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POAD ITEIITUAHBIX TOPMOHOB _
B PEI'YASALIINN POCTA " PA3BUTUA PACTEHUU
N X AAATITAIIVU K BHEIITHUM ®AKTOPAM

I. I. ®HJIHITI[OBAY

YBenopyceruii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapycy

Annomayusa. llentuaaple TOPMOHBI PACTEHUH MPEICTABIAIOT COOOM KIIACC CHTHAIBHBIX BEUIECTB, YYaCTBYIOIINX
B PEryJsIlIUY MPOIECCOB POCTA U Pa3BUTHUS PACTUTENIBHBIX OPTaHU3MOB, a TAKXKE MX aJaNTallli K CTPECCOBBIM BO3JCH-
cTBUSAM. MHIYKIUS TEHOB, KOMUPYIOMINX OCJIKM — MPEIIIEeCTBEHHUKH MENTHAHBIX TOPMOHOB, OCYIIECTBISIETCSI B OTBET
Ha pa3HOOOpa3Hble BHEIIHNE U BHYTPECHHUE CTUMYJIBL. [lenTuiHbple TOpMOHBI BOCIIPHHUMAIOTCS PACTHTEIILHOM KIICTKOH
C TTOMOIITHIO CIIEU(UIECKUX PEIETITOPOB U 3aITyCKAIOT MHOTOYPOBHEBYIO CHCTEMY CHTHAJIFHT A, 00€CIICYMBAOIITYI0 KOOP-
JUHAIAIO KJIETOYHBIX MTPOIECCOB IPH U3MEHSIOIIUXCS YCIOBUAX CPEAbI, PA3BUTHE 3aITUTHBIX PEaKINN U (OPMUPOBAHIEC
nMMyHHTeTa. B HacTosIel paboTe MpoBe/ieH aHaIU3 COBPEMEHHBIX JINTEPATYPHBIX JaHHBIX O CTPYKTYpE, GYHKIMOHAIBHON
AKTUBHOCTH M MEXaHM3MaxX CUTHAJIMHIA OCHOBHBIX TPy NENTHAHBIX TOPMOHOB PACTCHUH.

Knroueswie cnosa: NEeNTUAHBIC TOPMOHBI paCTeHHﬁ; MCXAaHNU3Mbl CUTHAJIMHT A, PErYJIALUA POCTA U Pa3BUTHUSA, YCTOﬁ-
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ROLE OF PEPTIDE HORMONES
IN REGULATION OF PLANT GROWTH AND DEVELOPMENT
AND THEIR ADAPTATION TO ENVIRONMENTAL FACTORS

H. G. FILIPTSOVA®

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Abstract. Plant peptide hormones are a class of signaling substances involved in the regulation of growth and deve-
lopment processes, as well as the adaptation of plant organisms to stress. Induction of genes, which encode precursors
of peptide hormones, occurs in response to a variety of external and internal stimuli. Peptide hormones are perceived by
specific receptors of plant cells and trigger a multi-level signaling system that ensures the coordination of cellular pro-
cesses under changing environmental conditions, the development of protective reactions and the formation of immunity.
This work analyses recent studies on the structure, functional activity and signaling mechanisms of the main groups of
plant peptide hormones.

Keywords: plant peptide hormones; signaling mechanisms; regulation of growth and development; plant resistance.

BBenenune

B cuny npukpensieHHOro 00pasa Xu3HA 1 HEOOXOIUMOCTH MPHCIIOCAOIUBATHCS K M3MEHSIOIIUMCS BHEIII-
HUM (pakTOpam pacTeHHUs! MPUOOPEIH CIOKHYIO CUTHAJIBHYIO CHCTEMY, 00€CIIEUNBAIOLIYI0 MEKKICTOUHBIC
KOMMYHUKALIUH, & TAK)KE B3aUMOCBSI3b OPraHnu3Ma ¢ OKpy»Karolei cpeoil. BaxxHeIuM KOMIIOHEHTOM JaHHOU
CHCTEMBI SIBJISIFOTCS IIENITHIHBIE TOPMOHBI, C IIOMOIIBIO KOTOPBIX OCYIIECTBIISIOTCS MOAJIEPAKAHNE KIICTOUHOIO
rOMeOocTa3a, PEeryisus pocTa U pa3BUTHS PaCTEHUH, 3aIlyCK IMMYHHOTO OTBETa, TPOTUBOACHCTBUE TATOTEHAM
U BPEIUTEISM.

K mentumaM mpHHATO OTHOCHUTH CO€OUHEHHMS, BKiItodaromue oT 2 10 100 aMHUHOKHUCIOTHBIX OCTaTKOB
U MMeIolIe MoJeKyisapHyto Maccy MeHee 10 xlla. CtpykTypa 1 QyHKIMOHAJIbHAS POJIb ONHUX NENTHIOB
N3BECTHBI I0CTATOYHO AABHO (HAIpUMep, NIyTaTHOH MIPEACTaBIsACT COOON TPUIIEIITU Y-TITy TAMUJI-LUCTCHHUII-
IJIMLUH U SIBJISIETCS LINPOKO PACIPOCTPAHEHHBIM 3HIOTCHHBIM aHTHOKCUAAHTOM [1]). pyrue nentuabl
OTKPBITHI OTHOCHUTENILHO HEJIAaBHO, M BBISIBICHUE MX (YHKIMOHATHHOW aKTHBHOCTH HAXOJWUTCS HA CTaJUH
cTaHoBJIeHUs. HekoTopble pacTuTeNnbHbIC TENTHABI 00JIaJal0T aHTUMUKPOOHOW aKTHBHOCTHIO M MTPAIOT
BaYKHYIO POJIb B YCTOHYMBOCTH pacTeHui K puronatorenam [2]. Hanbomnee n3ydeHHbBIMU aHTUMUKPOOHBIMHU
NEeNTHIAMH ABISIOTCS THOHUHBI, feden3unsl (DEF), reBernHo- 1 HOTTUHONOAOOHBIE MENTUABI, IUKIOTUIBI.
OHM KOHCTUTYTHBHO NPUCYTCTBYIOT BO BCEX YACTAX PACTCHHUM U BHICTYNAIOT KOMIIOHEHTAaMH BPOKICHHOTO
nMMmyHHUTETA [3].

