpormaeckue) (Kang, 2017).

OOHnapyeH BBIPaXECHHBIN TrcOalaHC SKCIIPECCHN MHUK-
poPHK cemeiictB miR-29, miR-21-5p, miR-92a-3p, miR-26a-
5p, let-7d-5p mpu NJI®D, B cBsA3M ¢ 9eM TaHHBIE MOJIEKYIIbI pac-
CMaTpHBAIOTCS B KAY€CTBE OTCHIINAIBHBIX TEPATIEBTUUCCKUX
mumeneit (Bagnato et al., 2017). B anurenuu serxkoro 4yesno-
Beka mpu MJI® u MpImeit ¢ HHAYITUPOBAHHBIM OJICOMHUIIMHOM
(huOpo30M JIETKOTO BBISBICHO CHIMKEHHE YpOoBHs miR-323a,
kotopast ocnadser nepenady curaanoB TGF-o u TGF-f (Ge
etal., 2016). Ha oTi myTH oxa3pIBaeT BIUAHUE Takke miR-21,
9KCIIPECCHsI KOTOPOH MOBBIIIACTCS B TKAHSX JISTKUX OOJIBHBIX
WJI® nropeit u sxcriepuMeHTalbHBIX Mbleil. MiR-21 BbI-
pabaTeiBaeTcs pubpobIacTaMu U peryaupyeT IKCIPECCUI0
Smad7 3a cuer BmusHug Ha TGF-B1, cocoberBys runep-
MponyKIMK MexkieTounoro mMarpukca (Liu G. et al., 2010).
Huskas sxenipeccns miR-184 mpu NJI® kopperupyeT ¢ BbI-
COKHMM YpPOBHEM OHKOCYIIPECCOPHOTro Oeika p63, HOKAayH
koroporo ymenbmiaer TGF-B1-unnyunpoBanusiii ¢pudpo3
nerkoro. beuto BeIABIEHO, uT0 MiR-184 KommIemMeHTapHO
cesaspiBaeTcs ¢ 3-UTR MPHK rena 7P63, momaBiisist €ro dKc-
npeccuto (LiJ. et al., 2021).

Cpenn nepeuncrnenasix MUKpoPHK, accommmpoBanHbIx
¢ MJI® (Huang C. et al., 2017), oT TpaHCIIO30HOB, COIJIACHO
MDTE u nannbsiM pa3nuysbix aBropos (Piriyapongsa et al.,
2007; Gu et al., 2009; Filshtein et al., 2012; Tempel et al.,
2012; Qinetal., 2015; Wei G. et al., 2016), npom3ormiu miR-
326 (ucrounuk — JIHK-tpancnioson hAT-Tip100) u miR-1343
(ncrounmk — perporpancno3od LINE2) (Wei G. et al., 2016).
B 2015 r. Yang ¢ xoquteramu B rta3me KpoBH 00mbHbIX IO
10 CPAaBHEHHIO CO 37I0POBBIM KOHTPOJIEM OIPEIENHIN 3Ha-
YUTEThHOE W3MEHEeHHne ypoBHeH 47 pasnuaasix MUKpoPHK
(Yang et al., 2015), yeTslpe M3 KOTOPHIX NMPOMU3OLUIN OT
MOOMJIbHBIX TEHETHUECKHX 3J1eMeHTOB: MiR-31 — ot LINE2,
miR-302 — ot HeaBTOHOMHOTO perposnementa SINE/MIR,
miR-335 — or SINE/MIR, miR-374 — ot LINE2. BrisBieH-
uble 47 mukpoPHK Bogieuens! B curnansubie mytu TGF-f,
MHUTOTCH-aKTHBHpyeMoii mporenHknHazsl (MAPK), PI3K-
Akt, Wnt, HIF-1, Jak-STAT, Notch, perynsmuu akTHHOBOTO
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utockenera (Yang et al., 2015). B mia3me kpoBu GOIBHBIX
NJI® onpenenena moHmwkeHHas skenpeccus miR-630 (Li R.
et al., 2018), nponzomenmeii or SINE/MIR (Wei G. et al.,
2016), miR-708-3p (Liu B. et al., 2018) or LINE2 (Wei G. et
al., 2016). [ToBbIIIeHHBIE YPOBHU MTPOU3OMIEANINX OT TPAHC-
no3oHoB MukpoPHK moxazansr B orHomeHun miR-487b
(ot SINE/MIR), miR-493 (ot LINE2), miR-495 (ot LTR-
coxepskarmiero perposnementa ERVL-MaLT) (Zhang et al.,
2021). MukpoPHK miR-340-5p, koTopas criocobcTByeT po-
nudepanun pudpoodiactos mpu UJID 3a cuet Bo3neiicTBus Ha
myt ATF u MAPK/p38 (Wei Y.Q. et al., 2020), mpou3omnuia
ot JIHK-tpancniosona TeMar-Mariner (Wei G. et al., 2016).

JlanHble 00 M3MEHEHMH SKCIPECCUM BO3HUKIINX B 3BO-
JTIONHMH 0T MOOMIBHBEIX >MeMeHToB MUKpoPHK (a Taxxke
nmuHHEEIX Hekonupyromux PHK (IncRNA)) npu UJID B
CPaBHEHUHM C JaHHBIMU HAy4YHOH JIUTEPATyphl B OTHOLICHUH
stux MuUKpoPHK npu GpoHxmansHON acTMe U XpOHIYECKOH
00OCTPYKTHBHOHI OOJIE3HM JIETKHX IPEACTaBICHHI B TaOI. 2.
VHHKaJIbHBIMU B OTHOIIEHHH U3MEHEHHsS JKCIIPECCUU TPH
WII® sensrores 13 u3 24 muxkpoPHK: miR-9-5p, miR-27b,
miR-153, miR-184, miR-326, miR-340, miR-374, miR-424,
miR-487b, miR-489, miR-493, miR-630, miR-1343. Cpenu
Hux 8 MukpoPHK (miR-153, miR-326, miR-340, miR-374,
miR-487b, miR-493, miR-630, miR-1343) uMeroT 3BOITIOIH-
onnoe npoucxoxkaenue or TE (Piriyapongsa et al., 2007; Gu
et al., 2009; Filshtein et al., 2012; Tempel et al., 2012; Qin et
al., 2015; Wei G. et al., 2016).

W3y4yenue poiu snMreHeTn4eckux (GpakTtopoB B pa3zBUTHU
WNJI® cayXuT OCHOBOI Al pa3pabOTKA HOBBIX CIIOCOOOB
TapreTHoi Teparmu Gone3nu. [loTeHIMaNbHBIMU areHTaMHu
quia nedenus MJI® moryt 661Th Hekonupytomue PHK. beino
mokaszano, uTo IncRNA PCAT?29 (prostate cancer-associated
transcript 29), koropas aktuBupyeT miRNA-221 u nogasnser
TGF-B, MmoxeT ObITh UCTIOIb30BaHA [JIsl BO3/ICHCTBHS Ha [Ty TH
TGF-f npu NJI® (Liu X. et al., 2018). OOHapy)eH0, 9TO IpH
NJI® camxaercs sxenpeccnst miR-506, KoTopast KOMIIEMEH-
tapHa 3'-UTR cyobeaunuust p65 NF-kB. CoorBeTcTBeHHO,
ncnonb3oBanre miR-506 B kauecTBE MUIIICHH 15 TAPTeTHON
TEpaIuy MOJKET OKa3bIBAaTh BO3/ICHCTBUE HA aIloNTO3 U BOC-
nanenue npu UJIO (Zhu M. et al., 2019). Beenenue anTu-
CMBICITOBBIX MiR-21 CHMXKATO TSHKECTD MATOJIOTHH Y MBITIIEH
C MHIYIMPOBaHHBIM OI€OMHUINHOM (priOPO30M JIErKoro, YTO
CBUJICTEIILCTBYET O MOTEHIMAIBHOM MPUMEHEHUH JTaHHOM
mukpoPHK B newennn NJI® (Liu G. et al., 2010). CxonHsre
JTaHHBIE TTOy4eHb! B oTHomeHnn miR-708-3p (Liu B. et al.,
2018). Ceepxakcnpeccusi miR-184 BbI3bIBaCT MOIABICHHE
TGF-B-uaaymupoBaHHBIX (GUOPO3HBIX IPOIIECCOB B JIETKOM,
nostomy miR-184 mMoxer ObITH paccMOTpeHa JuIs Taprer-
Hout tepanuu MJI® (Li J. et al., 2021). B skcniepumente u
B KJIIMHUYECKHX HCCIeN0BaHUSAX HA 00mbHBIX WNJID mromsax
ompezenena takxke 3pdexTuBHOCTS MHTEPDEpupyroeH
MOCJIEJIOBATENBHOCTH Ul AIMHHON Hekomupytomed PHK
IncITPF (sh-IncITPF), Bo3neiicTBre KOTOPOH CHIDKACT MH-
Jieke Gpudpo3a, KojulareHa ¥ BUMeHTHHA. Y OonbHbIX MJID
BbIsIBJIeHA TOBBIIeHHAs oKcripeccust IncRNA-ITPF, kotopast
BIMSIET Ha aneTmiaupoBanue ructoHoB H3 u H4 B mpomo-
TopHOM obnactu rena [TGBL I, ctuMynupyst TakuM 00pa3om
¢udpo3. Tpanckpunuus IncITPF Haxonures noa koHTposieM
TGF-B1/Smad2/3 (Song et al., 2019). Jdns neuenns NIID
npemnoxer nmentug DRS (DHNNPQIR-NH2), o6nanarommit
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MAMONaTUYeCKoro neroyHoro ¢prbposa 26-3
Ta6bnuua 2. CpaBHUTESbHbIN aHaNM3 ponn MUKPOPHK B pa3BuTin nanonatmyeckoro nerouyHoro ¢pnubposa
1 ApYrvX fleroyHblx 3abonesaHuin
MwukpoPHK (nokyc)/ HanpasneHue n3meHeHns MexaHu3m BnvaHMA
npovcxoxaeHue ot TE SKCMIPECCHM, TKAHD e e e
Ha O Ha BA Ha XOBbJ1
let-7d (9922.32)/- | Snurennin 6porxvion, OKasbIBaeT LiefieBoe Bo3aen- —* Mo3utrBHO
anbBeosnbl ctBume Ha MPHK reHoB EDA, Koppenupyet
LIX1L, MAPK11, NME4 (Tasena et al.,
2018)
miR-9-5p (5q14.3)/- | Snutennii 6ponHxuon, AHTUUOPOTUYECKNIA - -
anbBeosibl
miR-18a (13931.3)/- | Snurennii 6porxvion, AHTUOpOTUYECKNA, LeneBoe  CHMXaeTcd akcnpeccna  —
anbBeosibl Bo3felncTeme Ha MPHK reHoB (Martinez-Nunez et al.,
TGF-B, IL-6, IL-8 2014)
miR-21(17923.1)/- t ®rbpobnacTbl Nerkoro MpodubpoTruecknin (pery- lNoBblWwaeTca 3KC- MoBblwaeTcs
nmpyeT aKkcnpeccuio Smad7, npeccus Npwu TAXKenon aKcnpeccua
ycunuBas nepepavy CUrHanos dopme acTmbl (He et al., 2021)
TGF-a n TGF-B) (Liu J. et al,, 2020)
miR-26a (3p22.2)/- | Snutenunin 6poHxmon, AHTNOUOPOTUYECKUIA, NPO- MoBblwaeTca aKkcnpec- -
anbBeosibl BOCManMTEeNbHbI (NOBbILLAET A
ypoBHM IL-5,-8,-12, TNF-a) (Shietal., 2019)
miR-27b (9922.32)/- | 3nuTenunin 6poHxwon, AHTUGUOPOTUYECKNIA - -
anbBeosibl
miR-29 (7932.3)/- | ®nbpobnacTbl nerkoro AHTUOUOPOTUYECKNIA, peryns- - MoBblwaeTca
LMA CUHTe3a SKCTpauennonap- 3Kcnpeccna
HOro MaTpuKkca (Kara et al,,
2016)
miR-31 (9p21.3) | dnutenunin 6poHxmon, AHTUOUOPOTUYECKNIA, MPO- lNoBblwaeTca aKkcnpec- -
/LINE2 anbBeosibl BOCMANINTENbHbIN (MOBbILLIAET ca
(Yang et al., 2015) ypoBHM IL-5,-8,-12, TNF-q) (Shietal, 2019)
miR-92a-3p (13931.3)/- | ®ubpobnacTbl nerkoro MopaBnAaeT CMHTE3 MaTPUKCHOW — — CHuxaetcs
meTannonpoterHasbl (MMP-1) 3KCnpeccun
(Kara et al,,
2016)
miR-101 (1p31.3)/- | 3nuTenuii 6poHxwvon, AHTUMOpOTUYECKNI - 3HaunTenbHO
anbBeosibl noBbILLaeTCA
(Hassan etal.,
2012)
miR-153 (2935)/- | ®ubpobnacTbl nerkoro AHTMOUOpOTNYECKU (BO3gEN-  — -
ctByeT Ha TGF-BRII)
miR-184 (15g25.1)/- | nutenunin 6poHxmon, NHrmbmpyet 6enok p63, - -
anbBeosbl yMeHbluan curHanuHr TGF-B1;
nofaenset akcnpeccuio TP53
miR-302 (4925) 1 dnutenunin 6poHxmon, Perynatop annepruyeckoro lNoBblwaeTca akcnpec- -
/SINE/MIR anbBeosibl BOCMaNeHnA B TyUHbIX KNeTKaX,  cua
(Yang et al., 2015) noBbllwaeT BbIpaboTky IL-1(, (Xiao et al., 2018)
IL-6, TNF-a
miR-323 (14932.31)/- | dnutenunin 6poHxwron, Ocnabnset nepepauy cur- lNoBblwaeTca akcnpec- -
anbBeosbl Hanos TGF-a n TGF-(3, pery- A
nupyet anddpepeHLMpoBKy (Karner et al., 2017)
T-numdounTos
miR-326 (11q13.4) | dnutenunin 6poHxmon, AHTUOUOPOTUYECKNIA - -
/OHK-TE hAT-Tip100 anbBeoJibl

(Huang C. et al.,, 2017)
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OKoHyaHue Tabn. 2

Molecular genetics of idiopathic

pulmonary fibrosis

MnkpoPHK (nokyc)/
npovcxoxgeHue ot TE

miR-335 (7932.2)
/SINE/MIR

miR-340 (5g935.3)
/OHK-TE TcMar-Mariner

miR-374 (Xq13.2)
/LINE2

miR-487b (14g32.31)
/SINE/MIR

miR-493 (14q32.2)
/LINE2

miR-495 (14g32.31)
/ERVL-MaLT

miR-630 (15G24.1)
/SINE/MIR

miR-708 (11g14.1)
/LINE2

miR-1343 (11p13)
/LINE2

IncRNA
AP003419.16

IncRNA
ITPF

HanpaBneHme N3MeHeHNA
SKCnpeccnn, TkaHb

| ®nbpobnacTbl nerkoro
(Yang et al.,, 2015)

1 ®nbpobnacTbl Nerkoro
(WeiY.Q. etal., 2020)

| ®nbpobnacTbl nerkoro
(Yang et al., 2015)

1 OubpobnacTbl nerkoro
(Zhang et al., 2021)

| dnutennin 6poHxwvon,
anbBeonbl

1 ®nbpobnacTbl Nerkoro
(Zhang et al., 2021)

1 ®nbpobnacTbl nerkoro
(Zhang et al., 2021)

| ®nbpobnacTbl nerkoro
(LiR.etal, 2018)

| ®nbpobnacTbl nerkoro
(Liu B. et al.,, 2018)

| dnutennin 6poHxmon,
anbBeosibl
(Huang C. et al.,, 2017)

1 TKaHb nerkoro
(Hao et al., 2017)

1 TKaHb nerkoro
(Song etal., 2019)

MexaHn3m BAnAaHuA

Ha NO Ha BA Ha XOBbJ1
MopaBnsAeT 3KCNpeccuio reHoB - CHuxaetca
Rb1, CARF, SGK3, nonaBsnset sKcnpeccna y
nponudepaumio, MUrpaLmnio KYpUNbLUNKOB
n anddepeHunpoBKy Grodpo- (Ongetal,
6nactos 2019)
Bospgenctsyet Ha nyTn ATF n - -

MAPK/p38, ycunusas nponu-

depaumio dpnubpobnacTos

MNMopgasnsaet akcnpeccuio MID1 - -
YOUKBUTUHAWIA3bI, UHTMOMpPYeT

mTOR curHanbHble nyTn

(Unterbruner et al., 2018)

MpodurbpoTruecknin - -

MNopasnset akcnpeccuio IL-33, - -

CHMXasA yposHu Ig-E

(Liu B.etal.,, 2018)

AHTUGUOPOTUYECKNIA - -
WHrnbupyet nyt Wnt/B- - -

catenin, Wnt/PCP, MEK/ERK,

PI3K/AKT

(Huang L. et al,, 2019)

Mopasnsaet cuHTe3 TNF-q, CHW)KaeTcA akcnpeccusa Monoxutenob-

IL-1B, IL-6 (LiW. etal., 2021) Hasn Koppens-
ums (LiR. etal.,
2020)

Perynupyet skcnpeccuio reHoB - -

CDH2, VIM, EZH2, SOCS2, TFG,

TLR4,Smad9, EP300

MopaBnAeT aKkcnpeccuto CHUXKaeTca aKkenpeccma -

reHa MeTaJifIonpPoTENHa3bl (Dileepan et al., 2016)

(ADAM17), nurubunpyet CD44,

RARRES2, ADAM33

AHTUOUOpOTUYECKNI (perynn-  — -

pyeT SKCrpeccuto peLenTopos

TGF-B)

Perynupyet curHanbHble nyTn - -

TGF-B1

Perynupyet skcnpeccuio reHa
ITGBL1, ctumynupys ¢pubpo3
nerkoro

MprumeyaHue. TE - TpaHcno3oHsblI (transposable elements); O - nanonatnyeckuii neroyHbiii $nbpos; BA — 6poHxmnanbHaa actma; XOBJT - xpoHuue-
CKan 06CTPYKTVBHAA 60ne3Hb NErkux; NPoYepK — HET AaHHbIX 06 accoLmaLuy AN Koppenauum.