Psan menTtuioB SBISIOTCS 3JIEMEHTAMU CUTHAJIBHBIX MyTel, 00eCIeynBaloONuX MEKKIETOUHBIE B3aMO-
JICHCTBUS B OMonoruueckux cucremax [4; 5]. Ucxons u3 QyHKIMOHAIBHONW aKTUBHOCTH, 3TU COCIUHEHUS
MIPUHATO HA3bIBATh MENTHIHBIMUA TOPMOHAMU. B OTJINYKME OT OTHOCUTENHHO HEOOIBIIOrO KOIMYECTBa Kilac-
CHYECKUX (DUTOTOPMOHOB, MPEACTABICHHBIX ayKCHHAMH, IUTOKMHUHAMH, THOOepeiinHaMu, a0CU30BON
KHUCJIOTOW W ATHICHOM, B PaCTeHHSX OOHapPYy>KEHO HECKOJBKO THICSY TOPMOHOB METTHIHON MPUPOIHI [5].
Tak, B MogenpHOM pacTeHuu Arabidopsis thaliana nneatudunpoano 6oiee 1000 reHOB, KOTUPYIONTAX
NENTH/IBI C TOW WM UHOW OMOJOTHMYECKOW aKTUBHOCTHIO [6]. [lenTuHbBIE TOPMOHBI MOTYT KOHCTUTYTHBHO
NPUCYTCTBOBATH B PACTHTEIBHBIX TKaHSAX MJIM HHAYLHUPOBATHCS B OTBET HAa BHEIITHHE BO3JEHCTBHS. DKCIpec-
CHS TEHOB KOHKPETHBIX N30(OPM MENTHAOB IPOUCXOAHUT B ONPEACICHHBIX OpraHax U TKaHSIX pacTeHus, Ha
Pa3HBIX CTaJUsIX OHTOTCHE3a U, KaK MPaBUIIO, aKTUBUPYETCS MO AecTBHEM OMOTHYECKUX U a0MOTHYECKHUX
CTPECCOBBIX (haKTOPOB.

B pacteHusix nentuabl IMEIOT KaK BHEKJIETOUHYIO (AIIOILIACT), TAK U BHYTPUKJIETOUHYO (LIUTOIIa3MaTHIe-
cKasi MeMOpaHa, IIUTOTUIa3Ma, BaKyoJb) JoKau3aimio [4]. OHH MOTYT IPOAYIIMPOBATHCS B PA3IMYHBIX OpraHax
WM HaKaIIuBaThCs B OTIENBHBIX TKAHSX (HApUMEp, B SIIUACPMHUCE, TPOBOISIINX COCYIaX, yCThUUHBIX KIIET-
kax). [lenTuabpl 4acTo CHHTE3UPYIOTCS B BUJIE MYJIBTUIOMEHHBIX O€JIKOB-IIPEALIECTBEHHUKOB HIIH 00pa3yloTCs
B pe3yJIbTaTe OrPaHNYEHHOTO MMPOTEOIN3a, & TAKKE JPYTUX CIIOCOO0B Aerpajaiy OCIKOB.

CurnasipHble IENTHABI MOYKHO PA3IeINTh Ha TPU IPyIIbL. [IBe U3 HUX MIPEACTABISIIOT COOOH CEKpETHpyeMbIe
HeNTUABL, cogeprkarre N-KOHIEBYIO CUI'HAIbHYIO II0CIIEA0BATENIbHOCTD, @ OJIHA IPYIIIIa BKII0YAET HECEKPETHU-
pyemble nientubt [7]. K cekpeTupyeMbIM OTHOCSTCS HEOONbIIHE MOCTTPAHCIIIIUOHHO MOJU(DUITUPOBAHHBIE
HENTHBI, KOTOPBIE MPOLYLUPYIOTCS OCPEICTBOM MTPOTCOTUTHYECKOTO TIPOLIECCHHTa, U O0rarble UCTEHHOM



JKcrnepuMeHTAIbLHast 0M010THs U OHoTexHoIorHs. 2024;2:4-23
Experimental Biology and Biotechnology. 2024;2:4-23

METITU/IBL, XapPaKTePU3YIOIUECs YETHBIM YMCIIOM OCTAaTKOB [IUCTEHHA, YYaCTBYIOIIHX B (JOPMUPOBAHUH BHYTPHU-
MOJICKYJISIPHBIX TUCYIbOUIHBIX cBs3el. B HacTosiee BpeMs HACHTUDHUIIMPOBAHO 9 ceMeicTB MOCTTpaHCIs-
IUOHHO MOAM(UITMPOBAHHBIX MENTHIOB (Hanbosee u3ydeHHbIMU cpenu Hux siBisitorest CLAVATA3 (CLV3),
RGF, PSK, PSY1, CEP, CIF, IDA, PIP) u 13 cemeiictB 6orareix muctennom nentuaos (RALF, EPF u EPFL,
SCR u np.) [8]. Cexperupyemble MENTHABI BBIICISIOTCS U3 KIETKH U MOTYT TACCUBHO TUPPYHIUPOBATH BO
BHEKJIETOYHOM MTPOCTPAHCTBE, B3aUMOACHCTBYS CO CIenn(PUIECKUMHU pelleNTOpaMu Ha MeMOpaHax COCETHUX
KJIETOK, JINOO TPAHCIIOPTHUPOBATHCS B IPYTHE OPTaHbl 10 MPOBOASIINM TKaHIM. HecekpeTupyembie nenTusl,
K KOTOpbIM oTHOCATCS cucteMuH (Sys), PEP, ENOD40, BBITONTHSAIOT CBOM (PYHKITUH B TOH k€ KJIeTKe, B KOTO-
Ppoii ObUTH CHHTE3UPOBAHBI, JINOO TIOMAAAIOT B AllOTIACT MIPU pa3pyIICHUH KJIETKH U aKTUBUPYIOT CUTHAJIbHBIE
CHUCTEMBI COCE/THUX KIIETOK.

XapakTepucTHKa pa3THYHbBIX TPYII PACTUTENBHBIX TETITH/IOB PE/ICTaBICHA B psijie 0a3 TaHHbIX. B HacTos-
niee BpeMsi HanboJiee MoaHoH sisiercst 6aza nanHbix PlantPepDB, Brimrowaromast 3848 yHUKaNbHBIX 3amucei
pPacTUTENBHBIX MENTHI0B, BBIICICHHBIX U3 443 BUIOB pacTeHui [9]. AHaIN3 CTPYKTYpHI 3TUX MENTHAOB I10-
Ka3bIBaCT, UTO OKOJIO 75 % W3 HUX cocToaT u3 50 UM MeHee aMUHOKHUCIIOTHBIX OCTAaTKOB, OCTaJIbHBIC UMEIOT
muHYy 6os1ee 50 aMHHOKHUCIOTHBIX OCTAaTKOB.

B 3aBrCHMOCTH OT OHOJIOTHUYECKOI aKTUBHOCTH BBIJIEIISIOT HECKOIBKO (DYHKIIMOHABHBIX TPYTII SN THIOB,
XOTS YCTAHOBJICHO, YTO OJIMH U TOT K€ METITHI MOXKET 00J1a/1aTh HECKOJIbKUMHU BUIaMH OMOJIOTHYECKON aKTHB-
HOCTH. B manHO# paboTe mpoBeieH aHaIn3 COBPEMEHHBIX 3HAHNH O CTPYKTYpe U OMOJIOTHYECKOM aKTUBHOCTH
MENTUAHBIX TOPMOHOB, 0COOCHHOCTSIX MX 00pa30BaHUsI U CHTHAJIMHTA.

buojornyeckass aKTHBHOCTDb HMENTUIHBIX ropMoHOB pacTeHnﬁ

CoBpeMeHHBIE NCCIIeIOBAHUS CBUIETENBCTBYIOT O TOM, YTO HENTHIHBIE TOPMOHBI PETYIHPYIOT CaMble pa3Ho-
00pa3Hble OMOXUMHUYECKHE, OHTOTeHETHUECKUE B (PU3NOTOTHUECKUE TIPOLIECCHI, KOOPAWHHUPYS POCT U Pa3BUTHE
pacTeHHU, a TaK)Ke UX B3aMMOCBSI3b C OKpYKatolen cpezoi [4; 7; 8; 10; 11]. OObIYHO OHU TPEACTABIISIOT CO-
0ol HeOOIbIIINE MOJICKYITBI, cocTosiiue U3 10—50 aMMHOKHUCIIOTHBIX OCTATKOB, KOTOPBIE 00pa3yroTcst u3 Oosiee
KPYITHBIX OCJTKOB-TIPEIIICCTBEHHUKOB WIIH HAPSIMYIO TPAHCIUPYIOTCS U3 OTKPHITHIX PAMOK CYMTHIBAHUS JINOO
MukpoPHK 6e3 nporeonusa [5; 7; 12].

BonpmmHCTBO 0XapakTeprU30BaHHBIX HA CETOAHSAIIHUM 1€Hb PACTUTENIbHBIX MENTHIOB IPOUCXOIAT U3 He-
(GYHKIIMOHABHBIX OEITKOB-TIPE/IIECTBEHHUKOB, Ha3bIBAEMBIX TIpeOekaMu. 3penblii menTux oopasyercs nocie
yaanenus: N-KOHIIEBOW CUTHAJIBHOM ITOCIIEI0BATEILHOCTH, QYHKIMS KOTOPOH 3aKIFOYaeTCsl B HalpaBICHHON
CeKpennu npedesika Be3UKyJaMH dHIO0IIa3MaTHIeCKOTo PeTUKyIyMa. BmecTe ¢ TeM nMeroTcs JTaHHBIE O TOM,
YTO TIENITUIHBIE TOPMOHBI MOTYT MPOUCXOIUTH M3 (DYHKIIMOHAILHBIX OeNKOB-NipeaniecTBeHHUKOB [12]. Hau-
OoJiee N3BECTHBIMH CUTHAIILHBIMH TIENTHAAMH, OTHOCSIIMMUCS K 3TO# rpynme, siBisitorest CAPE, nnnenTuHsl
W cyOTHIIa3HBIM enTua cou. VX mpemecTBeHHUKH 001a1al0T ()YHKIIMOHAIBHOW aKTUBHOCTBIO, OTIIMYHON OT
aKTHBHOCTH renTu0B. K menTumam, 00pa3yonmMcs U3 OTKPBITBIX PAMOK CUUTBIBaHUS, oTHOCsATCs ENODA40,
PLS, ROT4 u HexoTopkle npyrue.

[lenTuaHbIe TOPMOHBI MOTYT OBITH MOOHIILHBIMH WIIM CBSI3aHHBIMU ¢ MeMOpanoi. Kak npasuio, onu pac-
MO3HAIOTCS CIICUPUUSCKUMH PEIENITOPaMU, B OONBIIUHCTBE CIIy4aeB MPEICTABICHHBIMU OOTaThIMK JICHIIN-
HoM perienitoponionodHbiMu krHazamu (LRR-RLK) [4; 5].

[NenTuHBIE TOPMOHBI 001aAI0T MHOTUMH XapaKTEPUCTHKAMH KJIACCHYECKUX TOPMOHOB pacTteHuit. OHu pery-
JIUPYIOT POCT U Pa3BUTHE PACTEHUI B HU3KUX (HAHOMOJISIPHBIX ) KOHIIEHTPAIMSIX, MOTYT TPAHCIIOPTUPOBATHCS O
CHMIUIACTY U aroIuiacTy Ha OOJbIIHME PACCTOSHUS, JJIsl X PACIIO3HABAHMs TPEOYIOTCS MEMOpaHHbIE PELIeITOPEI,
a JUIs IepeBo/ia MOJICKYIT B aKTUBHOE COCTOSTHHE YacTO HEOOXOIMUMBI MOIM(UKALINK BTOPUYHBIX TPYIITHPOBOK.
Ha puc. 1 npuBenena cxema, 1eMOHCTPUPYIOIIAs y4acTHE MENTHAHBIX TOPMOHOB B Pa3IMYHBIX MpoIleccax
pocTa M pa3BUTHS pacTUTENBHBIX OpraHu3MoB. K HacToseMy BpeMeHH MoKa3aHa poJib MeNTHIHBIX CUTHAJIOB
B 3alIUTHBIX PEAKIMAX PACTEHUH, HOAEPKAHUN HASHTUYHOCTH CTBOJIOBBIX KJIETOK B allMKAJILHBIX MEpHCTEMaX
noGera v KOpHsI, CAMOHECOBMECTHMOCTH TIPH OIBIJICHUH KPECTOLBETHBIX PACTEHUH, a Tarke npoiudepannu
1 nupepeHInpOBKe KIETOK.