MOIITHOM aHTHOKCUAAHTHOM aKTUBHOCTBIO. B akcnepumenre
Ha )XKMBOTHBIX C MHYIUPOBaHHbBIM OsieomuiiHoM MJID Obuto
BBISIBIIEHO, YTO TOCJE Hcnoib30BaHud DR 3HaunTensHO
CHIDKAJINCh NOKa3aTenn puopo3a, B ToM uncie mpodudporeH-
HBIE U IPOBOCIIAJIUTENLHBIC IINTOKUHBI U MapKepHbIE OSIKH.
[Tox Bo3neiictBuem DRS pemxynmpoBanmnch maToiornueckre
WN3MCHECHHS, BEI3BAHHBIE OJICOMUIIMHOM, @ TAK)XKE OTIIOKCHUS

koiarena (ocodenHo COL1). DkcnepuMeHTHI in vivo To-
3BOJIMIIM OOHApYXuTh, uTo DRE criocoden nmopasisiTh npo-
nrdeparnio ¥ reHepupOBaHIe PEaKTHBHBIX (POPM KHCIOPO/a,
ctumyanpoBaHHbIX ocpenctsom TGF-B1 (Wang etal., 2019).

Jmuuneie Hexonupytomme PHK (IncRNA) orHocsiTest k
STUTEHETUYECKUM (PAKTOPAM, TIOCKOJIBKY OKa3bIBAaIOT TPAHC-
KPHITIIHOHHOE, MOCTTPAHKPUIIIIMOHHOE ¥ TPAHCIALUOHHOE
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peryisiTopHOe Bo3JieiicTBIE Ha (DYHKIIMOHUPOBAHUE T€HOMA.
JlaHHBI >QQeKT peanu3yeTcss Kak ¢ IOMOIIHI0 BTOPHYHON
crpykrypsl PHK, oGecneunBaromeii B3aumopeiicTeue c
Oenkamu, Tak u mytem rudpugusanuu ¢ JJHK u PHK 3a cuer
KOMIUIEMEHTAPHOCTH HYKJICOTHI0B. B oTHOmEeHNn IncRNA
MMEIOTCS JaHHBIC 00 3BOJIIOIMOHHOM TPOUCXOKACHUHN HX
reaoB oT TE (Johnson, Guigo, 2014). ContacHo 0a3e gaH-
HIXx NONCODEV4 (http://www.noncode.org), y denoBeka
aHHoTHpoBaHo Ooxee 96 000 renoB IncRNA, mHOTHE M3
KOTOPBIX UMEIOT B CBOEM COCTaBe 1ocienosareabHocT TE,
YTO CBUJETEIBCTBYET O poiu TE B MpOMCXOXIEHNN TEHOB
IncRNA (Johnson, Guigo, 2014). Kpome Toro, IncRNA moryT
00pa3oBbIBaThCS NpU Ipoueccuure Tpanckpuntos LTR-
comepkammx perposnemento (Lu et al., 2014) umu LINE
perporpancro3onos (Honson, Macfarlan, 2018). Ananu3
GENOCODE u nocnenoBaTeabHOCTEH 3KCIPECCUPYEMBIX
PHK mnoxazai, gto 60mpmuHCTBO INCRNA mpownsomnuin ot
TPAHCIIO30HOB, TaK KaK He MeHee 83 % 13 HUX CoziepKaT OJUH
win Oojiee parMEeHT PETPOIIEMEHTOB. B cpeaHeM okoio
41 % Bcex HyKJICOTHIHBIX MocienoBarenbHOcTeN IncCRNA
naeHTnansl Tpancnozonam (Kelley, Rinn, 2012). Takum 06-
pa3om, usmenenue sxcrpeccuu IncRNA npu NJID moro Ob1
CBHJIETEJILCTBOBATH O POJIM MOOWJIBHBIX SJIEMEHTOB B [TaTOre-
Hese Oonesnu. [leficTBurensHO, B nccnenosanny (Hao et al.,
2017) ObUIO BBISIBIICHO CHIDKEHUE YPOBHEH 1376 pasinnuHbIX
IncRNA u mossrmienune — 440 IncRNA B mma3me kKpoBu 60716-
HbIx MJID ro cpaBHEHHIO CO 310pOBBIM KOHTposieM. Hanboree
BBICOKHMIT ypoBeHb HaOmronancs uisi IncRNA AP003419.16,
KOTOpast BoBJeueHa B curHaibHbIe yTH TGF-B1 i MoxxeT ObITh
HCTIONB30BaHa B KauecTBe Mapkepa 6omnesnn (Hao et al., 2017).

BnusaHwmne TPAaHCNO30HOB Ha (I)aKTOpr natoreHesa
nerouHoro ¢pubposa
BeiensinoxkeHHble (haKThl CBUIETEIBCTBYIOT O POJIM TPAHC-
[I030HOB B BO3HMKHOBEHMM Hekoaupyromux PHK, kotopsie
y4dacTByIOT B narorenese MJI® u MHOTHX Apyrux 3abonesa-
HUi 4yenoBeka. C JaHHBIM IPENIONIOKEHUEM COIIACYIOTCS
MOTy4EHHBIE PE3YNbTAThl MOJEKYISIPHO-TEHETHIECKNX HC-
caepoBanuit UJID. Tlpexae Bcero sTo KacaeTcs BIMSIHUS
TPAHCIIO30HOB Ha IPOLECChI CTAPEHHsI, KOTOPHIE BOBJICUYEHBI
B marorenes MJI® u apyrux MEHOTO()aKTOPHBIX 3a00IeBaHUN
(Gulati, Thannickal, 2019). C Bo3pacToM IpOUCXOIHUT aKTH-
BallUsl PETPOTPAHCIIO30HOB, COACPIKAIINX JUTMHHBIE KOHIICBHIC
mosTopsl (Nevalainen et al., 2018) u LINE1 (Mahmood et
al., 2020). bonee Toro, MX TUIEPIKCIPECCHS MTPU CTAPCHUH
YCHJIMBAET BBIPAOOTKY HHTEP(PEPOHA, CIIOCOOCTBYSI aCEIITH-
yeckomy BocraneHunto B Tkausax (De Cecco et al., 2013).
TpaHcrio30HEI (32 CYET B3aMMOCBSI3H C IPOUCXO/ISIIIIMH OT
Hux MukpoPHK) BoBieueHb! B yHKIIMOHUPOBaHHE UIMMYH-
HOM CHCTEMBbI, U3MEHEHUsI KOTOPO# accounnposansl ¢ MJID
(Korthagen et al., 2012; Noth et al., 2013; Fingerlin et al.,
2016). B wactaoctu, npoucxoasmas ot LINE2 mukpoPHK
miR-31 obmagaet mpoBoCTIANUTENEHBIM ISHCTBHEM, yCHITHBAS
cunres [L-5,-8,-12, TNF-a (Shi et al., 2019); miR-302, Bo3-
Hukias B sBomonuy ot SINE/MIR, nossinraer BeIpaboTKy
IL-1B, IL-6, TNF-a (Xiao et al., 2018). Ot SINE/MIR npo-
n3omnua Takke miR-487b, kotopast MogaBISIET HKCIPECCHIO
1L-33, cumxas yposuu Ig-E (Liu H.C. et al., 2018). MiR-495,
Bo3HuKmIas o ERVL-MaLT, nonasnser cuate3 TNF-a, IL-1,
IL-6 (Li W. et al., 2021). B 3Bomonnu y MICKOIHTAOIIIX
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reibl RAG ObutH pomecTuupoBanbl ot apeBHux JIHK-
TpaHcmo30HOB 11 V(D)J-pexomOnHaIIIK B UMMYHHOM CHCTe-
Me. AHTHIeH-crienn(UIHBI IMMYHHUTET MO3BOHOYHBIX 00-
Jaaet IByMs oCHOBHbIMU npu3Hakamu JIHK-TpaHco30HOB.
KoMITOHEHTBI NUMMYHHTETA COCTOAT U3 PEKOMOMHA3BI (KOAUPY-
ercsi renamu RAG 1 u RAG2) n moounbHo# JIHK (orpanmyena
cnenuGUIeCKUMHU caiiTaMu, KOTOPbIC y3HAET peKOMOMHA3a).
Benkn RAG romomornussl TpaHcmosasze Tc/-3neMeHTa
(Lescale, Deriano, 2016). LTR-conepsxatye peTpoasieMeH-
ThI YYaCTBYIOT B PErYJSILMM UMMYHHOIH CHCTEMBI 4YelloBe-
Ka, MMOCKOJIBKY SIBIISIOTCS dHXaHcepamu ais reHa HLA-G
(Chuong, 2018).

TpaHCII030HbI BIMSIOT TAKKE HA BOBJICYEHHBIE B IIATOTCHES
WII® cuprynnsr (Wyman et al., 2017) u TGF-B (Chioma,
Drake, 2017; Kang, 2017; Liu G. et al., 2010). SIRT7 smure-
HeTuuecku noaasisiet sxcnpeccuto LINE1 o Bcemy reHomy.
BaxHyto poip B 3TOM Mpouecce Urpaer B3auMOAEHCTBUE
SIRT7 ¢ mamunamu A/C, tak kak SIRT7 obecneunBaeT je-
anerunuposanue ructona H3K 18, cmoco6cTBys B3anmoseit-
creuto LINE1 ¢ anepuoii mamunoi (Vazquez et al., 2019).
IIpouszomenmuit or LTR-coaepkamero peTpolieMeHTa
ren PEG10 xonupyer 6einok PEG10-RF1, B3aumoneiicTBy-
formii ¢ wieHamu cynepcemericta [ u Il Tuma TGF-f (Lux
et al., 2005). BoIsiBiieHa poib HBOJIIOIMOHHO MOJIOABIX PET-
poanemenToB B perymsinuu nyted TGF-B, napsny ¢ PDGF,
EGFR u p38 curnanuuarom (Nikitin et al., 2018). Kpome Toro,
OTpeziesieHa poJlb PETPOIIEMEHTOB B BAXKHOM JIJISI Pa3BUTHS
NJI® snurenuanbHO-Me3eHXMMaIbHOM mepexoze (Sgalla
et al., 2018; Li J. et al., 2021), xoTopbIif HHAYIHpPYETCS C
MIOMOIIBI0 HEaBTOHOMHOTO peTpoTpaHcno3ona Alu mocpen-
CTBOM MOJIyJIHpOBaHusi skcnpeccun miR-566 (Ruocco et
al., 2018). AuchyHknms TenoMep, MpUBOIAIIAST K PAa3BUTHIO
NJI® (Mathai et al., 2015; Chioma, Drake, 2017; Allen et al.,
2020) u MHOTHX JpPYrux 3a00JieBaHUil uesloBEeKa, CBs3aHa,
BEPOSATHO, TAKIKE C N3MEHEHNEM aKTHBHOCTH TPAHCIIO30HOB,
KOTOpBIC SIBJISIFOTCSI 3BOJIIOIIMOHHBIMM MCTOYHHUKAMU TCHOB,
BOBJICYEHHBIX B (hyHKIMOHHpOoBaHue Teiaomep (Arkhipova,
2017) u rena tenomepassl (Garavis et al., 2013).