OnHO# U3 BaXHEHIINX (YHKIMHA MENTHIHBIX TOPMOHOB SIBIISIETCS MX YYacTHE B Pa3BUTHH OTBETHOM
pEeaKklMu pacTUTEILHOTO OpraHu3Ma Ha JICHCTBUE OMOTHYECKUX M aOMOTHYECKHX CTPECCOBBIX (PaKTOPOB,
a TaKk)Ke acCoIMallMy pacTeHUH C MOJE3HBIMH MHUKpoopranusmamu. Ha puc. 2 mpencraBieHna cxema, Jie-
MOHCTPHPYIOIAsl y4acTHE Pa3IUYHBIX ITENTHAOB B JOPMHUPOBAHUN YCTOHYMBOCTH PACTCHUN K CTPECCOBBIM
BO3ACHCTBUSM. DTH COSMHEHUS SIBISIOTCS KIFOUEBBIMH CUTHAIBHBIMEI KOMIIOHEHTaMH IPY pOPMUPOBAHUHU
WMMYHHUTETa K PUTOTATOTeHHBIM MUKPOOPTaHU3MaM, HACEKOMBIM U HeMaroJiaM. Takke OHH HIPaloT BKHYIO
POJIb B aJlanTaiy PacTeHUH K 3aCOJICHUIO, 3aCyXe, TUIIO- U TUIIepTepMuH, aeduuuty azora u pocdopa. [Ipu-
4eM OJIMH M TOT )K€ MEeNTH MOXKET 00JIalaTh MHOYKECTBOM Pa3IMYHbIX (DYHKIWH WIIM BBITOIHATE OJIHY CIIe-
TUPUUECKYIO QYHKIHIO.
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Puc. 1. YdacTue nenTHAHBIX TOPMOHOB B IIpOIeccax pOCTa M PAa3BUTHUSI PAaCTEHUI
Fig. 1. Participation of peptide hormones in the processes of plant growth and development
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Fig. 2. Participation of peptide hormones in the formation of plant resistance
to biotic and abiotic stress factors

XapaRTepHCTmca OCHOBHBIX I'pynil nenTuAHbIX rOpMOHOB paCTeHI/Iﬁ

Cucremunbl. CuctemMuH (Sys) — MepBBbId CHTHANBHBIN MENTH, QYHKIMOHAIBHAS POJb KOTOPOTO OblLiia
yctanoBiieHa B 1991 1. y pactenwmii Tomara [13]. On cocrout u3 18 aMuHOKHCITOT ¢ 4—6 OcTaTKaMU MPOJTHUHA
u koHcepBaTtuBHBIM MOTHBOM PPKMQTD Ha C-koniie. [lanHbIi nenTu 00pasyercs u3 0ejka-IpeieCcTBeHHUKa
npocucremuna (ProSys), conepxamero 200 aMHTHOKUCIOTHBIX OCTaTKOB, IIPU MEXAHHMYECKOM PAHEHUU WU
MOBPEXK/IEHUH JTUCTHEB HACEKOMBIMU-BpeIuTeNsIMU. CHCTEMUH BOCIIPHHUMAETCS PEIeNTOPaMU U TTPUBOIUT
K 3aITyCKy CUCTEMHOM 3aIuTsl pacTeHui [14].

Cxoxue menTH bl ObITH 00HAPYKEHBI Y APYTHX MPEACTABUTENCH MACIIEHOBBIX PACTCHHUH, TAKUX KaK Tabax,
kaprogens u nepen [ 15]. JlaHHbIe TeNTH/BI CTPYKTYPHO OTIIMYAIOTCS OT CHCTEMHHA ToMaTa. B uacTHOCTH, OHU
coZiepKaT THAPOKCHUIIPOIMH M TIOSTOMY Has3bIBaroTcs ruapokcurponnHcuctemuHamu (HysSys). Hecmotps Ha
CTpYKTypHBIE pa3innaus, HysSys BBI3BIBAIOT CXOKUH OMOJOTHYECKUM OTBET — aKTUBAIIUIO CHCTEMHON yCTOM-
quBocTH [16].

B 1999 . Ha nuTONIa3MaTuuecKoi MeMOpaHe KIIETOK ToMarta ObUT MICHTU(QUIIPOBAH PELETITOP CHCTEMHHA
SR 160, mpexcrasnstommii co00r TpaHcMeMOpaHHbIH Oetok Maccoit 160 x/la, comepxaniii BHEKJICTOYHBIHN TOMEH,
Oorarslii JICHITMHOM, U BHYTPUKIICTOUHBIN KHHA3HBIN 1oMeH [ 17]. Ilokazano, uro peuentop SR 160 romonormueH

7
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penenTopy 6paccunonuna BRI1 ¢ BbICOKMM TPOLIEHTOM HAEHTUYHOCTH aMHUHOKHCIIOTHBIX TOCIIeI0BATEIbHO-
creit [18]. CTouT OTMETUTB, YTO ITO YHUKAIBHBIN JUI pacTeHUH NMpUMEp HAJIMYUS PELENTopa, 3aITyCKaroIero
(YHKIMOHAJIBHO Pa3HbIe CUTHAJIBHBIC IyTU: 3aLUTHBIA 1 PEryIHPYIOLIMH IPOLECCH POCTa U Pa3BUTHSI.

[Ipu B3ammozaeicTBIN cucTeMIHa ¢ pertennTopoM SR 160 porCcXOauT WHIYKITHS CUTHAIBHOTO Ty TH, KOTO-
pBIN BKITIOUaeT akTuBaiio MAP-KHHA3HOTO Kackazia, COCTOSIIEr0 U3 TPYIITbl MUTOT€HAKTUBUPYEMBIX TPO-
tennkuHas (MAPK) [19], yBennyeHne KOHIICHTpAIIMH HOHOB Ca”" B upTomIa3Me, WHTHOUPOBaHKE IPOTOHHOMN
AT®a3p1 1 ObicTpOE TOAIIETAYNBAHIE BHEKIICTOUHOM cpenibl [20], akTuBanuto pocdonumnassl A, 1 BBICBOOOXK-
JICHNE JIMHOJICHOBOM KHCJIOTHI, KOTOpast 1aeT Ha4aj0 CUTHAJIBHBIM OKCHJIMIIMHAM, TAKUM Kak (puToaneHoBast
1 KaCMOHOBasl KHCIIOTHI, a TaK)Ke MOBBIIIEHNE YPOBHS 3KCIIPECCHM 3aIIUTHBIX TeHoB [14; 21; 22]. I1pu atom
CHCTEMUH BBI3bIBACT MOJIABICHHE IKCIIPECCHH psiia (POTOCHHTETHYECKIX T€HOB, CBSI3aHHBIX ¢ (hUKcanuei yrie-
pozna u MeTaboIM3MOM YITIEBOJIOB. TakuM 00pa3oM, CHCTEMHH T'eHEpUPYET M YCHIIMBAET CUCTEMHBIH CUTHAI,
AKTUBHUPYS )KAaCMOHATHBIN Iy Th, KOTOPBIM 3aIyCKaeT CUHTE3 COSIMHEHUH, MPSMO I KOCBEHHO BO3/IEHCTBYIO-
IUX Ha BpeauTeneit. B padore [14] mpuBOAATCS JaHHBIC O TOM, YTO MO JCHCTBHEM CUCTEMHHA MTPOUCXOIUT
aKTHBaIMs OnocuHTe3a O6onee 20 OENKOB, CBSI3aHHBIX C 3aIUTON PAaCTEHHIA.

Ponp cucremuHa B peakiuy Ha TOBPEXACHHs OblUla BBISICHEHA B Psi/IC MCCIICAOBAHUI C HCIONb30BaHUEM
MYTaHTHBIX PAaCTCHHUI cO CBepXdKcnpeccueil Oenka-npenmecTseHHuKa ProSys. CucteMun nposiBisieT akTus-
HOCTH B HAHO- ¥ TMKOMOJISIPHBIX KOHLIEHTPALIUSAX U CIIOCOOCTBYET YBEIMUEHHUIO YCTONUMBOCTH PACTEHHH K Ta-
KHM BPEIUTENIM, Kak st (Macrosiphum euphorbiae), niuauHKyY yenryekpbuibix (Spodoptera littoralis), duto-
naToreHHble Tpuobl (Botrytis cinerea n Alternaria alternata) [14; 16; 22]. [lokazaHo, 9TO CBEpXIKCIpPECCHUS
[IPOCUCTEMHHA HHIyLIUPYET HAKOIJICHHE HHTMONTOPOB IPOTEa3, KOTOPhIE PACIICIUIAIOT He3aMEHUMbIE aMUHO-
KHUCJIOTHI B KUIIEYHUKE TPABOATHBIX [23]. PacTeHus ToMara ¢ BBICOKMM YPOBHEM 3KCIIPECCUH MPOCUCTEMUHA
CHUHTE3UPYIOT OOJIBIIE JIETYYUX OPraHUUYEeCKUX COEIMHEHUH, MPUBIEKAIOINX Tapa3uTOUI0B TIH, B YaCTHOCTH
Aphidius ervi [24].

HenaBHue nccnenoBanust MoKa3aiiy, YTO IPOCUCTEMHUH SIBIISICTCS IPEALIECTBEHHUKOM HE TOJIBKO CUCTEMUHA,
HO U IPYTUX HU3KOMOJIEKYJIAPHBIX MENTH/I0B, 00J1a/Ial0IIHX BEICOKOH OHOIOTHYECKOM aKTHBHOCTBIO, B YACTHOCTH
MEeNTUAOB, 0003HauaeMbIX kKak PS1-70 u PS1-120 u oTHOCSAIIMXCS K CEMEHCTBY BHYTPEHHE HEYOPSTOYSHHBIX
oenxoB (IDP) [25]. Otu Oenku, HE UMerOLIUEe CTAOMIBHOM TPEXMEPHOH CTPYKTYpbI, UTPAIOT BaKHYIO POJIb
B KJIETOUHBIX IIPOIIECCax, CBA3aHHBIX C peaKkMed pacTeHUI Ha CTpeccoBble Bo3aeHcTBUsA. CTpyKTypHas miac-
TUYHOCTH TI03BOJISIET UM IIPHHUMAThH alIbTepHATHBHBIC KOH(OPMAIIHHU, KOTOpBIE 00eCIeYrBaloT crieruduieckne
B3aMMOJIEHCTBHS CO MHOYKECTBOM MOJIEKYISPHBIX CTPYKTYp, a TaKK€ y4acTBOBaTh B KOHTPOJIE KJIETOYHOIO
[UKJIa, MeTaboJIM3Ma, TOPMOHATBHOH Tepeiaue CUrHaIOB [26].

Hentunbl RALF (rapid alkalinisation factor). Ilonick cHCTEMUHOB B PaCTCHHUSX Tabaka MPUBE K OTKPHI-
THIO €Ille OJHOM I'PyMIbl CUTHAIBHBIX MENTHI0B, 001aJaI0NINX CIIOCOOHOCTHIO MO/IIETaYBaTh BHEKIETOU-
Hyto cpeny, — RALF [27]. B nacrosiiee Bpems nentuasl RALF BbIsIBIEHBI y MHOTMX CEMEHHBIX PAacTEHHH,
BKJTIOUasi apaOHI0IICHC, TOMAT, PUC, MILEHHUILY, COt0, parc. [loMnmo 3Toro, oHn 0OHApyKEHBI Y MOXOOOPa3HBIX
(Physcomitrella patens), a Taxxe B psane puromaroreHHBIX 0akTepuit 1 HeMatoxn [28]. [Tentumbr RALF skermpec-
CUPYIOTCS B PA3JINYHBIX TKAHAX U OpraHax pPacTeHHH M PEryJupyloT UX pa3MHOKEHUE, Pa3BUTHE U PEAKIUIO
Ha BHEIIHWE pa3apakuTenu. Y pactenuil A. thaliana cemeiictBo RALF Bkitouaer 38 renos [29].

[enTtuner RALF 06pasyroTcst u3 6onee KpymHOTo Oelka-TpeAneCTBEHHUKA, COCTOsIEero u3 115 aMmuHOKwHC-
JIOTHBIX OCTaTKOB, C Maccoi okono 5 k/la. AKTHBHas 4acTh NMENTHA BKIOYaeT 49 aMHUHOKHUCIIOT H COOEPKUT
4 KOHCEPBAaTHBHBIX OCTATKA IUCTENHA, KOTOpbie (OPMUPYIOT 2 MucynbpUIHBIX MOCTHKA [27].

B 2014 r. 611 naentudunuposan peuentop nentuaos RALF — FERONIA (FER), npunannexamuii k cemeii-
cTBy peuentopononoonsix kuna3 (RLK1Ls) [30]. O6pa3zoBanue komiuiekca RALF — FER ununuupyer 3amyck
IMyTel CUTHAJIBHOM TPAaHCAYKINH, IPUBOISIINX K M3MEHEHHIO PAa KJIETOUHBIX IIPOLECCOB: (POCHOPUINPOBAHUIO
H"-AT®a3b1 ma3MaTHdecKoii MeMOpaHbl 1 MHTMOUPOBAHHUIO TPAHCIIOPTA MMPOTOHOB, B PE3YJIbTAaTe Yero Mpo-
WCXOJUT MOJIIeNaunBaHie BHEKIeToUyHoro Marpukca [30]; akTuBanuu KajabluinpoHunaemMoro kanaina MLO
(mildew resistance locus O) M yBeTUYEHUIO KOHIICHTPAIIMU [TUTOILIA3MaTHUECKOTO KanbIs [31]; akTuBanuu
HA JI®-okcumas3s! 1 IOBBIMICHUIO YPOBHS aKTUBHBIX (hopM kuciopona (ADPK) B kirerkax [32].