3aKknoyeHune

HccnenoBanue snMUreHeTHYECKUX (PAKTOPOB B Pa3BUTHHU
NJI® — nepcreKTHBHOE HAIPaBJICHUE B PACKPBITHH 11ATOTE-
He3a Oosie3HU U pa3paborke Oosee I(PPEKTUBHBIX METO/IOB
tepanun. braronaps m3ydennio mukpoPHK 65110 OKa3ano,
yro NJID cBs3an ¢ nucOanancoM B SUTEHETHUECKON Peryins-
1uu padbotel renoma. [Ipuuunnoii passurust MJID moxer ObITh
JqucOanaHc B yIpaBiIeHUH PabOTON reHoMa JUHAMUYHBIMU
CTPYKTypaMu, UTPAIOLIUMH POJIb B BO3PACT-ACCOLIUUPOBAH-
HOM MaToJIOTUH U cTapeHun opranusMa. Hanbonee nmoaxomnsi-
MAMH KaHAXATaAMU SBISIOTCS TPAHCTIO30HbI, BIUSIONINE HA
(DyHKIMOHMPOBaHNE UMMYHHOM CHCTEMBI M TECHO CBSI3aHHbBIC
¢ Hell 9BoMOLMOHHO. ClieNIaHo MPEAION0oKEHUE, YTO U3yye-
HUE POJIM TPAHCII030HOB B narorenese MJID MoxeT pacKpbITh
MYyTH MOJICKYJISIPHOTO Kackana Oosie3HH. [loka3aresbCcTBOM
poi MOOMIIBHBIX 25ieMeHTOB B martoreHe3e WUJID ciyxur
9BOJTIOLIMOHHOE BO3HUKHOBEHME JJIMHHBIX HEKOIUPYIOUINX
PHK u muxkpoPHK ot TpancnozonoB. AHanm3 0a3bl TaHHBIX
MDTE u Hay4HO# nuTepaTypsl MO3BOJIUI OOHAPYKUTH
12 cnemmnugeckux accoruupoBanHbix ¢ MJID mukpoPHK,
KOTOPBIE IPOU3OILIN OT TPaHCI030HOB. I3 Hix 8 MukpoPHK
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(miR-153, miR-326, miR-340, miR-374, miR-487b, miR-493,
miR-630, miR-1343) sBisI0TCS YHUKAIBHBIMH, TaK KaK W3-
MEHEeHHe UX dKcipeccud criermduano s UJID u He onrcano
TIPH APYTUX 3a00JIEBAaHIUSIX OPOHXOIETOYHON CHCTEMBI.
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AHanuns crieKTpa MmyTanuin
reHa pereriropa HusKom rmiaoTHOCTU (LDLR)
IIpY CeMeHOo rurnepxoaecrepmemMuin B Poccun
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WHCTUTYT 3KcneprmeHTanbHo MeanuyHbl, CaHkT-TeTtepbypr, Poccus
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AHHoTayus. CemeliHas runepxonecteprHeMns — pacnpocTPaHeHHOE BO BCEM MUPEe HACeLCTBEHHOe 3aboneBa-
HMe YenoBeKa, NPU KOTOPOM yalle Bcero AedekTbl 0OHaPYKMBaKOTCA B reHe peLienTopa MMNoNpPoTEMHOB HU3KOW
nnotHocTu (LDLR). Lienb paboTbl — cMcTeMaT3npOBaTh 3HaHKA 0 MyTauuax reHa LDLR B Poccun. NpoBefeH aHanums
nuTepaTypbl MO NPeAMETY NCCNeA0BaHNA, COCTaBeHbl CBOAHbIE TabnuLbl, MOKa3biBaloLWMe BCTPEYAaeMOCTb MyTa-
L1 B OTAENbHbBIX PermoHax, 1 onpeaesneHbl YacTo BCTpeyatowmecsa mytauun. bonee tpetu (80 u3 203, . e. 39.4 %)
NaTOreHHbIX UM BEPOATHO MaTOreHHbIX MyTaLuuid NpeAcTaBneHbl BapraHTamu, cneundunyHbiMm ansa Poccum n He
BCTPEeYaLWMMNCA B Apyrux cTpaHax. Hanborbliee KONMYeCcTBO BapraHTOB OXapakTepr30BaHO B KPYMHbIX ropo-
nax: Mockse (130 natoreHHbix MyTauuii), CaHkT-Tetepbypre (50), HoBocnbupcke (34) n MNetpo3zasoacke (19), Tor-
[la KaK pervoHbl 0xapakTepr3oBaHbl ropasfo xyxe. lNogaBnsatollee Yncio natoreHHbIX MyTauuii (142 n3 203, nnu
70 %) HaliAeHO B €AUHNYHBIX CEMbAX, U TONbKO 61 BUA MyTaLUii BCTPEYanca B ABYX WUSW B HECKOJbKMX POAOC/IOB-
HbIX. JIMWwb 5 BUAOB MyTaumil 6b111 HalaeHbl He MeHee yeM B 10 cembsx. Kak 1 Be3ge B Mupe, B Poccun B reHe LDLR
npeo6nafaoT MUCCEHC-MYTaL MK, HO 0COBEHHBIM HaLMIOHaNbHbIM CBOEOBPa3vNeM XxapakTepur3yTca MyTaLmm Tuna
CABMWra pamKu CYATbIBaHUA: U3 27 HalAeHHbIX BapuaHToB 19 (70 %) cneumdunyHbl gna Poccmmn. Hausbicwee yncno
MyTauuii B reHe LDLR B poCCMINCKOM Nonynaumm o6Hapy»KeHo B YUeTBePTOM 1 AEBATOM 3K30Hax. ITO onpefenaerca
TeM, YTO YeTBEPTbIN 1 AeBATbIN K30HbI ABAATCA CaMblMU NMPOTAKEHHbIMY B reHe 1 KOAUPYT GYHKLNOHANbHO
BaXXHble yuacTKM 6efika, UTo 0OyCIOBNMBAET MOBBILWEHHYIO MAOTHOCTb MNATOFEHHbIX MyTaLUMIA B pacyeTe Ha OfUH
HYKNeOTUS ANMHbI MMEHHO B 3TUX 3K30Hax. Poccuiickas nonynsauma umeet HambosnbLuee YACSIO COBNAAAIoLUX My-
Taumi ¢ nonynaumamu Monblm, Yewckown Pecny6nukn, Hugepnangos v Vitanun. BHeppeHrie MeToA0B TapreTHOro
CEKBEHUPOBaHUA CyLLEeCTBEHHO YCKOPWUIIO XapaKTepUCTUKY MyTaLMOHHOIO CNeKTpa Npy CeMerHOW rmnepxosecTe-
PUHEMMU, HO 13-3a OTCYTCTBUA CUCTEMATUYECKMX CCNefoBaHNUIA B permoHax 60/bWMHCTBO BULOB MyTaLuii B Poc-
C1K, BepOATHEE BCETO, elle He OMucaHo.

KnioueBble cioBa: cemelHasa runepxonecTepuHeMms; peLenTop MUMONPOTEMHOB HU3KOWN NIOTHOCTI; MyTaLyK.

[AnauyntupoBaHusa: Bacunbes B.b., 3axaposa ®.M., borocnosckas T.10., Mangenblutam M.KO. AHanm3 cnekTpa myTawumi
reHa peientopa Hu3Kow nnoTHocTy (LDLR) npw cemenHoM runepxonectepuHeMun B Poccun. Basunosckuli xypHan
2eHemuku u cenekyuu. 2022;26(3):319-326. DOI 10.18699/VJGB-22-38

Analysis of the low density lipoprotein receptor gene (LDLR)
mutation spectrum in Russian familial hypercholesterolemia

V.B. Vasilyev@, EM. Zakharova, T.Yu. Bogoslovskaya, M.Yu. Mandelshtam

Institute of Experimental Medicine, St. Petersburg, Russia
® vadim@biokemis.ru

Abstract. Familial hypercholesterolemia (FH) is a very common human hereditary disease in Russia and in the
whole world with most of mutations localized in the gene coding for the low density lipoprotein receptor (LDLR).
The object of this review is to systematize the knowledge about LDLR mutations in Russia. With this aim we ana-
lyzed all available literature on the subject and tabulated the data. More than 1/3 (80 out of 203, i. e. 39.4 %) of
all mutations reported from Russia were not described in other populations. To date, most LDLR gene mutations
have been characterized in large cities: Moscow (130 entries), Saint Petersburg (50 entries), Novosibirsk (34 muta-
tions) and Petrozavodsk (19 mutations). Other regions are poorly studied. The majority of pathogenic mutations
(142 out of 203 reported here or 70 %) were revealed in single pedigrees; 61 variants of mutations were described
in two or more genealogies; only 5 mutations were found in 10 or more families. As everywhere, missense muta-
tions prevail among all types of nucleotide substitutions in LDLR, but the highest national specificity is imparted by
frameshift mutations: out of 27 variants reported, 19 (or 70 %) are specific for Russia. The most abundant in muta-
tions are exons 4 and 9 of the gene due to their largest size and higher occurrence of mutations in them. Poland,
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LDLR mutation spectrum
in Russia

the Czech Repubilic, Italy and the Netherlands share the highest number of mutations with the Russian population.
Target sequencing significantly accelerates the characterization of mutation spectra in FH, but due to the absence
of systematic investigations in the regions, one may suggest that most of LDLR mutations in the Russian population

have not been described yet.
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BBepeHmne

Tepmun «cemeiinas runepxonecrepuaeMus» (CI') oObraHO
UCIIOJNIB3YIOT JUIsi 0003HAYeHNSI MOHOTEHHBIX OOJIe3HEH, BbI-
3BAHHBIX MyTallUAMU B T'€HEC peUCHTOpa JIUIOIMPOTCUHOB
HU3KOoH motHOCTH (LDLR) (OMIM 606945), B rene amo-
munonporenna B (4POB) (OMIM 107730), B rene PCSK9
(OMIM 607786), B reHe aanToOpHOTO Oelka JJis perentopa
numonpoTrenHoB HU3Ko# mmorHoctu (JIHIT) LDLRAPI
(OMIM 605747) 1 HEKOTOPBIX MUHOPHBIX T€HOB, TAKUX KaK
STAPI, APOE, LIPA, nnu B TeHaX NMEPEHOCUYUKOB CTEPO-
noB — creponmuHax ABCG5/ABCGS (Defesche et al., 2017;
Berberich, Hegele, 2019). IIpu atom 80-85 % ciyuaes CI'
oOycioBieHsl MyTanusMu B reHe perenropa JIHII. Myra-
UM B TE€HE amonumnonporenHa B orsercTBeHHs! 3a 5-10 %
ciryyaeB CI. CaMbIMM peIKUMH SIBIISIIOTCSL MyTallK B T€HE
PCSK9 u B rene agantopHoro 6enxa ans peuentopa JIHII,
BCTpevaronuecs He 0oiee ueM y | % narmentos ¢ CT.

Panee cunranock, uto rereposurotrHas CI' BcTpeuaercs
y oznHoro uenoseka u3 500 oOciie0BaHHBIX B MOMYISIHH,
HO, COTJIACHO MMEIOIIUMCSI CETOAHS NaHHBIM, 3TO IPOUC-
xomuT ropasno game. O6cnenoBanne 69 106 manueHTOB B
Janunu, xotopsiM ObuT mocTaBieH auarHo3 CI' Ha ocHoBe
PEKOMEHIAITNH TOITaHICKON CeTH TUMUAIHBIX KIHHUK (Dutch
Lipid Clinic Network, DLCN), onpeznesnuiio, uto 3a0oieBaHne
BCTpevaercst y Hux ¢ yactotoit 1:219 (Benn et al., 2012). B
Poccun gactora CI” MOKeT OBITH €IIl€ BBIIIE W COCTABIATH
1:148 (Ershova et al., 2017). OgHako B 9TOM cliy4ae YIHUThI-
BaJIMCh CIIy4ad HE TOJBKO CTPOTO Joka3anHoi (definite), HO
u BeposaTHoH (probable) CI'. IlomoOHas yacToTa mMO3BOIAET
orHocuth CI' k HanboJsee pacpoCTpaHEHHBIM MOHOTEHHBIM
3a00JIeBaHUAM UYEJIOBEKA.

B 6a3e marnbix ClinVar (Landrum et al., 2016) yxxe 82018 .
¢urypuposasio 4973 Bapuanta rena LDLR (lacocca et al.,
2018), acconuupoBanHbIx ¢ 3a0oneBanueM CI, U3 KOTOPhIX
2351 BapmaHT OBUT KJIACCU(HUIMPOBAH KaK ITATOTCHHBIN, a
1525 — kak BeposATHO maToreHHsle. OCcTanbHbIE paccMaTpH-
BaJIMCh Kak I[O6pOKa‘IeCTBeHHI)Ie BapyaHTbl UM BapUAHThI
HEONpEeEeNIEHHOT0 KIIMHNYECKOro 3HadeHus. Mcropus nccie-
nosanusi CI' B Poccun HeraBHO Oblta paccMoTpeHa B 0030pax
(Vasilyev et al., 2020; Meshkov et al., 2021a). BonbmmHCTBO
myTtanuii, Bemynmx k CI, kak 1 0Xumanoch, 0OHApyKEHO
B reHe LDLR, 187 naToreHHbIX WM yCIIOBHO HMAaTOTEHHBIX
BapUaHTOB KOTOPOTO ObLTH onpeseneHbl B Poccun (Meshkov
et al., 2021a), u3 ux yucna 67 He OBUTH ONMHCAHBI B APYTHX
MOMYISIUSAX MUpa. HeckosbKo 1mo3ke Ha OCHOBE TAPreTHOTO
CEKBEHHPOBAHUsI TEHOB, BOBIICYCHHBIX B TeHE3 3a00JICBaHNS,
OpL1a oIy OIIIIKOBaHa BaxkHas cTaThs 1o reHeTnke CI' B CaHKT-
[etepOypre (Miroshnikova et al., 2021), B pe3ynbrare 4ero B
netTepOyprekoil momyssinue oOHapyKeHbl 23 BapuaHTa rnocie-
JTOBaTEeIBHOCTH reHa LDLR, GONBIINHCTBO 13 KOTOPBIX paHee
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B 9TOH mommyisinuu He Obutn u3BecTHH (Mandelshtam et al.,
1993; Tarumesa u 1ip., 2001; Zakharova et al., 2005; 3axaposa
u 1p., 2007; Vasilyev et al., 2020). JIumrs B mocnennee BpeMs
MOSIBUITUCH TyOJIMKAIINY 110 U3YUEHHUIO MYTAIIUI B PETHOHAX
ctpanbl (Meshkov et al., 2021b). HoBbie cTaTby 00BSICHSIOT
HEOOXOIMMOCTH ITOCTOSTHHOTO IePeCMOTpa TabIHIl MyTaluit
resa LDLR B Poccun (Meshkov et al., 2021a), ato onpenenser,
C HallleH TOYKH 3PCHUS, aKTYaIbHOCTh JIAHHOTO 0030pa: B HEM
ynomuHaeTcs yxe 203 maToreHHbIX WK BEPOSTHO MaTOTCH-
HBIX BAPUAHTA ATOTO T'eHA.

MeTtopbl

[Ipoanamu3upoBaB BCIO AOCTYITHYIO JTUTEPATYpPY, B KOTOPOH
YIOMUHAIUCh MyTaluu reia LDLR B pOCCUMCKON MOILYJIs-
ITUH, MBI COCTaBIJIN CBOJHYIO TaOIUITY, CyIIIECTBEHHO PACIITH-
PSIFOIIYEO 3HAHUS O CIIEKTpe MyTaIwii B Poccru o cpaBHEHHIO
¢ npeapaynMu padoramu (Mandelshtam et al., 1993, 1998;
Mamngensinram u zp., 1998; Chakir et al.,1998a, b; 3axaposa
u ap., 2001, 2007; Kpanusuep u ap., 2001; Mangensiuram,
Macnennukos, 2001; Tarumiesa u ap., 2001; MemkoB u ap.,
2004, 2009; Zakharova et al., 2005; Boesoma u ap., 2008;
Komaposa u nip., 2013a, 6; Komarova et al., 2013; Kopresa u
Ip., 2013-2017; Korneva et al., 2017; Lllaxtuaeiiaep u ap.,
2017, 2019; Averkova et al., 2018; Shakhtschneider et al.,
2019,2021; Semenova et al., 2020; Meshkov et al., 2021a, b)
(Mpunoxenue)'.

[Ton moHsITHEM MyTanys MBI IOHUMAaeM BCE PEIKHE BapH-
AHTHI TeHA, HE SBIAIOIIMECS IMUPOKO PACIPOCTPAHCHHBIMHU
noauMopdu3MaMu U MOTCHIIMAIBHO CIIOCOOHBIC BBI3BATh
3a00eBaHme, BKIIOYAs BapPUAHTHI, TTATOTEHHOCTh KOTOPBIX
JTOKa3aHa WK BechbMa BeposiTHa. CHHOHUMUYHBIC 3aMEHBI B
3TOM 0030pe HE pacCMaTPHUBAIOTCSI, UX ITEPEUCHb JIaH B CTAThE
(Vasilyev et al., 2020).

Pesynbratbl n 06Cy>KaeHne

B Mupe onmcano, kak y>xe ynmomuHainocs (lacocca et al., 2018),
6omnee 4900 BapmanToB rera LDLR. B HactosimeM 0030pe
coobmaercst 0 203 MaTOreHHbIX WM BEPOSITHO MAaTOTCHHBIX
MyTamusax 3toro rena B Poccun (cum. [punoxkenne). Onnako
9TO pa3HOOOpa3ue, MO-BUANMOMY, TAIEKO HE TOTHOCTHIO UC-
YepIbIBACT BapHAOCIbHOCTh TeHA PEIIENTOPa B POCCHUCKOMN
MOMYIAINH, TTOCKOJIBKY METOBI TOJTHOTEHOMHOTO CEKBE-
HUPOBAHHS CTaJH MPUMCHATHCS OTHOCHTEIBHO HEJAaBHO U
CHCTEeMaTH4eCKOTO N3YYeHHs TeHETHKH 3a00JIeBaHNs BO BCEX
peTrHoHaxX CTpaHBI HE MPOBOAMIOCH. MccnenoBanus mpoxo-
T IPEUMYIIIECTBEHHO B KPYIHBIX roponax (puc. 1). [Ipu
9TOM TIOYTH BCE€ BBISIBICHHBIE MYTallUH CICIHU(DUIHBI JUIs
Ka)JIOTO M3 3THUX TOPOAOB, U CYIICCTBEHHO MEHBIIIEE KOJIH-

1 Mpunoxexne cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2022-26/appx7.pdf
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CnekTtp myTauun reHa LDLR
B Poccun

MeTpo3aBoack
BaHoBO
Tomck
OpeHbypr
Omck

TiomeHb
Bonorga
Kemeposo
BnaguBocTok
KpacHoapck

Puc. 1. KonmuyecTBo NatoreHHbIX 1 BEPOATHO NAaTOreHHbIX BapraHTOB B reHe LDLR, 06Hapy»KeHHbIX B ropogax
Poccun ¢ o6cnegoBaHHbIMU NonynsumaAMy (6€3 yueTa 4acTo BCTPEUAIOLIMXCSA NOANMOPOU3MOB 1 BOBPOKa-

YeCTBEHHbIX Bapl/IaHTOB).