[entuast RALF urpatot BaxkHyI0 poJb B pETYJISIMU MPOIECCOB POCTA U pa3BUTHSI paCTeHUH. bOIBIINHCTBO
npeacraButeneii cemelictBa RALF BbI3bIBalOT MHTMOMpPOBaHUE POCTA MPOPOCTKOB MIIM UX OTJEIBHBIX OPraHOB
[27; 28; 33; 34]. [Ipu 3K30TeHHOM NPUMEHEHHUH JTaHHBIX TENTHI0B HAOMIOAAeTCs PE3KOE TOPMOKEHHE POCTa
KOpHEH 1 00pa30BaHUs KOPHEBBIX BOJIOCKOB [27]. MccrenoBanms Ha TPaHCTEHHBIX PACTCHUSX apabumoricuca
MoKa3aiu, 4yTo cBepxakcnpeccus nentunoB RALF1 n RALF23 npuBonuT K MOSBICHUIO KapJIMKOBBIX pacTe-
HUM [34], 4TO aBTOPBI CBA3BIBAIOT C 3aMEJICHUEM POCTa KIETOK pacTsbkeHneM. HrnoupoBaHue pocTa Takxke
MOJKET OBITH BBI3BaHO TeM, 4To koMIiekc RALF — FER unnymmpyet Tpanckpunmuto perienitopoB TIR1/AFB
(transport inhibitor response I | auxin-signaling F-box) u, KaKk CIIeICTBHE, YOMKBUTHH3aBUCUMYIO JIETPAIAIIHIO
(axropoB oTBeTa Ha aykcuH [35]. IMeroTcs JaHHbIe 0 ToM, uTo entuabl RALF ydacTByioT B OpaccuHOCTEpOHI-
orocpeoBanHOM Mop¢orenese KopHs [36], T. . MOTYT BBICTYINaTh HETATUBHBIMH PETYISTOPAMH PACTSHKEHHS
KIIETOK, MTPOSIBIISISI aHTArOHU3M ¢ OpacCHHOCTEpOUIaMu.
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Kpome Toro, nentuast RALF nprHUMArOT y4acTHe B PEryisiiuu Npouecca JBOHHOIO OIUIOAOTBOPEHMUS,
B YaCTHOCTH B TIepe/iaye CUTHAJIOB MEXK]Ty MY>KCKUMH M KEHCKHUMH TaMeTaMH, POCTE U 00€CIIEeYeHNH TIeTI0CT-
HOCTH KOHYHMKa MbUIbLEBOH TpyOkH [31]. OTMeuaercs Hannyne QpyHKIMOHATBHOM CBS3H MEXKY TETHIAMH
RALF u xanbpIiieBBIMU CUTHAJIAMU. YCTaHOBIICHO, YTO TIpH HapymeHnnn RALF-curaanuara He popMupyeTcs
LMTO30/IbHbI rpajuenT noHoB Ca”, HeOBXOMUMBIIL /15 0GPA30BAHMUS IBLTBLEBON TPYOKH.

Ientunet RALF4 n RALF34 aHTaroHNCTUYECKH PETYINPYIOT IIETOCTHOCTh KJIETOYHON CTEHKH MBIIBIIEBOIM
TPYOKH U MPENOTBPAIIAIOT €€ MPEekKACBPEMEHHBIN pa3pbhIB. Kak CBUIETENHCTBYIOT pe3yibTaThl padoThl [37],
B3aMMOJICHCTBHE ATUX NenTu0B ¢ perentopoM FER BeimonHseT nBOsSKYHO (QyHKIHIO: C OJTHON CTOPOHbI, 00€-
CIIEYMBAET MPOHUKHOBEHHNE CIIEPMUS B PBUIBLIE MIECTHKA, C IPYTO CTOPOHBI, IPEIOTBPAIIAET MHOKECTBEHHOE
OTIJIOJIOTBOPEHHE.

Eme omnoit BakaO# (pyHKIIei mentuaoB RALF sBisieTcst peryssaius IMMYyHHOTO OTBeTa KiteTku. [Ipu Bo3-
JeiCTBUH MATOTeHHBIX MUKPOOPTaHU3MOB OHU CIIOCOOHBI HHTyLIUPOBATh J1BA COBEPLICHHO Pa3HbIX MEXaHU3Ma
curHanuara [38]. [lenruast RALF, koTopsie paciieruisioTes cyoTHIN3UHIION00HON cepuHOBOM mpoTtea3oi (S1P),
takne kak RALF23 u RALF33, moryt uaru6uposars renepanuto ADK, BEI3BaHHYIO STUCUTOPaMU TTaTOTeHA,
U CHIDKaTh UMMYyHHTET pacTeHuid. [lentuast RALF, y koTopbix oTcyTeTBYeT cailt pacuerienus S1P, nanpumep
RALF17, cioco6cTBYyIOT pocTy KoHIeHTpannn ADK 1 3amycKky IMMYyHHOTO OTBeTa. AHAIH3 OMOIOTHIECKON
aktuBHOCTHU 34 Bu0oB nentuoB RALF in vitro noka3zain, 4To UX poJib B MUMMYHOMOYJISILINU 3aBUCUT HE TOJIBKO
ot caiftoB pacmeruienus S1P [33]. UMMyHHBIH 0TBeT, HHAYyIMpoBaHHBIN nentuaamMu RALF, BkimodaeT cepuro
CHIHAJIBHBIX PEaKIliii, TAKMX KaK aKTHBaIKs MAP-KHHA3HOTO Kacka/Ia, OBBIIICHHE KOHI[CHTpaIn HoHos Ca®’
B [IUTOILJIa3Me, U3MEHEHHUE YPOBHSI CTPECCOBBIX TOPMOHOB [32; 39—41]. DT peakiuu crnocoOCTBYIOT YBEIU-
YEHHWIO YCTOWYMBOCTH PAcTEHUH K OMOTHYECKHM cTpeccopam. Hampumep, y pacrenuii con nentunst RALF4
u RALF24 noBelmaroT ycToWuuBOCTb K Fusarium oxysporum [42]. Y pactenuil panca nentua RALF10 BbI-
3BIBaeT (popMHUpoOBaHHE UMMYHHUTETA K Sclerotinia sclerotiorum [43]. IIpu 2TOM HEKOTOpBIE (PUTOTIATOTCHHBIC
rpuObI 1 HEMATObI TAKXKE MOTYT CEKPETUPOBATH PacTUTENbHBIE roMosiord RALF 11t monaBieHust MIMMYHHBIX
peakuuii X03siMHA U TIOBBIIIEHHUS €T0 BOCTIPUUMYHBOCTH K Oone3HsaM [28; 44; 45].