Ta6bnuua 1. AHanu3 cnekTpa NaToreHHbIX 1 BEPOSATHO NaTOreHHbIX BapuaHToB reHa LDLR B Poccun v B Mupe

Tvn myTaummn

Obuiee Konu- CneundunuHble
4yecTBO ana Poccumn
KpynHble geneunn 10 (5) 6 (60)
MyTauwnm canToB cnnancrHra 18 (9) 8 (44)
[eneymnn n nicepuun B pamke 7 (3.5) 2(29)
CUNTbIBaHUSA
MyTaumm co caBMrom pamku 27 (13.5) 19 (70)
CUNTbIBaHUSA
HoHceHc-myTaumm 20 (10) 2(10)
MwmcceHc-myTauum 121 (59) 43 (35)
PerynatopHble myTayun He HanpeHbl -

YECTBO MyTaIWH SBISIOTCS OOMIMMH C IPYTHMH PETHOHAMH.
Tak, MaKCHMaJTbHOE KOJTHYCCTBO ITATOT'CHHBIX WIIH BEPOSTHO
naroreHHbIx BapuaHtoB B Poccum (101) HaiiieHO TONBKO B
Mockse (KpammusHep u n1p., 2001; Memkos u ap., 2004, 2009;
Averkovaetal., 2018; Semenova et al., 2020; Meshkov et al.,
2021a), 35 BapuaHTOB HaiieHbI TONBKO B CaHkT-IleTepOypre
(Mandelshtam et al., 1993; 3axaposa u ap., 2001, 2007;
Tarumesa u ap., 2001; Zakharova et al., 2005), 23 — TonpK0

HanpeHHble naToreHHble BapyaHTbl, Yncno (%)

[ona myTayumn sToro Buaa B mupe, %

ObLme ¢ gpyrumm Defesche et al,, Choraetal,,

nonynaunamu mmpa 2017 2018
............ 4(40) 8_10 9
............. 10(56)8_109
............. 5(71)15_204
............. 8(30) 18
............. 18(90)12_159
............ 78(65) 40_50 46
............. _HeTnaHHblxz
............. _HeTnaHHblx1
............. _HETnaHHbIXZ
............. 123(606)100

B HoBocubupcke (Boesonma u ap., 2008; Illaxrmaedinep n
Ip., 2017, 2019; Shakhtschneider et al., 2019), 11 — TompKO
B [lerpo3aBoncke (Komaposa u ap., 2013a, 6; Komarova et
al., 2013; Kopuesa u np., 2013, 2014, 2017; Korneva et al.,
2017), 33 — B mpyTuX peruoHax WIA B HECKOJBKUX PETHOHAX
onnoBpemenHo (Meshkov et al., 2021b).

B Hacrosmee Bpemst B Poccun MOKHO KOHCTaTHMpOBaTh
OonpIoe pa3HOOOpa3ue MyTalui, 13 KOTOPBIX CBBIIIC TPETH
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Tabnuua 2. [MaToreHHble BapuaHTbl B reHe LDLR, o6HapyxeHHble y nauymeHToB ¢ CI u3 poccuiicko nonynaumm B 10 cembax 1 6onee

HykneotngHas
3ameHa no pede-
peHcHow nocne-
[0BaTeNIbHOCTA
NM_000527.5
(LDLR)

c478T>G

€.654_656delTGG

€.986G > A

c.1202T > A

c.1775G>A

MNpepckasaHHoe  Yucno  Homep 3ameHbl
n3MeHeHne cemenn  no dbSNP

B 6enke

p.(Cys160Gly) 10 rs879254540
p.(Gly219del) 14 rs121908027
p.(Cys329Tyr) 13 rs761954844
p.(Leu40THis) 33 rs121908038
p.(Gly592Glu) 43 rs137929307

Monynayumn
B Poccum

CaHkT-MNeTepbypr,
HoBocnbunpck,
MockBsa

CaHkT-lNeTepbypr,
HoBocnbunpck,
Mocksa

CaHkT-MeTepbypr,
HoBocnbunpck,
Mocksa, MeTpo-
3aBOACK

CaHkT-NeTepbypr,
HoBocnbupck,
Mocksa, Kpac-
HoApCK, [MeTpo-
3aBOACK

CaHkT-MNeTepbypr,
HoBocnbupck,
Mocksa

JlntepatypHbin
NCTOYHMK
nns Poccun

Chakir et al., 1998a;
Mangenbwtam,
MacneHHukos, 2001;
Mewwkos u ap., 2004,
2009; Meshkov et al.,
2021a

Mandelshtam et al.,
1998; MaHgenbLwTam,
MacneHHuKkos, 2001;
Zakharova et al.,
2005; 3axapoBa 1
ap., 2007; Meshkov
etal., 2027a

Zakharova et al.,
2005; 3axapoBa 1
ap., 2007; Shakht-
shneider et al., 2019;
Semenova et al.,
2020;

Meshkov et al.,
2021a, b; Mirosh-
nikova et al.,, 2021

Zakharova et al.,
2005;
Shakhtshneider et
al,, 2019;

Meshkov et al.,
2021a, b; Mirosh-
nikova et al., 2021

3axapoBa 1 gp.,
2001, 2007; Boe-
BOAa u ap., 2008;
Semenova et al.,
2020; Meshkov et al.,
2021a,b

,D.pyrme CTpaHbl MUpa

Yewwuckan Pecnybnuika,
lepmaHusn, Bennkobputa-
Hus, N3pannb, Hupgepnak-
nbl, Monbuwa, FOAP, CLLA,

B OCHOBHOM y eBpeeB-all-
KeHasun

KaHapa, Kutan, Yewckan
Pecny6nuka, Quannnutbl,
Monbua, TaneBaHb, Hupep-
NaHgbl

QOuHnangua, Hngepnat-
nbl, Bpasunnua, Mekcuka,
Hopserusa

AscTpusn, benbrus, bpa-
3unus, Npeunn, KaHaga,
lepmanua, Yelwuckas Pecny-
6nvika, Utanua, Hngepnax-
Aabl, Hopserus, MNonbLua,
Moptyranua, cnanuns,
CLWA v gp.

Ta6nuua 3. BctpeyaemMoCTb pOCCUIACKMX MyTaumii reHa LDLR B fpyruix cTpaHax

CrpaHa Konuuectso B1pgoB myTtauui WcTouHuK nHpopmaummn O6wwe c Poccueit myTtaumm
Monbuwa 99 Chmara et al., 2010 19
Yewwckan Pecnybnvka 129 Tichy etal., 2012; 23
Choraetal, 2018
HupepnaHgbl 306 Fouchier et al., 2005; 36
Choraetal, 2018
WcnaHua 205 Mozas et al., 2004; 12
Choraetal, 2018
Wtanus 251 Bertolini et al., 2013; 28
Pirillo et al., 2017;
Choraetal, 2018
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(39.4 %) cnenupuIHbI I CTPAHBI
W HWATAE B MHUpPE J0 CHX TIOp HE
HaieHs (Tabn. 1). Pacnipenenenue
MyTaIuii no tunam B Poccun oueHn
MMOX0Ke Ha TaKoBOe B Mupe (cM.
Tabm. 1).

W3 ananusa tabn. 1 cienyer,
YTO 3aHIKEHHOE KOJIMYECTBO TPO-
TSOKCHHBIX JICTICIHIA CBSI3aHO C TEM,
YTO TAapreTHOE CEKBEHUPOBAHUE
B Poccunm mpumensercs Hegas-
HO W IICJICHAINIPaBICHHBINA MOMCK
KPYIHOMAacCIITAa0HBIX TIEPECTPOCK
TeHa He MPOBOIMIICA: MCCIEI0Ba-
Tenn (POKyCHpOBaIM BHUMAaHUC Ha
CKPUHMHI€ 9K30HOB, YTO ONpeEie-
JUJIO HECKOJIBKO OONBITYIO TOIIO
MHCCEHC-MYTAalllid, 4eM B MHpPE B
nesaoM. OTHOCUTENBHO HEJIaBHO
(Shakhtschneider et al., 2021) cranu
HCKaTh MPOTSHKCHHEIC JCICINN B
reie LDLR y Tex nanueHToB ¢ CI,
Y KOTOPBIX BBICOKOTIPON3BOIUTEIh-
HOE TapreTHOE CEKBEHHPOBAHUE
HE BBISIBUJIO 3HAYMMBIX MyTalul
B MaHeNu u3 43 TeHOB JHUITHUIHOTO
obmeHa. /Iyt 3TOro Mcronabp30BaIN
METOJ] MYJIBTUIIIEKCHOM JIMTa30-3a-
BUCHUMOM IOJIMMEPA3HON LEMHOI
peaknun (multiplex ligase-depen-
dent probe amplification, MLPA),
KOTOPBIM MO3BOJUI B U3y4YEHHOU
BeIOOpKe n3 80 manmentos ¢ CI 06-
Hapy>XUTh JBe Aeneruu reda LDLR.

Hemuorue BapuanTel rena LDLR
BCTPEUYAIOTCS B HECKOJIBKHX Ce-
MbsIX, B OCHOBHOM JK€ ITpeo0iIajator
YHUKalbHble MyTauuu. B Poccun
MMaTOTCHHBIC MYTAIlUH TaKXe Ipe-
UMYULIECTBEHHO OOHapYKHBAIOTCS
B €IMHUYHBIX ceMbsx (142 u3 203,
w70 %), u Tonpko 61 BHI My-
TalUi BCTPEYAJICS B JIBYX CEMBIX
WU B HECKOJIBKUX POJOCIOBHBIX.
B mupe HambompIiee 4HUCIO MyTa-
LMH ONHCAHO B YETBEPTOM JK30HE
TeHa, YTO CBSI3aHO HE TOJBKO C
TE€M, 4TO 3TO KPYNHEHIINl 3K30H B
rede LDLR, HO W ¢ TeM, 4YTO ILIOT-
HOCTh MyTallli B pacyeTe Ha OJIH
HYKJICOTHJ B HEM camasi BBICOKas
u cocrasnser 0.882 BapuaHTa Ha
nykieoruna (Chora et al., 2018).
VIMeHHO B 9TOM 3K30HE 0OHAPYKEHO
HauOOJIbINEe YUCIIO (DYHKIIMOHAIb-
HO OXapaKTepU30BaHHBIX MYTaIlHii,
W TIOYTH BCE MMECIOT ITaTOTCHHBIN
3¢ ¢ext. Hamre nccnenopanue moka-
3aJ10, YTO B POCCUHCKOM MOMYJISILIUN
HauOOITbIIICE YHUCIIO MyTALIUH B TCHE
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CnekTtp myTauun reHa LDLR
B Poccun

Konuuectso myTtauui

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

DK30HbI reHa peventopa JTHM

Puc. 2. PacnpefeneHve naToreHHbIX 1 BEPOATHO NaTOreHHbIX BapMaHTOB MO 3K30HaM B reHe peLientopa
JIHM y naumenTos c CI B Poccmu.

0.08 -

0.06 [

0.04 L

lnoTHocTb pacnpepeneHua MyTaLl,I/IlZ

0.02

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

DK30HbI reHa pevenTopa JIHM

Puc. 3. [N0OTHOCTb pacnpefeneHmns NaToreHHbIX Y BEPOATHO NAaTOreHHbIX MyTaLMiA B 9K30HaX reHa pe-
uentopa JIHI B pacueTe Ha ognH HykneoTua y naumneHTtos ¢ CI' B Poccun.

LDLR nokanmsyeTcs B CaMBIX KPYITHBIX 9K30HaX — YETBEPTOM H JIEBATOM (pHC. 2).
Y4uThIBas JOCTYITHBIC HA CETOMHS CBEICHIS, CIEAYCT 3aKIOYHUTh, YTO, MO HAIIUM
JAaHHBIM, HAWBBICIIAS IJIOTHOCTh MYyTAllMii B pacuyeTe Ha OJUH HYKJICOTHI 3K30HA
(puc. 3) ompenensieTcs B ACBITOM, a HE B YETBEPTOM 3K30HE, KaK B MUPOBBIX 0a3ax
nmarHbIX (Chora et al., 2018).

K Hacrosiemy BpeMeHU Wb MATh MaTOTeHHBIX BapuanToB reHa LDLR B Poccun
MOYXHO OTHECTH K MayKOPHBIM, KOTOpbIe 00HapykeHHI B 10 ceMbsx uiu Ooiee (Tad. 2).
W3 HEX TONBKO OAWH BapHaHT crieruduycH s Poccuu, a octanbHBIC MIHPOKO pac-
MPOCTPAHEHBI B MUPE.

Haubomnpmree cxonctBo B cnekTpe MyTtanuii B rene LDLR B Poccun Habmromaercs
¢ [Momemeit, Yenickoit Pecnyonmkoii, Hunepmangamu, Ucnanwueit u Mranuei, 9To oT-
YaCTH OIPEACIIACTCS TEM, YTO ITH MOMYJIAIIHA MAKCUMAIIBHO TIOJTHO 0XapaKTEPU30BaHbI
(Tabm. 3). DTO CXOACTBO, BEPOSTHO, OOYCIOBICHO HATHMYMEM IIMPOKO PaCIpOCTpa-
HCHHBIX B MHUpE MyTanuii 0eoil packl, a He MUTpanuei Wi YPPEKTOM OCHOBATEIIS.
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3aKniouyeHune

Taknm 00pa3om, ycrex JaibHEHIIero H3y4eHHsl My TaluoH-
HOro criekTpa reHa LDLR Gyfet onpeaensiThes, Mo HaleMmy
MHEHHIO, IBYMsl (haKTOpaMH, OIMH U3 KOTOPBIX — CO3JaHne
MOJHOT'O PErUCcTpa NAIeHTOB ¢ CEMEHHOM runepxoaecTepu-
HEMUEH B CTpaHe, a BTOPOH — BHEPEHUE TapreTHOIO CEKBE-
HUPOBAHMS B IIMPOKYIO MPAKTHUKY JTa00PATOPHHA.
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PaspaboTKa 1 co3gaHne KaHONIATHBIX BaKIIH
npoTuB COVID-19 Ha OCHOBe paCTUTEJIbHbBIX CUICTEM 3KCIIPECCUN:
COCTOSIHIIE JICCIeQOBaH U IIePCIIeKTUBbI
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AHHOTauuA. BcnbilwKa HOBOrO BapuaHTa KOpOHaBUpYycHo nHbekumm, n3sectHol kak COVID-19, npousowna
B KOHUe 2019 1. B KnTae, B ropope YxaHb, 1 6bina BbizaBaHa BMpYycom SARS-CoV-2. [laHHbI BapuaHT BUPYCa Xapak-
Tepu3syeTca BbICOKOW CTeMNeHbo U3MEHUMBOCTY U1, KaK NMOKa3blBaeT CIOXKMBLUIAACA CUTYaLMA C ero pacnpocTpaHe-
HVIEM MO Pa3IMYHbIM PErVIOHaM 3eMHOTO Lapa, CMocobeH NMPUBOANTL K MPOrpeccupyioLieMy pacnpoCcTpaHeH o
MHOEKUUN cpeayn YenioBeYecKon MonynAuMmn U CTaHOBUTLCA MPUYMHON BO3HWKHOBEHMA NaHaemuu. Muposoe
Co00LLecTBO MccnefoBaTenell NpunaraeT OrpoMHble yCUnuaA 4fif paspaboTKy CpeACcTB 3aLuTbl, MPOGUNAKTUKI U
neyeHms 3Toro 3aboneBaHns, OCHOBbIBAACb Ha COBPEMEHHbBIX JOCTUMKEHWAX B 061aCTV MoseKynsipHol bruonoruu,
VIMMYHOMIOTUM 1 BakuMHonoruu. B npeanaraemom o63ope cymmypoBaHa MHGOpMaLma O COBPEMEHHOM COCTOA-
HUWN UCCNeaoBaHNiA B 06nacTy co3fganuns BakumnH npotre COVID-19 ¢ akLeHTOM Ha posib pacTEHUIN B peLleHnn
3TOWN CNOXKHOWM NpobnemMbl. XOTA pacTeHVA U3AaBHA UCMONb30BaINCh YENOBEYeCTBOM B KayecTBe MCTOYHMKOB
PasnnUHbIX IEKaPCTBEHHbIX CYOCTaHLWIA, B YCIIOBUAX NaHAEMUMN PaCcTUTENbHbIE CUCTEMbI SKCMPECCUM CTaHOBATCA
npvBNieKaTeNbHbIMU B KauecTBe 61odabpuk unm 61opeakTopoBs s HapaboTKM NCKYCCTBEHHO CO3AaHHbIX 6en-
KOBbIX MOJIEKYS1, BKJIIOUAIOLMX NPOTEKTUBHbIE aHTUIEHbl A/1A BaKLUVHbI NPOTUB BUPYCHOW MHbeKUuMn. n3aiiH 1
KOHCTPYMPOBaHVE TakNX MCKYCCTBEHHBIX MOJIEKYIT JIEXKaT B OCHOBE CO3[aHNA PEKOMOUHAHTHbBIX CyObeAVHNYHbIX
BaKLUMWH, HaLleNleHHbIX Ha GbICTPOe pearnpoBaHme NPOTUB PacnpPOCTPaHeHNA MHGEKLMI C BbICOKOI CTEMNEHbIO M3-
MeHUMBOCTY. B 0630pe npefcTaBneHo COCTOAHVE UCCTIEA0BaAHNI, OXBaTbIBalOLLEE Neprof HEMHOTM 6onee IBYX
NeT, T. €. C MOMEeHTa MOABJIEHNA HOBOW KOPOHABMPYCHOW MHdeKummn. O6CyKhaeTca BaXXHOCTb ObICTPOro pearu-
pOBaHNA NCCNeRoBaTENbCKNX MPYNM U3 Pa3HbIX HAyYHbIX 0bnacTeli B HaNpaBneHUN NCMONb30BaHUA yXe CyLie-
CTBYIOLLMX Pa3paboToOK A1A CO34aHUA CPeACTB 3almTbl IPOTUB Pas3fIMUHbIX NaToreHoB. Ha nprmepe aByx pactu-
TeNbHbIX CUCTEM SKCMPECCUN — CTaBUNBbHOW 1 TPAH3UEHTHOM — MOKa3aHo pa3BUTHe paboT Mo KOHCTPYUPOBaHMIO
PEKOMOUHAHTHBIX Cy6beNHMYHbIX BakUMH NpoTns COVID-19 B pa3nunuHbIx 1abopatopuax 1 KOMMepPUECKUX KOM-
naHusax. llogyepkHyTa NepcnekTMBHOCTb NCMOJIb30BaHMA PAaCTUATENbHbIX CUCTEM SKCMIPeCcUn Ans pa3paboTku He
TONbKO CPEACTB 3aLMTbl B YC/IOBUAX ObICTPOro pearnpoBaHuna (Cy6befuHUYHbIE BaKLMHbI), HO 1 TeparneBTuye-
CKUX CPeACTB B BUAE MOHOKJ/IOHaJbHbIX aHTUTen npoTne COVID-19, cHTe3npyembIX B PaCTUTENbHbIX KIIEeTKaXx.
KnioueBble cnoBa: pacTuTesibHble BaKUMHbI; CUCTEMbI SKCMPECCUM PaCTeHWI; BUPYCONOAoOHble YacTuubl;
TPaH3MeHTHas KCNpeccus; CTabuibHan SKCNpeccus; peKoMOUHaHTHble 6enKu.

AnauyutupoBaHus: Yeaposa E.A., benasuH IN.A., [lenHeko E.B. PazpaboTka 1 cozgaHne KaHAMAATHbIX BaKLWH NPOTUB
COVID-19 Ha 0CHOBe pacTUTENIbHbIX CUCTEM SKCNPECCU: COCTOAHME NCCefoBaHNI 1 NepcneKkTyBbl. Bagunosckul
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Design and assembly of plant-based COVID-19 candidate
vaccines: recent development and future prospects
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Abstract. An outbreak of a new variant of the coronavirus infection, known as COVID-19, occurred at the end of
2019in China, in the city of Wuhan. It was caused by the SARS-CoV-2 virus. This variant of the virus is characterized
by a high degree of variability and, as the current situation with its spread across different regions of the globe
shows, it can lead to a progressive spread of infection among the human population and become the cause
of a pandemic. The world scientific community is making tremendous efforts to develop means of protection,
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Design and assembly of plant-based
COVID-19 candidate vaccines

prevention and treatment of this disease based on modern advances in molecular biology, immunology and
vaccinology. This review provides information on the current state of research in the field of vaccine development
against COVID-19 with an emphasis on the role of plants in solving this complex problem. Although plants have
long been used by mankind as sources of various medicinal substances, in a pandemic, plant expression systems
become attractive as biofactories or bioreactors for the production of artificially created protein molecules
that include protective antigens against viral infection. The design and creation of such artificial molecules
underlies the development of recombinant subunit vaccines aimed at a rapid response against the spread of
infections with a high degree of variability. The review presents the state of research covering a period of just
over two years, i.e. since the emergence of the new outbreak of coronavirus infection. The authors tried to
emphasize the importance of rapid response of research groups from various scientific fields towards the use
of existing developments to create means of protection against various pathogens. With two plant expression
systems—stable and transient-as examples, the development of work on the creation of recombinant subunit
vaccines against COVID-19 in various laboratories and commercial companies is shown. The authors emphasize
that plant expression systems have promise for the development of not only protective means under conditions
of rapid response (subunit vaccines), but also therapeutic agents in the form of monoclonal antibodies against
COVID-19 synthesized in plant cells.

Key words: plant-based vaccines; plant expression systems; virus-like particles; transient expression; stable
expression; recombinant proteins.
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BBepeHmne

OnauM u3 Hambonee 3¢ (PEeKTUBHBIX METOIOB OOPHOEI C
MHQEKIMOHHBIMY 3a00JICBAaHUSIMU SIBIISICTCS BaKIIMHALIHSL.
Baknuna — 310 nmpenapar, CTUMYJIMPYIOIIMI OpraHu3M Ha
(hopMEpOBaHUE 3AIUTHON PEAKIINU IPOTUB HHPEKIIMOHHOTO
areHTa. B 0cHOBY BakIIMHAIMH ITOJIOKEHO TPOrpaMMHPOBa-
HHUC CHeHI/I(bI/I‘-IeCKI/IX HUMMYHOJIOTHYCCKNX MEXAaHU3MOB Ha
3amIUTy OT BO30OyIWTENEH pa3sNUYHbIX WHEeKIui. IMeHHO
Onaromapsi BaKIIMHAIIMU YEJIOBEUECTBY yAAJIOCh M30€XaTh
BCIIBIIICK MHOTHX OIIaCHBIX HH(beKHHﬁ, TEM HC MCHEC UMCIO-
Iyecs B apCeHaJIe BAaKIIMHbI BCE €I1IE AIEKH OT «H/ICaTbHbBIX).
Vcnonb30BaHue TPajuLIMOHHBIX BAaKIMH, TPOU3BOJCTBO
KOTOPBIX OCHOBAHO Ha aTTCHYWPOBAHHBIX WJIM WHAKTHUBU-
POBaHHBIX MAaTOTE€HAaX, MHOI/A CONPOBOXKAACTCSI CEHCUOU-
JM3anuel opraHusMa, OOJBIION HAarpy3kod Ha MMMYHHYIO
CHCTEMY, PEaKTOTeHHOCThIO, TOKCHYHOCTBIO U Jp. (Francis,
2018).

PazpaboTanHble K HACTOSAIIEMY BPEMEHH METOABI U MOA-
XOIIbI B 001aCTH MOJIEKYJSIPHON OMOJIOTHUH, HIMMYHOJIOTHH,
BAaKI[MHOJIOTUH, KJIIETOYHOH M CHHTETHYECKOW Ouonoruu, a
TaKke OMOMH(pOPMATHKHU TO3BOJISIIOT MI0-HOBOMY B3IVISIHYTh
Ha OTKPBIBAIOIMECS BO3MOKHOCTH CO3/aHus Oojiee co-
BEPIICHHBIX CPE/ICTB 3aIUTHI OT MAaTOT€HOB BHPYCHOTO H
0aKTepHaIbHOTO MPOMCXOXKICHUSI, JUIICHHBIX BBIIICHIEpe-
YHUCJIICHHBIX HEAOCTATKOB. MCTOI[LI COBpeMeHHOf/'I OMOI0THHI
JIAfOT BOBMOXKHOCTD HAECHTH(UIINPOBATH U U30JIMPOBATH OMO-
JIOTHYeCKHEe MaKpOMOJIEKYIIbI MM UX (ParMeHThI, KOTOpbIE
MOXHO 6BIJTO 6BI HCIIOJIB30BaTh B KAY€CTBEC UMMYHOT'CHHBIX
KOMITOHEHTOB /ISl aKTHBAIINM UMMYHHOM CHCTEMBI B OTBET
Ha raroreH. TakMMN KOMIIOHEHTAaMH MOT'YT BBICTYIIaTh Oell-
KM TaTOT€HOB (HampuMep, Oenku o06ojouex Bo3OyanuTenei
WHQEKINHN), ABJIOIHeCcs IMMyHOTeHaMy. C MTpUMEHEHHEM
TeHHO-MH)XEHEPHBIX TEXHOJIOTHH yCIENTHO pa3BUBacTCs Ha-
MIpaBJIeHUE TI0 Pa3pabOTKe PEKOMOMHAHTHBIX CyObeTMHUIHBIX
BaKIMH, BKJIOYAIOMINX IPOTEKTUBHBIC aHTUT€HbI B COUCTAaHNHT
C aJbIOBAHTAMH M CHHTE3MPYEMBIX B PA3JIMUYHBIX CHCTEMAX
skcrpeccun (Salazar-Gonzalez et al., 2015; Demurtas et al.,
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2016; Fischer, Buyel, 2020; McNulty et al., 2020; Rybicki,
2020).

Pa3paboTka peKOMOMHAHTHBIX CyOBETUHUYHBIX BaKIIHH
HanOoJiee aKkTyallbHa JUIsl TTAaTOTCHOB, XapaKTEPU3YIOMINXCS
BBICOKMM YPOBHEM H3MEHYMBOCTH. DTO BO30YyAWTENIN BHU-
PYCHBIX MH(EKINH, BBI3bIBAIOIINE OCTPHIE PECIHPATOPHBIE
3aboneBanus u rpunn (Shoji et al., 2011; Ward et al., 2020).
JlaHHBIE NTATOreHBI CIIOCOOHBI IPUBOMTE K IPOIPECCHPYIO-
IMIEMY PACIPOCTPAHECHUIO HH(PEKIINN CPEIN UEITOBEUECKON
MOIYJISIIMU ¥ CTAHOBUTHCS IPUIMHON BO3ZHUKHOBEHHUSI 31TH-
neMun u nagaeMuii. UMeHHO K TaKMM IMaToreHamM OTHOCHUTCS
HOBasi pa3HOBUAHOCTH KopoHaBupyca — SARS-CoV-2.

JloCTymHOCTB JaHHBIX O CTPYKType T€HOMa HOBOTO IITaM-
Ma BUpYCa, BBIJICIICHHOTO C UCIIOJIb30BAHUEM KIACCHYECKUX
METOJIOB BUPYCOJIOTUH, MEKTPOHHON MHUKPOCKOIHMH U MO-
nexynsipHoro ananmsa B koHne 2019 r. (Zhu et al., 2020),
OTKpBUIA IIUPOKHE BO3MOXKHOCTH JUISI IPUMEHEHHS yiKe
pa3pabOTaHHBIX U NMEIOIUXCS B apceHalle HCcIeioBareneit
HOBBIX ITO/IX0/I0B K KOHCTPYHPOBaHHIO BakIMH. [IepBbie 3as1B-
neHus o kuandeckux ucnbitanusx (https://clinicaltrials.gov/
ct2/show/NCT04283461) mosBIINCH yKe depes IBa Mecsra
TocJie oIy OIMKOBaHUS IEPBUYHOM CTPYKTYpBI FeHOMa 3TOTO
Bupyca (Zhu et al., 2020). JlaHHbIii (aKT CBUIETEILCTBYET
0 TOM, YTO UMEIOIINECS pa3pabOTKN U ITOHUMAaHUE MOJIEKY-
JSIPHBIX MEXaHU3MOB (DOPMHUPOBAHUS 3AIIUTHBIX PEeaKInil
CO CTOPOHBI UMMYHHOM CHCTEMbI OpraHu3Ma M03BOJISIIOT J10-
CTAaTOYHO OIIEPAaTUBHO OTPEarupoBaTh Ha MOSBIEHHE HOBBIX
BapuaHToB BupycHoi nHpekuuu (Pogrebnyak et al., 2005).
OnHaKo 15l NCTIOJIb30BAHMUS HOBOM BaKIMHBI B LIEJISIX TPOdu-
JIAKTUKHU HACEJICHHUS He0OXOANMO OIIEHHUTH €€ A(P(PEeKTHBHOCTH
1 BIIMSTHAE Ha OPTaHM3M YeJIOBEKa, a TAK)Ke BO3MOXKHOCTH €€
MPOMBIIIJICHHOM HapaboTku (Jiang, 2020).

B npeanaraemom 0030pe aBTOPHI C/IENAIN MOMBITKY HPO-
AQHAIM3MPOBATh BO3MOXKHOCTH ITPUMEHEHHS PAaCTUTEIBHBIX
CHCTEM JKCIIPECCUH, HAIPABJICHHBIX Ha CO3/IaHHE MTPOTUBO-
BUPYCHBIX CyOBEIMHUYHBIX PEKOMOMHAHTHBIX BAKIMH, B
YAaCTHOCTH KaHJAUAATHBIX BakuuH npotus COVID-19.
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PactutenbHble cuctembl KCnpeccnn

[Ipn pa3paboTke BaKIMH HOBOTO ITOKOJICHUS, B TOM YHCIIC
PEKOMOMHAHTHBIX, aKTyaJbHBIM OCTAETCsl BOIIPOC O TOMCKE
BBICOKO()()EKTUBHBIX U HKOHOMUYECKU BBITOJHBIX CHCTEM
UX DKCIpeccur. B Hacrosmiee BpeMs At TUX Leliel yare
BCEro HCHONb3yIT Escherichia coli, HECKOIBKO BUIOB
Saccharomyces v k1eTkn MitekonuTaonmx. Hossie nepcrnek-
TUBBI B HAPAOOTKE PEKOMOMHAHTHBIX OCITKOB OTKPBIBAIOTCS
Onaropapsi reHETUYECKH MOTU(DHUIIMPOBAHHBIM PACTEHHSIM
(6rodapmuHT), KOTOpPBIE MOTIN OBl BHICTYIAaTh B Ka9eCTBE
pactuTenbHbIX (chenoOHBIX) BakimH (Salazar-Gonzalez et
al., 2015). Pactenus, B TKaHSIX KOTOPBIX CHHTE3UPYIOTCS U
HaKaIIMBAIOTCS PEKOMOMHAHTHBIE IMMYHOTCHBI, TIPUBIIE-
KaTeIbHBI JUIS MOJyYeHHs] CyOCTaHIMi BETEPHUHAPHOTO U
MEIUIIMHCKOTO Ha3HAuYeHHs, B TOM YHCJe CyObeIUHUIHBIX
PEKOMOMHAHTHBIX IPOTHBOBUPYCHBIX BAaKIMH. Bo MHOTrHMX
BE/IyIINX OMOTEXHOJOTMYECKHX JIA0OpaTOpusiX U KOMMeEp-
YeCKUX (UpMax PacTUTENIbHbIC KJIETKH HCIONb3YIOTCS B
KaueCcTBE aJIbTEPHATUBHOM CHCTEMBI SKCIIPECCUH JUTS MOy~
YEeHUS] PEKOMOMHAHTHBIX OSITKOB METUIIMHCKOTO HA3HAYCHUS
(Fischer, Buyel, 2020; Rybicki, 2020).