ITenrtunbr RALF wurparot onpeneneHHyIo poiib B yCTOMUMBOCTH PACTEHUH K HEOIArONPHUSITHBIM (PakTopam
abuotuueckoi mpupoasl. IMeroTcs naHHble 00 y4acTUH 3TUX MENTHI0B B GOPMHUPOBAHHH YCTOMYMBOCTH Pac-
TeHHUH K colieBoMy ctpeccy [11; 46; 47]. CBepxakcnpeccus nentuga RALFS moBeImraer 9yBCTBUTEIEHOCTD
apabuporcuca K 3acyxe. B pacrenusx xinomnka nentug RALF33 sBisieTcst peryiasiTopoM yCTOHYHBOCTH K XO-
JIOJIOBOMY H cojieBoMy cTpeccam [48]. OdueBuaHO, UTO pa3nuuHbIe MpeacTaBuTen cemeiictea RALF oOma-
JTAIOT pa3HBIMU BUIaMU OMOIOTHYECKON aKTUBHOCTH U BBITIOHSIOT B PACTUTEIBHBIX OPTaHN3MaX MHOXKECTBO
(byHKIMH, oOecniedrBas MHOTOYPOBHEBYIO PETYJISIIMIO MTPOIIECCOB POCTA, PA3BUTHS U aIalTallii K Hebiaro-
MIPHUSITHBIM (PaKTOpaM Cpebl.

Hentuablt CLE (CLV3 | embryo surrounding region-related). BaxxHbIM KOMIIOHEHTOM KJICTOYHOMN CUTHA-
TU3AIAN Y PACTEHUH SBISIETCS CEMEHCTBO TenTUAHBIX TopMoHOB CLE. BriepBeie TeH, KOMUPYIOMNWN METITHT
CLE, 05121 BBISIBIICH Y KyKYpY3bl (Zea mays) B 1997 1. [49]. B HacTosiiee BpeMs 4ieHbl cemericTBa reHoB CLE
00Hapy>KEHBI y BCEX UCCIICIOBAaHHBIX CEMEHHBIX PACTCHUH, a TaKXkKe eueHodnnka (Marchantia polymorpha), mxa
(P. patens), 3enenbix Bogopocneit (Chlamydomonas reinhardtii), T0 TO3BONSAET MPEIIOIOKHATE, YTO TTETITHIBI
CLE siBIsitoTCS 3BOJIFOLIMOHHO-KOHCEPBATUBHBIMU CUTHAIbHBIMU coeuaeHusiMu [ S0—53]. Pactenus 4. thaliana
comeprkar 32 unmeHa cemetictBa reHOB CLE, KOTOpBIE KOAUPYIOT 27 pa3IMYHBIX OEITKOB-TIPEIICCTBCHHUKOB
JHoU oT 50 1o 100 aMmuHOKUCIOTHBIX OocTaTkoB [54]. IlouTn Bce opraHbl M TKAHU STOTO PACTEHHSI, B TOM
YHCIIe TUCTHS (32 HCKIIFOYEHNEM YCTHHUHBIX KJIETOK), CT€0N, KOPHH, PA3INIHBIE OPTaHbl IIBETKA, SKCIIPECCH-
pytot 3 u 6onee rena CLE. Dxcnipeccrss MHOTHX TEHOB TIEPEKPHIBACTCS, U MEXK]Ty HIMH MOTYT CYIIIECTBOBAaTh
AHTAarOHUCTUYECKUE WM CHHEPTeTUUECKUE B3auMOIeUcTBysI [55].

benku CLE uMeroT KOHCEPBAaTUBHYIO CTPYKTYPY, BKIHOUAIONIYI0 N-KOHIEBOH CEKPETOPHBIN CUTHAJIbHBIM
nenTH]l U KoHcepBaTuBHbBIN 12—14-amuHokucnotHbeii CLE-gomen Ha C-koHIie [56]. Beuto oOHapykeHO, 4TO
HaWMEHBITICH eTUHHUTICH, TIPOSIBIIAIONICH aKTUBHOCTS, SIBJISCTCS IENTHI U3 12 aMuHOKUCIIOT. Hammpumep, 3pemsie
nentuasl CLV3 coctoat u3 12 umu 13 amunokucnor (RTVP*SGPDPLHH(H)), BkTrouast 2 ocTaTka MM IpOKCUIIPO-
niHa (0003HaYeHbI Kak P*), KOTOpble MOTYT OBITh IIMKO3MIMPOBAHBI (Yallle BCErO OCTaTKaMK apabMHO3bI) [57].
I'mukosmnmpoBanHas popma CLV3 o0mamaeT MOBBIMIEHHBIM CPOIACTBOM K CBOMM PEIETITOPAM.

B 3aBucuMocTH 0T (pyHKIMOHANBHOW aKTUBHOCTH BBIEISIOT YeThipe rpymnibl nentuaos CLE: 1) mentu-
JTBI, TIOIABIISTIONIIE Pa3BUTHE alMKAIBHON MepUCTeMbl U AP PEPEeHITMPOBKY KIECTOK MPOBOISAIINX COCYIOB;
2) NenTUabl, NPOSBIIAIONINE TOJIBKO MEPUCTEMUHTMONPYIOILYIO aKTUBHOCT; 3) MENTH/IBI, OCYILECTBISIOINE
T epeHITUPOBKY KIETOK COCYJIOB MPOTOKCHIIEMBI; 4) TIETITHIBI, HE OKa3bIBAIOIIHE SIBHOTO BIUSHUS Ha (peHo-
THUII pacTeHu [5; 52].

Buonoruueckas akruBHOCTb rentu10B CLE 00yciioBiieHa UX B3aMMOJICHCTBIEM C PeLICHITOpaMU, O0OHAPYKEH-
HBIMU B OOJIBITMHCTBE PACTUTENHLHBIX TKaHel. Hanboree pacipocTpaHeHHbIe TUTIBI PEIETITOPOB 3TOM CUTHAIBHON
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CHCTEMbI BKJIIOYAIOT Pa3InYHble KWHA3bl: OOrarhie JICHIIMHOM PElenTOpPONoA00HbIe IPOTEHHKIHA3EI, B TOM
gucine penentoporonoousie 0enku CLV 1 u CLV2, penenrroponiono0nyto nporennknaazy RPK2 (receptor-like
protein kinase 2), petienitopel BAM (barely any meristems), CIK (CLV3 insensitive receptor kinases) v icesuo-
kuHazy CORYNE (CRN) [53; 58; 59]. YV pacrennii A. thaliana oxapakTepn30BaHO HECKOJIBKO PEIIECTITOPOB,
¢ KOTOpbIMH MOTYT cBsi3biBaTbes nentusl CLE, — CLV1, CLV2, RPK2, penentoporono0Has nmpoTeHHKUHA3a
ACR4, PXY/TDR u SOL2/CRN [54; 60—62]. DyHKIIHOHATBHBIE pA3THUHsI MEXK/ITY STHMHU THIIAMH PEIIENTOPHBIX
KOMITJIEKCOB U HIDKECTOSIIINE KOMIIOHEHTHI aKTUBUPYEMBIX CUTHAJIBHBIX ITyTeH MOKa N3y4YeHbI HEJ0CTATOUHO.
WmeroTcs nccenoBanust, CBUIETENLCTBYIOIUE 00 yyacTiu MAP-kuna3b1 1 G-0€JIKOB B 9TOM TIpoliecce, a TakkKe
0 HAJIMYMM B3aUMOCBsI3U Mexay nepenaueid curnanoB CLE u aykcuna [63].