[TpumensiemMble U1 CHHTE3a PeKOMOMHAHTHBIX OEIIKOB, B
YaCTHOCTH BaKIIMHOT€HHBIX, PACTHTEIILHBIE SKCIIPECCHOHHBIC
1aT(h)OpMbl OCHOBaHBI Ha CTAOMITLHOM AKCIIPECCHH LIEIEBOTO
TEeHA MIPH €ro JOCTAaBKE B SIEPHBIN MIIM XJIOPOIUIACTHBIH Ire-
HOMBI PacTeHHs, @ TAKIKE HAa BPEMEHHOW WJIM TPaH3UCHTHOM
ero skcnpeccun. Ha puc. 1 mpencraBineHsl 1B€ OCHOBHBIC
1aT(h)OPMBI, PA3BUBAEMBIC B BELYIMX OMOTEXHOIOTHUECKUX
LEHTpax JUIsl TPOU3BOJICTBAa PEKOMOMHAHTHBIX OCJIKOB, B TOM
YHCIIE METUIIMHCKOTO HA3HAYCHUSI, C UCITOJIb30BAHMEM CHHTE-
THYECKUX BO3MOKHOCTEH TPAHCKPUITIIMOHHO-TPAHCIISIIMOH-
HOTO armapara pacteHnil. OOl NPUHIAII, TOJIOKESHHBIN B
OCHOBY 3THX IIaT(OPM, COCTOUT B CIICIYIOLIEM: METOAAMH
TeHETUYECKOW MH)KEHEPUHU CO3[aeTCs MCKYyCCTBEHHAsh Ma-
TPHIIA C LIEJIEBBIM T€HOM, M0 KOTOPOH CHHTE3UPYETCS COOT-
BETCTBYIOIIUI OCJIOK, HAKAIUTMBACMBIN B TKAHIX PACTCHHIA.
PacTuTenbHbIE TKAHK MOTYT OBITB JINO(MHIIBHO BBICYIIICHBI
WHKAIICYJIMPOBAHBI, JIN0O U3 TKaHEH MOXET OBITh BBIICICH
1 OYMILEH HEeTOCPEICTBEHHO peKOMOMHAHTHBIN Oenmok. Kax
MIPaBUJIO, B KAUYECTBE LIEJICBOT'0 TeHA BEIOMPAIOT I'eHBI OEIIKOB
o0otouex Bo3OyauTene HHPEKIMOHHBIX 3a00JIeBaHNH, SIB-
JAIOIKXCS UMMYyHOTeHaMH. B cocTaBe kaccer skcnpeccuu
IEJIEBBIE T€HBI MOT'YT OBITh HHTETPUPOBAHBI B TEHOM PACTCHUH
(s1IepHBIN MM XJIOPOTUIACTHBIN ), 4TO 00SCIIEUHUT CTAOMIIBHYTO
HKCTIPECCHIO IIETICBOTO F'eHa ¥ HAaKOTUICHHE B TKAHAX PACTCHHUS
[[EJIEBOTO MPOAyKTa (cM. puc. 1, a). OmHaKO UCTIONB30BaHHE
XJIOPOIUIACTHOTO TEHOMA JUISl 3TUX LeNIeH XOTs U IPe/ICTaB-
JISIeTCsl BEChbMa MEPCIIEKTHBHBIM, BCE €IIIE JIAJIEKO OT MPAKTH-
YECKOTO IIPUMEHEHHUS B CHITY OOJIBIIOTO YHCIIa HEPEIICHHBIX
npobnem (Waheed et al., 2015; Yu Y. et al., 2020).

IIpu TpaH3MEHTHOH cUCTEME HKCIPECCUU LIEIEBbIE T'€HbI
JIOCTABIISIFOTCSL B TKAHU PACTEHUH C TOMOILBIO CHENNAIBHO
CO3/IaHHBIX JUIS ATOTO BUPYCHBIX BeKTOpOB (Sainsbury et al.,
2010), a taxxe pacrenus Nicotiana benthamiana, ocobeH-
HOCTH CTPOCHUS JINCTOBOW MApPEHXMMBI KOTOPOTO ONITHMaJIb-
HBI JUIS TIPOBEJICHHS YCHEIIHOW arponH(uiIbTpanun (cm.
puc. 1, 6). B xomnanuu IconGenetics (I'epmanust) paspadorana
¥ 3aI1aTEHTOBAaHA CHCTEMa «MarHU()eKIm», ¢ IPUMEHECHHEM
KOTOPOH BBIXOJ] pPEKOMOMHAHTHOTO OeJTka IMpH TpaH3UEHTHOM
CHCTEME IKCTIPECCUN MOXKET JocTurath 80 % oT obmiero pac-
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Pa3paboTka 1 co3paHve KaHAMAATHbBIX BaKLUH NPOTMB
COVID-19 Ha 0CHOBe pacTUTENbHbIX CUCTEM SKCMpeccum

ALYARYIAN
LleneBoi reH

JKcnpeccrmoHHas nnatdopma:

cTabunbHan

TpaH3neHTHas

C6op 6bromaccol, BblaeneHme
1 ouncTKa benka

C6op 6romaccsl,
ee nuodunmsaums
1 VIHKancynupoBsaHue

= [

Puc. 1. PacTutenbHble 3KCMNPeCCMOHHblE NNATPOPMbl A MOSTyYeHUs
PEKOMOVHAHTHBIX 6e/TKOB.

tBopuMoro Oenka (OPB) (Gleba et al., 2005). Hecmotps Ha
OTHOCHTENBHO HU3KUH (HemHOoTUM Oonee 1 % OPB) BeIxOn
PEKOMOMHAHTHOTO OEJIKa B PACTEHHSIX CO CTAOMIILHON CHCTe-
MO IKCTIPECCHH B Cydae SAepHOI TpaHchopmanmu, mpH-
MEHEHHE Y)K€ MMEIOIIUXCSl arpOTEXHOIOTHH BBIPAIIUBAHUS
TPAaHCTCHHBIX paCTeHl/II‘/II 06ecneqMBaeT UM HCOTPaHUYCHHYIO
MacmTadupyeMOCTh IPH MUHUMAITBHBIX 3aTpaTax (Kermode,
2018). Takum oOpas3omM, pacTuTenbHas raropma co cTa-
OMIIBHOI PKCIpeccuel 1eIeBOro reHa MepcrneKTUBHA A
MIPOM3BOJCTBA MPOAYKTOB C OONBIINM 00BEMOM, HapUMep
JUIS TIOJTyYIEHUSI BAaKIMH IS TPO(QHIAKTHKY 3a00JICBaHUMH, B
0COOEHHOCTH B Pa3BHUBAIOIUXCS CTPaHAX.

TpaHcreHHbIE MM TPAHCINIACTOMHBIE PACTEHHUS CO CTa-
OMIIBHOM AKcIpeccueil IeJIeBOro reHa MCIoIb3YIOTCs I
KPYIHOMacIITaOHOTO TIPOU3BOCTBA PEKOMONHAHTHBIX Oell-
KOB B TEUEHHUE JITUTEIHLHOTO MEPHO/IA, TOTJa KaK 0COOEHHOCTH
TPAaH3UEHTHOI SKCIIPECCUH MTO3BOJISTIOT IOy YN Th HEOOXOH-
MbI€ KOJMYECTBA PEKOMOMHAHTHOTO Oelika 32 KOPOTKHM
MIPOMEXYTOK BPEMEHH, YTO TPEJCTABIACTCS UPE3BbIUAHO
Ba)KHBIM ITPH HEOOXOANMOCTH SKCTPEHHOTO PEarnpoBaHMs Ha
pacnpocTtpaHeHue naroresa. Tak, YnpaBieHUEM MO CaHU-
TapHOMY HaJ[30py 3a KaueCTBOM IHIIEBBIX MPOAYKTOB U
meaukamenToB CIIA (FDA) na cimyvaii upe3BblYaiiHOM cu-
Tyaiuu ObUT OI00PCH KOKTEiJIb MPOTHB BUpyca D00a 1o
Ha3BaHueM ZMapp™, cocTosiuii n3 Tpex MOHOKIOHATBHBIX
AQHTHUTEJ, TPAH3UEHTHO CHHTE3MPOBAHHBIX B PACTEHHSX Taba-
ka (Phoolcharoen et al., 2011).

TpaH3nueHTHas cucTeMa SKCHPECCHM MEPCHEeKTHBHA IS
Pa3BUTHS MEITKOCEPUIHOTO ITPOM3BOJICTBA NTEPCOHATU3UPO-
BaHHBIX JICKAPCTBECHHLBIX IMPENaparoB, TAKUX KaK aHTUHUIUO-
TUNWYECKNe aHTUTeNa SCFV 17151 HeXOMKKNHCKON TMM(OMBI,
a TaKXke NMpH HeoOXOAMMOCTH MAacCOBOW BaKIHWHAIMM Ha-
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CeJICHHsI B CJIyyae BCIBIIIEK CE30HHBIX BUPYCHBIX 3a0oiie-
BaHUIl, BBI3BIBAEMBIX OBICTPO MYTHPYIOIIUMH BUPYCaMH.
B pacrenusix N. benthamiana yxe 1mociie Tpex Heleib C
MOMEHTA BBIJICJICHHsI BUPYCHOI! [TOCIIEI0BATEILHOCTH OBLTH
CHHTE3UPOBAHBI JOCTATOYHO OOJBIINE KOIWYECTBA AHTHU-
TEHOB M3 MTaMMOB Bupyca rpurma HSN1 (nruanii rpumn) u
HIN1 (cBunoii rpumnm) (Hodgins et al., 2019; Makarkov et al.,
2019). [lanHbBIC peKOMOWHAHTHBIE OETTKH, HapabaTbIBaeMbIe
B TPAH3UEHTHOHN PaCTUTEIBHON CHCTEME IKCIIPECCHH, pac-
CMaTpPUBAIOTCSl B KAYECTBE KAHUAATHBIX BAaKIIMH IPOTHB
BHpYyca rpumnma u 3asepriu 11 ¢pazy ucnsitannit Ha TIOAIX
(Pillet et al., 2019).

Amepukanckoii komranueir DowAgroSciences B kaue-
CTBE TIepeIoBON MIaTGOPMBI IS MPOU3BOICTBA PEKOMOH-
HAHTHOTO aHTUI'CHA NPOTHB BHPYCa HBHIOKACICKOH OOJIe3HU
(rceBIOYYMBI) JOMalllHEH MTUIBI pa3paboTaHa cucTema
KyJTHBHPOBAHHMS pacTUTENbHBIX Kietok Concert'™. HecMmo-
TpsI HA TO YTO KOMIIAHUEH He OBIJIO 3aImyIeHO KOMMEPYECKoe
MIPOM3BOJICTBO JaHHOTO PEKOMOMHAHTHOTO HPOJYKTa, 3Ta
TEXHOJIOTHSI MOCIYKNIa OCHOBOHM IS CO3JaHUS IPYyTHUX
KOMMEpYecKuX Impenaparos. PeasbHOCTD 1 3(h(EeKTHBHOCTD
TAKOTO I0/IX0/]a MHOTOKPATHO MOATBEPIK/ICHA HCCIIe10BaTe-
JSIMM BEAYIIUX OMOTEXHOJIOTMYECKHX JIAOOpaTOpUil Mupa,
a TaK)Ke JESATEIBHOCTHI0O MHOTOUNCICHHBIX KOMIAHUH |
¢hupm, crienuaNIn3UpPyIOMIUXCS HA TPOU3BOJCTBE OJHOTO
WJIN HECKOIBKUX OM3KOPOJICTBEHHBIX NMPOAYKTOB Ha Oa3e
COOCTBEHHOM IKCTIpecCHOHHOM mardopmsl (Margolin et al.,
2018; Rybicki, 2018).

YuuteiBas ApaMaTH4€CKOE€ BO3AEHCTBUE NMaHIEMHUU
COVID-19, kpaliHe Ba)XKHO PacCMOTPETh BCE UMEIOIUECS
B pacIoOpsDKEHUH MCCIIeoBaTeleil TEXHOIOIHH, KOTOpPbIE
MOXXHO OBLTO OBl IPUMEHHTH JJIs1 OOpBOBI ¢ BO30OyAHUTEIEM
aToro nHpeKknnoHHoro 3a601eBanus —BUpycoM SARS-CoV-2.
[TockonbKy TEXHOJIOIHUS TPOU3BOJICTBA PACTUTEILHBIX OHO-
(hapMaIieBTHIECKIX IPEMapaToB B LIEJIOM yKe pa3padoTaHa,
TO B paMKax IaHJIEMHH OHA IPEJCTaBISICTCSI BecbMa IpH-
BJIEKATEJILHOM C TOYKU 3pEHUs] HapabOTKU HE TOJIBKO HEIo-
POTHX BAaKIUH, HO W AHTUTEN, UCTIONIB3YEMBbIX IJISI TEPAITHH,
MpO(GWIAKTUKA U TMATrHOCTHKH. [IpOW3BOJACTBO aHTHUTEIN,
Haripumep antu-COVID-19, naxe Gosiee nepcreKTHBHO, 4eM
MIPOM3BOJICTBO BAKIIMHOTEHHBIX OEIKOB, TaK KaK PEeKOMOH-
HaHTHBIC aHTHUTENIA PACTUTEIBHOTO TMPOUCXOXKICHHUS MOTYT
OBITH CBOEBPEMEHHO MPOU3BENIEHBI M 0J00pEHBI ISl MPHU-
MEHEHHs Ha JTIOAX B 00Jiee KOPOTKUE CPOKH IO CPAaBHEHHIO
¢ pa3pabotkoit Bakuus (Hiatt et al., 1989; Tian et al., 2020).
[TepcrieKTUBHOCTD PACTUTENBHBIX CUCTEM 3KCHPECCHU IS
npuMeHenns B 6oppde ¢ COVID-19 obcyxmaaercs B 0630pax
(Rosales-Mendoza, 2020; Shanmugaraj et al., 2020b).

O6Lee npeacTaBneHne 06 OTBETHbIX
NMMMYHOJTOTNYEeCKUX peaKkuynAax opraHn3ma

Ha 3apakeHune BUPYCHbIMY UHPeKLnAMM
Bo30ymurenn pecnupaTtopHbIX 3aboneBaHUi, K KOTOPBIM
OTHOCSITCA U Pa3INYHbIE TUIBI KOPOHABUPYCOB, IOMNAAI0T B
OpraHHU3M 4YeJIOBEKa Uepe3 CIN3UCTbIE BEPXHUX JIbIXaTeIbHbIX
myTel. BupycHbIE 4aCTHIIBI TPUCOETUHSIOTCA K KIIETOUHBIM
pernenTopam, CIMBAIOTCS € KJICTOYHOW MEMOPaHO! U IPOHH-
KalOT BHYTPb KJIETKU. MIcIIoyb3ys peruIMKaTUBHBIA anmnapar
KIIETKH, BUPYC Pa3MHOXAETCsS, U BUPYCHBIE YACTHUIIBI BbI-
XOIAT HapyXKy, opa)kast COCeIHUE ¢ Hel kieTku. B cioydae
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BpoxxaeHHbIn
VMMYyHUTET
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(KNeTouHbIn)

AkTMBauma:
« Toll-like peuentopos
« NOD-like peuentopos

B-numdouunts
(rymopanbHbii1)

- NAMN T-kunnepsbl (CD8+) KneTkn namatu
T-xennepbl (CD4+) A MnasmaTtnyeckune
KTuBauunsa
KneTkn
Mpoaykuwna

aHTuTen

Puc. 2. Cxema OTBETHbIX IMMYHHbIX PEAKLMI1 OPraHr3mMa Ha BTOPXKEHVE
BUPYCHOM HbEKLMN.

¢ BupycoM SARS-CoV-2 mpoHUKHOBEHHE BHYTPH KICTKH
obecrieunBaeT 0Ok S-2, SIBIISFOIIIIACS OXHOM M3 IBYX YacTel
MMOBEPXHOCTHOTO BUpPYCHOTO S Oenka (spike-6enok). Bropas
4acTh 3TOro Oemnka — S-1 — obecreunBaeT cBs3piBaHmne ¢ ACE2-
PELenTOpOM JIETOYHOT0 rnTenns. OKa3aBIIUCh BHYTPH KIIET-
KU, BUPYChI CTAHOBATCS BHYTPUKIIETOYHBIMU TIapa3sUTaMHu, U
6opnba ¢ HIMH CO CTOPOHBI HMMYHHOM CHCTEMBI XO3SHMHA
CTaHOBUTCS HEMPOCTOM 3a7ayeil.

B mponecce sBomtonuu ¢(hoOpMHPOBAIUCH JIBE CUCTEMBI
3aIIUTHl OpPTaHW3Ma OT MATOTCHOB: HACIEACTBEHHAs, HE-
MEJICHHO pearupyrolnas Ha ONacHOCTb, HAllCJICHHAs Ha
OII03HaBaHME NTATOTeHa B LIEJIOM (BPOXK/ICHHBIN UMMYHHTET),
U crierudryueckas, HalleleHHas Ha OTI03HABaHUE OTPOMHOTO
quciia crenupUIHOCTeH (AaHTUTCHOB) yV Pa3JIMYHBIX aTo-
reHoB (MPUOOPETEHHbII UMMYHHTET, MU aJalTHBHBIN).
MonekysIpHBIf MEXaHU3M OTI03HABAHMS MTATOT€Ha OCHOBAH
Ha BBISBICHUU HEKOTOPBIX CTaHIAPTHBIX «MOJCKYISIPHBIX
MCTOK» HJIM MAaTOI€H-aCCOUMHNPOBAHHBIX MOJICKYJIAPHBIX
natTepHoB (ITAMII). Obmas cxema pa3BUTHS OTBETHBIX
UMMYHHBIX PEaKIHii OpraHu3Ma Ha IPOHUKHOBEHUE BHPYCa
IpejicTaBIeHa Ha pHcC. 2.

Peaknnm BpOXXIEHHOTO MMMYHHTETA 3aITyCKalOTCS Ha
MIEPBOM 3Tare B3aWMOACHCTBHUS OpPraHU3Ma C IaTOTCHOM.
CTpyKTypbl [IaTOT€Ha PaCcIO3HAIOTCS perenTopaMu ¢aromuu-
TUPYIOIINX KJIETOK U HaTypaJbHBIX KHIIJIEPOB, TIPH B3aHMO-
JICVCTBHUHM C KOTOPBIMH 3aITyCKarOTCS KACKa bl T-KJIETOYHOTO
HNMMYHHOTI'O OTBE€TAa U KOOPAUHUPYCTCA YCTPAHCHUEC IATOTCHOB
1 MHOHUIHUPOBAHHBIX KIETOK. OCHOBHYIO TPYMITy PEIEeNTO-
POB IIPU Pa3BUTHH HecTIENU()UIECKOI 3aIIUTHl COCTABISIOT
Toll-like u NOD-like peuentopsr (Takeuchi, Akira, 2010;
Channappanavar et al., 2014).

Heo06x0anmMo TOI4epKHyTh, YTO, 3alUINAsCh OT BUPYCOB,
KJIETKA UCIIONB3YeT KaK aHTHTeNa (TyMOpaJIbHOE 3BEHO HMMY-
HHUTETA), TaK ¥ CTPATETUI0 YHUUTOKEHHUS KIIETOK, 3apayKEHHBIX
BHpPYCOM (KJIETOYHOE 3B€HO MMMYHHTETa). MemOpaHHbIE
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0esku OOJBITMHCTBA BUPYCOB SIBJISIIOTCS JJISl KJIETKU «OIO-
3HABaTEIbHBIMH 3HAKAMID) WM MUILICHSIMH, IIPH OIIO3HABAHHUH
KOTOpBIX B-nmuMdonutel, aktuBrpoBaHHble T-xenmepamu
(CD4+), nuddepeHupytoTcsi B IIa3MaTHYeCKUe KIIETKH,
CHHTE3UPYIOIINE aHTHTeNa (CM. puC. 2). AHTUTETa CITOCOOHBI
CBSI3BIBATH BUPYC, TPEISITCTBYS TEM CAMBIM IIPUKPETUICHHIO 1
MIPOHUKHOBEHHMIO BUpYCa B KJIETKY. Takas cTparerus 3aiiuThl
3¢ peKTrBHA Ha PAHHHUX CTAIHMAX PAa3BUTHSA HHPEKIINH, 10 TEX
TIOp MOKa BUPYC He MPOHUK B KJIETKY. [Tocite 3apaykeHus Kiet-
KU BKJIFOYAETCsl JIpyrasi CTpaTerys, HalpaBieHHas: Ha YHUY-
TO>KEHHE BUPYCOB, KOTOPAsi OCYIIECTBIISIETCS HAaTYPAIbHBIMU
KIJUIEpaMH B HUTOTOKCHYecKuMu T-mmdonutamu (CD8+)
(cMm. puc. 2). BaxxHOCTh POPMHUPOBAHUS [TUTOTOKCHYECKHX
peakmuii B 60pr0e ¢ KOpOHABHPYCAMH TIOTIEPKUBATIACE paHEe
(Channappanavar et al., 2014). IIpencrasinennas Ha puc. 2
cXeMa OTBETHBIX MMMYHHBIX peakiMii OpraHu3mMa Ha BTOp-
JKEHHE BUPYCHOW MH(EKIMHN MTPeIeNIbHO YIPOIIEHA C LEJIBIO
MIPUBJICUCHNST BHUMAHUS K KIIIOYEBBIM MOMEHTaM, BasKHBIM
JUlsl BBIOOpA CTpaTeruy Mpu pa3padoTKe BaKIUHBI.

MpuHuMnbl paspaboTku BakuuH npotue COVID-19
CoBpeMeHHbIE 3HaHUs B 00JIaCTH MOJIEKYJISIPHOM Onosoruy,
UMMYHOJIOTHH U BaKIIMHOJOTMU MPEIOCTABISIOT HUCCIEO0-
BaTeJISIM IIUPOKHE HAOOPHI METOJOB M TOIXOAOB JUIS KOH-
CTPYUPOBaHHsI BAKLIMH HOBOTO TOKOJICHHSI, OCHOBAaHHBIX HE
TOJIBKO Ha JIAHHBIX 00 aHTHT€HHOH CTPYKType MaToreHa, HO
M Ha MEXaHM3MaxX IMMYHHOTO OTBETa OpraHu3Ma Ha aToreH
M €r0 KOMIIOHEHTBHI.

Ha caiitax HammonansHO# OMONIMOTEKN IO MEQUIIMHE U
banxka renos (https://www.ncbi.nlm.nih.gov/sars-cov-2/)
JIOCTyITHA MH(OPMALHS O COCTABE HYKJICOTHHBIX MOCIIEI0BA-
tenpHOCTEH reHoMa Bupyca SARS-CoV-2. Ilo cocTosHmMIo Ha
cepenuny utons 2021 1. B cBoboaHOM JTocTyne Oblta nHpop-
Manusi o 6onee yeM 377 ThICsUax MOJHOCTHIO MPOYUTAHHBIX
TEeHOMOB JaHHOTO BHpYycCa, a Takxke Ooiee yeM 526 Thicsigax
YaCTHYHO MPOYNUTAHHBIX TeHOMOB. [10CKOIBKY BCHBIIIKA
HOBOW kopoHaBupycHoi nHdpekunn COVID-19 npounsomuia
B xorne 2019 r. B Kurae, B ropone YxaHp, To B KadecTBe
pedepencHol Obula yCIOBHO BhIOpaHa HYKJICOTHAHAS MO-
CJIE/IOBATEIbHOCTh MIMEHHO JTOr0 ITaMMa BUpyca. [laHHble
0 peepeHCHOI TTOCIe10BaTeIbHOCTH ¥ BCEM CEKBEHUPOBAH-
HBIM T€HOMaM JIOCTYITHBI B TeHHOM OaHKe 1o cchliike https:/
www.ncbi.nlm.nih.gov/nuccore/NC 045512.2.

Ceituac Ha caifre BO3 M0HO HaiiTi HH(OPMAIIHIO O COCTO-
SIHAY 3aBEPIICHHBIX Pa3pabOTOK 110 CO3AaHHIO BAKIIMH POTUB
SARS-CoV-2 (https://cdn.who.int/media/docs/default-source/
blue-print/15april2022-novel-covid-19-vaccine-tracker.zip?sf
vrsn=225505e5 3&download=true). K Hacrosimemy BpemeH!
B MHpE 3aperucTpupoBaHo 196 mpemapaToB KaHAMJATHBIX
BaKITMH Ha CTANHU JOKIMHIYECKUX UCCIeoBaHni 1 153 mpe-
napara Ha CTaJMM KJIMHUYecKuX ucnbiTanuil. Ha caiire BO3
IO ATOH ke CChUIKE MOKHO HANTH MH(DOPMAIIHIO O TPOU3BO-
JUTEIISIX U 0 KOHKPETHBIX IIperaparax BaKIMH, HAXOAAINXCS
Ha CTaIN¥ KIIMHUYECKUX MCITBITAaHNH 1 TTOTyYeHUsI O00peHNUS
B KaQueCTBE BaKIUH cO cTopoHbl BO3 (cM. Tabnuiry).

AHanu3upysl COCTOSTHUE MCCIIEAOBAaHUN B 00JIAcTH pas-
paborku Bakiuu nporus COVID-19, cnexyer oTMETHTS,
YTO B KAY€CTBE OCHOBBI IIOUTH BCE Pa3pabOTUUKHU BEIOUPAIOT
MMMYHOTEHHBIN 0elok S KopoHaBHpyca, KOTOPHIN TMpes-
CTaBJISIETCSl UIMMYHHOM CHCTEME Pa3HBIMU ITyTsAIMH. VIMEHHO
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atot Oestok Bupyca SARS-CoV-2 cBs3bIBaeTcs ¢ peenTopom
ACE2 kIeToK CIM3HUCTOTO SIUTENNS U 00ECIeYHBaeT €ro
MIPOHUKHOBEHHE B KJIIETKH OpTaHU3Ma yenoBeka. Kak BUIHO
W3 pe3yabTaTOB aHAN3a COCTOSHHUS BAKIIMH, MPOIIEIIITIX
PETUCTPAIMIO U TOATOTOBICHHBIX pa3padOTUYNKAMHU IS
HUCTOTB30BaHUS (CM. TAaOIUIY), COBPEMEHHBIH PBIHOK
BKJIIOYAET KaK Kjaccuueckue BakiuHbl npotus COVID-19,
OCHOBaHHBIC HA MPEJICTABICHHN MMMYHHOH cHUCTEMe
AQHTUTEHOB MHAKTHBHPOBAaHHBIX BUpycoB (Gao et al., 2020),
tak u MPHKoBEIe Bakiunbl, B koTopbix MPHK, konupytomas
0esok S, yrakoBaHa B IUIHIHY0 0005104Ky. [Tomasas B KieT-
Kku yenoBeka, Takas MPHK sBrsieTcst marpurieit aist cuaTe3a
Oemka S, KOTOPBII M OTIO3HACTCA KJICTKAMU HMMYHHOH CHCTe-
MBI Kak curHai onacHocty (Pardi et al., 2018). PHK-BakmuHbI
MIPOIEMOHCTPUPOBAIA MHIYKIIHIO HEHTPATH3YIOMINX aHTH-
Ten ¢ Beicokumu Tutpamu (Jackson et al., 2020). Ha takom
JKE€ MEXaHN3MeE ITPEACTaBICHUS aHTUICHA Pa3padaThIBAIOTCS
n JIHK-BaknuHsbl, koTopsie BkiItovatoT ¢pparment JJHK,
KOJIMPYIOLINH S OJIOK, B BEKTOPBI, HAITPUMED B ITa3MUIbI WITH
aJIeHOBHUPYCHI (cM. Tabnuity). B nccnenoBannsx Ha Makakax-
pe3yc 9T BaKIUHbBI CTUMYJIMPOBAIK 00pa30BaHUE BHICOKHX
TUTPOB aHTHUTEN, a TaKke 00pa30oBaHME ITUTOTOKCHYECKHX
mamdorroB (Yu J. et al., 2020). HemocTatkoM BEKTOPHBIX
BaKIIMH SBISICTCI MMMYHOTCHHOCTh CAMHUX BEKTOPOB.

[lepcrieKTHBHBIME CYMTAIOTCS BAKIIMHEI HA OCHOBE PEKOM-
OMHAHTHBIX OesTKoB Wi renTroB. B cimydae ¢ SARS-CoV-2 B
Ka4ecTBE KaH/N1aTOB Ha aHTHT€HbI PACCMaTPHUBAIOTCSI MTOJTHO-
pa3mepHble 6eku S, M 1 N Wil UX JOMEHBI, JUIsl TOBBIIICHUS
MMMYHOTEHHOCTH KOTOPBIX JIOMOJHUTEIBHO HCIOJIb3YIOT
SIUTOINBI, pacno3HaBaeMmble T- U B-kineTkaMu MMMYHHOH
cucteMsl (Marian, 2021). Takue HCKyCCTBEHHO CO3IAHHBIC
peKOMOMHAHTHBIE OETIKU TP MOMATAHNU B OPTaHU3M aKTH-
BUPYIOT KJIETKHA CHCTEM MMMYHHOW 3aIUTHI, 3aITyCKAIOIIHe
00pa3oBaHME COOTBETCTBYIOIIUX CYOKICTOUHBIX TOMYIISIIHIA,
OnocuHTE3 aHTHUTEN U (POPMUPOBAHHUE CKIETOK HMaMSTH.
Hawnbonee monHO cTparernu co3jaHus BAaKIMH MPOTHB
SARS-CoV-2 u coBpeMEeHHOE COCTOSIHUE HCCIEIO0BAHUM
B 9TOW oOyactu mpencrasieHsl B 003ope (Bakhiet, Taurin,
2021).

CrnenyeT MomT4epKHYTh, YTO TMPU pa3pabOTKe MPOTUBOBH-
PYCHBIX BakIwH, B ToM uncie nmpotus COVID-19, ycnoBHO
MOYXHO BBIACTHUTH JBa BAXKHBIX JTala, IEPBBIA U3 KOTOPHIX
CBSI3aH HEIMOCPEACTBEHHO C CO3JAaHMEM CaMOH BaKIUHBI,
MpECTaBIsIeMON UMMYHHOH cHCTeMe B BHJE OOJIBIIOTO
YHCia AaHTUTCHOB (MHAKTUBUPOBAHHBIA BUPYC) WIH B BUJIC
nomuHupytomiero anturesa (anrurenos) — MPHK, JTHK,
PEKOMOMHAHTHOTO Oellka WM IenTuaa. BaxkHocTh BTOporo
JTana OoNpeAessieTcs] Ha/le)KHBIMH CHCTEMaMH HapaOOTKH
aub0 camMoro BHpyca, JIM00 €ro aHTUICHOB. AHAIU3ZHUPYS
COBPEMEHHOE COCTOSHHE HCCIENOBAaHUN MpHU pa3paboTke
BaKIIMH, M B OCOOCHHOCTH CYOBETUHUYHBIX BaKI[ITH HOBOTO
TTOKOJICHHS, HEOOXOIUMO OTMETHUTH, YTO HAPSIY C yCTOSB-
MAMHUCS TIaT(GopMaMu, HalpuMep KJIETKaMH KHTaHCKOTO
xomstuka (CHO), ncrnons3yemMbIMu TpH HApaOOTKE PEKOMOH-
HaHTHOI BakunHbl Recombinant Novel Coronavirus Vaccine
kurtaiickor ¢upmoit Zhifei Longcom (cm. Ttabnuiy), Bce
Oosblliee BHUMaHHE MHPOBOIO COOOLIECTBA MPUBIEKAIOT
pactutenbHbie cucteMsl akcnpeccuu (Fischer, Buyel, 2020;
Kannan et al., 2020).
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MHpopmaums o cocToAHUM pbiHKa BaKLUH, MPOLWEALLNX U MPOXOAALMX perrcTpaumnio BO3 Ha 2 anpens 2022 .

Mnatdopma BakUMHbI Ha3BaHue BaKUUHbI (OurpMma-n3roToBUTENb, Cragus
CTpaHa pernctpauymm
BupycHbin AZD1222 AstraZeneca, BenvkobputaHusa *
He penMYMpylowMiica S e s s
BEKTOP Ad26.COV2.S Janssen Infectious Diseases & Vaccinece  *
(J&J), CLLIA
Sputnik-V HauvnoHanbHbIN nccnenoBaTenbCKuin **
LIeHTP 3MMAEMUONOTY N MUKPO-
6uonorum um. H.0. lamanen, Poccusa
Ad5-nCoV SanSinoBIO, Kntan **
Covishield (ChAdOx1_nCoV-19) Serum Institute of India, UHaua *
MNHaKT1BMPOBaHHbIN SARS-CoV-2 Vaccine, Inactivated IMBCAMS, Kntarn *
BUPYC (Vero Cell) CoronavacTM
Inactivated SARS-CoV-2 Vaccine Sinopharm/WBIBP, Kutai *
(Vero Cell)
COVAXIN Bharat Biotech, Hgunsa **
SARS-CoV-2 Vaccine, Inactivated IMBCAMS, Kntai **
(Vero Cell)
Covlran® vaccine Vipan o
SARS-CoV-2 Vaccine, Inactivated IMBCAMS, Kutai il
(Vero Cell)
PHK BNT162b2/COMIRNATY Pfizer, CLLUA *
mRNA-1273 Moderna, CLLA *
Zorecimeran CureVac, lepmanua FxX
Cy6bemHmnyHas, Recombinant Novel Coronavirus Vaccine Zhifei Longcom, Kutai e
pPEKOMOUHAHTHAA (CHO Cell)
NVX-CoV2373/Covovax Novavax, CLIA **
CoV2 preS dTM-AS03 vaccine Sanofi, OpaHuunsa bl
SCB-2019 Clover Biopharmaceuticals, bl
Kutan
Soberana 01, Soberana 02 BioCubaFarma, Ky6a FrX
Soberana Plus Abdala
Corbevax Biological E, naua e
GBP510 SK Bioscience, IOxHasa Kopesn FxX
MenTnaHbIA aHTUreH EpiVacCorona 'HLL BB «BekTop», Poccusa *xE
Ha ocHoBe pactutenbHom COVIFENZ® Medicago Inc., KaHaga *xE

nnaTpopmbl IKCNpeccnm

Mprmevanue. MHdopmauua B3ATa ¢ caiiTa https://extranet.who.int/pqweb/sites/default/files/documents/Status_COVID_VAX_02April2022.pdf
Crapma perncrpaumm BakUuHbI: * 3aperncTprpoBaHa; ** okoHuaHme pernctpauuy; *** nogrotoBuTeNbHbIe NpoLeaypbl.

CocTosiHMe uccnefoBaHMin B 06nacty pa3paboTkm
BaKUWH PaCcTUTENIbHOIO NPOUCXoXXAeHnA

npotus COVID-19

Hecmotpst Ha TO 4TO mepBasi paboTa O MPHUBJIEKATEIbHOCTH
PACTUTEIILHBIX CHCTEM KCIIPECCHH JUIsi OHOTEXHOJIOTHISCKO-
TO IPOM3BO/ICTBA BAaKIIMHOTeHHBIX OeikoB rpotus COVID-19
MOSIBMIIACH CpaBHHUTEIbHO HenaBHO (Rosales-Mendoza, 2020;
Shanmugaraj et al., 2020a), k HacTosIIEMy BPEMEHH YHCIIO
TakMX NyOnukanui 3ametHo yBennumioch (Capell et al.,
2020; Dhama et al., 2020; Ma et al., 2020; Prasad et al., 2020;
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Shanmugaraj et al., 2020a). ABTOpBI BceCTOPOHHE 00CYKIAIOT
BO3MOYXHOCTH ITPUJIOKEHUSI YK€ CYIIECTBYIOIIMX OMOTEXHO-
JIOTHYECKUX Pa3pabOTOK ISl TONyUeHHs CyObeIMHUIHBIX
BaKIIMH HA OCHOBE PAaCTUTENIbHBIX cucTeM dkcrpeccuu (Capell
etal., 2020; Ma et al., 2020), a Tax:xe 0COOCHHOCTH CO3/IaHUS
TaKOrO THIA BaKIMH B Cllydyae HEOOXOAUMOCTH OBICTPOTO
pearupoBaHus Ha pacpocTpanenue marorena (Shanmugaraj
et al., 2020a).

Nwmeromuecs y uccnenoBaresiel JaHHbBIE 110 CO3JaHUIO
pacTUTENbHBIX BAKI[MH MPOTUB TPUIINIA HA OCHOBE BHPY-
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COMoOJIOOHBIX YaCTHUI] TAaKXKE JIEIIM B OCHOBY pa3paboTKu
BakuuH nmpotuB COVID-19 (Hodgins et al., 2019; Makarkov
etal., 2019).

Bounee Toro, xananckas ¢pupma Medicago, kotopast uc-
MOJIBb3YeT PACTUTEIbHBIE CHCTEMBI SKCIIPECCHH ISl TIPOU3-
BOJICTBA PEKOMOWHAHTHBIX OCJIKOB MEIUIIMHCKOTO Ha3Ha-
YEeHUs, IPUMEHAET TPAH3UEHTHYIO CUCTEMY DKCIPECCUU B
pactenusax N. benthamiana nnsi CUHTE3a BaKIIMHOTEHHOTO
Oenika, BKiItouaromero 6emok S-1 Bupyca SARS-CoV-2
(https://www.medicago.com/en/covid-19-programs/). Pa3-
pabOTYNKK KOMITAHWM CJIMIIH TOCIIEA0BATEIbHOCTD, KOIAM-
PYIOIIyIO BHPYCHBII Oenok S-1, ¢ mocienoBareabHOCTEIO,
obecneunBaroiell KOHGOPMaIMOHHBIE TPE0OPa30BAHMS
0€JTKOBOIT MOJIEKYITbI, UIMUTHPYIOIIHE TTOBEPXHOCTH BUPYCHOM
yacTHObl. [lepcrieKTHBHOCTE MOMTyYeHNs! PEKOMOMHAHTHBIX
0eJ1KOB, KOH(OPMALIMOHHO CBEPHYTHIX B BUJIE BUPYCOIO100-
HBIX YaCTHII, Ha TIOBEPXHOCTHU KOTOPBIX ITPE/ICTaBICHBI aHTHU-
TCHBI B BU/IC PEKOMOMHAHTHBIX MTOJIMIETITHIOB, OTMEYAIACh
panee (Bai et al., 2008). ®onnuHr pekoMOMHAHTHOTO Oelka
B BHJIE BUPYCOTOJOOHON YaCTUIIBI CYIIECTBEHHO MOBBIIIAET
3¢ }eKTHBHOCTH NPE3eHTallH AHTUT'€HOB KJIETKAM MIMMYHHOMH
cucrembl oprannsma (Rybicki, 2020). 1 xoTst mpurorosieHHast
Ha OCHOBE BHPYCOMOMOOHBIX YACTHUI] BAKIIMHA UMHUTHPYET
BUPYC, TAKOH «HCKYCCTBEHHBIN BUPYC» JINILICH TCHETHIECKOTO
anmapara (PHK unu JIHK) 1, cooTBeTcTBEHHO, BO3MOKHOCTH
PEIUTMIIPOBATHCS TIPH TTOTIAIaHUH B KIIETKY. PaHee MHOTOUMC-
JICHHBIE MCCIIEIOBaHNS TIOKa3aJIH, YTO OCTTPAHCIISIIIHOHHBIE
npeoOpa3oBaHusi OeJiKa B paCTUTENILHBIX CUCTEMAax JKCIIpec-
CHH 00€CIIeunBaIOT €r0 CBOPAYMBAaHUE B BHPYCOIIOJO0HYIO
gactuny (D’Aoust et al., 2010; Lua et al., 2014). bonee
TOTO, PACTUTECIBbHBIC CUCTEMbI SKCHPECCUN MOAACPIKUBAIOT
co3nanne (GyHKIIMOHATBHBIX PEKOMOWHAHTHBIX OEIIKOB, B TOM
YHCIIC ¥ TAKUX CIOKHBIX, Kak anTutena (Diamos et al., 2020).

Ha caiite buorexHonoruyeckoit kommnanuu Medicago Inc.
pa3menieHa nHpopmarus 06 omodpernu Kanaackum peryss-
TOPOM BaKIMHBI, TIPEICTABIISIONICH cOO0H PEeKOMOMHAHTHBII
6enox S Bupyca SARS-CoV-2, B BHJIe BUPYCOIIOI0OHBIX Ya-
CTHII, CHHTE3NPYEMBbIX B pacTeHUAX Tabaxa (N. benthamiana)
(https://medicago.com/app/uploads/2022/02/Covifenz-PM-
en.pdf). BeigeneHHbIH 1 OYHMIIICHHBIN U3 PACTUTEIILHOM OHO-
MacChl BAKIIMHOTEHHBIH O€JIOK UCTIONB3YETCs B UCTIBITAHUAX
Ha 700pOBOJBLAX (B HKCHEPUMEHTE y4acTBOBAIHM OKOJIO
30 tbIc. yenoBek). CreayeT MOAYEPKHYTh, YTO BAKLMHA,
MOJTy4YeHHAasi Ha OCHOBE PAaCTHTENBbHOW CHCTEMBI SKCIIpec-
CHH, YCTICIIHO TponuIa Tpu (as3bl KIMHUYECKUX UCIBITAHUH
Ha noOpososbiax (Pillet et al., 2019; Ward et al., 2021)
U B HacTOsIIee BpeMs 0100peHa MoJ] KOMMEpPUECKUM Ha-
3BanneM COVIFENZ® B Kanane. Komnanueil 3asBieHo o
q)OpMI/IpOBaHI/II/I BBICOKUX TUTPOB AHTUTEJ Y HUCIBITYCMBIX.
Medicago Inc. mpoBemna oreHKY cBOEi BaKI[MHBI-KaHIHUaTa
¢ maggemudeckuM agbroBanToM GSK. Celiuac Takue KoMma-
Huw, kak GlaxoSmithKlein (GSK, Benukooputanusi), Seqirus
(Benukobpuranms) u Dynavax (CIIA), pa3pabaTsiBaroT
CO3lIaHWE JHIICH3UPOBAHHEIX aabloBaHTOB (AS03, MF59 u
CpG 1018 cOOTBETCTBEHHO) ISl UX MCIIOJB30BAHUS C BaK-
muHaMu potuB COVID-19. [IpuMenenue agpioBaHTa MOXKET
MMETh 0c000€ 3HAYCHUE B CUTYAIINH MTAHEMUH, TTOCKOJIBKY
MOKET CHHM3MTh KOJIMYECTBO OeJika BaKIMHBI, TPEOyeMOro
Ha JI03y, 9TO TI03BOJISIET IPOU3BOANTH OOJIBIIIE 103 BAKIIUHbI
U, CJIEZI0BATEIIBHO, CIIOCOOCTBYET 3aIUTe OOJBIIETO Yuciia
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monieil. HecMoTps Ha TO 4TO TOYHAas JO3MPOBKA BaKI[UHBI
JUIs JIIOZIeH Bce elle He ONpeJiesieHa, KOMIIaHHUs OLIEHUBAeT
MOTEHIMAIbHBIC 00beMbI TTpou3BozcTBa ¢ 2021 . 10 80 MitH
JI03 B TOJ] C YBEIMYEHUEM NTPOU3BOAUTENbHOCTH ¢ 2023 I. 10
6onee 1 murp 103 BakuuHbl mpotuB COVID-19 B rog.

3aknioyeHune

Kak rmokasbpIBaeT OITbIT BEAYIMX OMOTEXHOIOTHYECKUX KOM-
MaHuH 1 1abopaTopuii 0 ONTUMHU3AIIUHI CHCTEM IKCIIPECCHU
JUIsl IPOU3BOJICTBA PEKOMOMHAHTHBIX OSJTKOB, pACTUTEIIbHBIC
CHUCTEMBI KCIIPECCHU BEChbMa MPUBJICKATENbHBI JUISI THUX
nenei u yxe BOCTpeOOBaHBI HEKOTOPBIMH KPYIHBIMHU U
CpeIHUMHU OMOTEXHOJIOTMYECKMMHU KoMMaHusimu. Ilepcrexk-
TUBHOCTb HCIOJb30BAaHUS PACTUTEIbHBIX KJICTOK JUISl Ha-
pabOTKH PEeKOMOMHAHTHBIX OENKOB, MPEIHA3HAYCHHBIX IS
BaKIMHONPO(DUIAKTHKN, OCHOBAHA TAK)KE HA BO3MOYKHOCTH MX
MEePOPAILHOTO ¥ MHTPAHA3aJIbHOTO MPUMEHEHHS U aKTHBAIINH
MYKO3aJIbHBIX OTBETHBIX PEAKIHH.

IlepopanbHas mocraBka ¢apMmameBTHUECKUX OEIKOB
MIPE/ICTABISICTCS JKEJIAHHOM 11eNblo OHodapMalieBTHUECKOM
MPOMBILIICHHOCTH, TaK Kak o0ecrieunBaeT Oosee yao0HOe
BBEJICHHE JIEKAPCTBEHHOI'O CPEJICTBA [10 CPABHEHUIO C BHYTPH-
BEHHBIMHU, BHY TPUMBIIIEYHBIMH U TIOAKO)KHBIMUA HHBEKIIMSIMH.
[TepopanbHasi JOCTaBKa NPUBEET K JYYLIMM pe3yjibTaram
JICYCHHUs] MAIIMEHTOB HapsIy C MOBBIIICHUEM KauecTBa MX
JKM3HU. boliee Toro, npuBIIeKaTeIbHOCTh PACTUTENBHBIX CH-
CTEM DKCIIPECCHU OCHOBBIBAETCS HA BOBMOKHOCTH OBICTPOTO
pearupoBaHus Ha MATOTEHBI C BEICOKOW CTEIIEHbIO H3MEHYH-
Boctu. [IpuBeneHHbIe B paMKax JaHHOTO 0030pa MpPUMEpEI
YCIEIIHOTO HCIBITAaHHUSI PACTUTEIBHON BaKIIMHBI IPOTHB
COVID-19 u obecriedenust 60JIbIINX 00EMOB ITPOU3BOJICTBA
JUTsE HapaOOTKHM BAKI[MHOI'€HHOTO PEKOMOMHAHTHOTO Oelika
MOJTBEPKIAIOT NEPCIEKTUBHOCTh PACTUTEIBHBIX CHCTEM
AKCIIPECCHH ISl TTOTyUEHHs] PEKOMOWHAHTHBIX CYyObEIMHUY-
HBIX BaKIIHH.
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