[entuansie ropmonsl CLE perynupyror MHOTHE Qu3HOIOorHuecKue nporeccol. Hanbosee 3HaqnmMas poib
STHX TOPMOHOB 3aKJTIOYAETCs B MO IEPKaHIH TOMEOCTa3a aTMKAIbHON MEPUCTEMBI IT0Oera 1 KOJIM4ecTBa Opra-
HOB L[BETKA, JIeNIeHUH 1 Ju((HepeHINPOBKE KIETOK MEPHCTEMBI KOPHEH, (POPMUPOBAHUN apXUTEKTYPbl KOPHEBON
CHCTEMBI, 00pa30BaHUH MPOBOJISIINX COCYIOB, Ay TOPETYISIIINU PA3BUTHS KITYOCHBKOB, PETYIISIIHA MUKOPHU3HBIX
CUMOMOTHYECKHX OTHOIEeHMH [51; 52; 55; 57; 63].

HenpepbIBHBINH poCT OpraHOB y pacTeHHid 3aBUCHT OT npoiudepannu u nuppepeHInpoBKd MepUcTeMa-
THYECKHUX KIIETOK, YTO 0OecreunBaeTcss CUTHAIBHBIM rentuaoM CLV3 u TpaHCKpUITIIMOHHBIM (haKTOPOM
WUSCHEL (WUS), Mexny koTopsiMH (hOpMHUpYeTCsl OTpuLaTenbHast oOpatHas cBsi3b [57]. Tpanckpumnuu-
onubIi pakrop WUS nomnepkuBaet HennpdepeHIIMPOBAHHOE COCTOSIHAE MEPUCTEMATHUECKUX KIETOK [64].
Curnanensliit nentug CLV3, naoboport, ciocobetyet ux quddepenumposke. Bzanmoaeiicrsue nentuga CLV3
¢ peuenropom CLV1 nmpuBoguT K ”HrHOMpoBaHUIO TpaHCKpHIMoHHOTO akropa WUS. Tlonnepkanue QpyHK-
[IMOHATBPHON aKTUBHOCTH aIMKAJIEHON MEPHCTEMEBI ITo0era TakyKe orocpeaoBaHo napamieabaeivu CLV 1-He3a-
BHCHUMBIMH NyTsAMH, cBsi3aHHBIME ¢ penentopamu CLV2, CRN u LRR-RLK ERECTA [53].

Oxkcnpeccus reHa CLJV3 HabmomaeTcs MPeuMYIIIECTBEHHO B TIEPBOM M BTOPOM CJIOSIX KJIETOK IIEHTPaTbHOM
30HBI MEPUCTEMBI. Y MYTaHTHBIX PACTEHUI C MOITYAIUMU reHamu clvl, clv2 u clv3 muddepeHuupoBka Kie-
TOK aIMKaIbHOU MEPUCTEMBI ITOOETa 3aMeISIETCS, U pa3Mep IEHTPATHLHON 30HBI CUIIHFHO YBEIMUUBACTCS [55].
Cxoxue a3 dextsl XxapakTepHsl urs npyrux nentuaoB CLE, Takux kak CLE42 u CLE44. [1oka3aHo, 4To Tumep-
JKCHpecCus FeHOB, KOAMPYIOUUX JJAHHBIE MEeNTH/IbI, TPUBOANT K TOSBICHUIO KYCTaPHUKOBHIHBIX KapJIUKOBBIX
pacTeHuH, Y KOTOPBIX OTCYTCTBYET BEpXyIICUHOE TOMHUHUPOBAHHUE [65].

B paborte [52] ycraHoBneHo, uTo 3k30reHHOe nnpumenenue nentuaos CLE1— CLE7 umu cBepxakcnpeccust
YX TIPEIIIECTBEHHUKOB MTPUBOIAT K TIOJIABIICHHUIO pereHepariy mooeroB A. thaliana, ato o0yCcI0BIEHO pempec-
cuelt TpanckpunuuonHoro ¢akropa WUS. Cxoxee ononoruueckoe aericteue nentuasl CLE oka3piBatoT Ha
MEPUCTEMY KOPHEH, crioco0CTBYs uddepeHIpoBke kietok [65]. B padore [S1] ycTaHOBIEHO, YTO B allUKaJIb-
HO# Mepucteme kopHs nentuasl CLE sBisifoTCst HeraTuBHBIMHE peryastopamu, a nentunasl RGF (root growth
factor) — IONOXUTENLHBIMU PETYISATOPAMU MOIACPKAHUS ACTICHNSI MEPUCTEMAaTHUECKUX KIETOK.

[Mentuapt CLE GpyHKIIMOHUPYIOT B €I1Ie OJHOM THIIE ACIISAIITIXCS KIIETOK, Ha3bIBAEMbIX COCYANCTON MEpHCTeE-
MOH, uiu mpokamouem. [IpoxkamMOuanbHbIe KIETKH HAXOAATCS MEXIY (I109MOi 1 KcriteMoit 1 MoryT auddepen-
MpoBarbes B 00a tuma npooasux cocyaos. Ilentuasl CLE oka3pIBaroT BIMsHIE HA pa3BUTHE COCY/IOB KaK
B IIPOCTPAHCTBE, TaK ¥ BO BpemeHu [57]. Cynp0y npokaMOnaIbHBIX KJIETOK OMPEeIIsIeT MMeNTH I, Ha3bIBaeMBbIN
(akTopoM MHrHOUpPOBaHUS TUPPEPESHIUPOBKH TPaxeapHbIX MEeMEHTOB (fracheary element differentiation in-
hibitory factor, TDIF). OH sBIIsieTCs TOIEKANEITHIOM ¢ 2 ocTaTkamu ruapokcumnpornuaa (HEVP SGP 'NPISN).
AMMHOKHUCIIOTHAsI nocsenosatenbHoCcTh nentuaa TDIF naeHTnyHa aMUHOKHUCIOTHOM 1TOCIIE0BATEIbHOCTH
nentuaoB CLE41 u CLE44 y apa6bunoncuca. I[lokasano, uro runepakcnpeccus nentuna CLE44, a taxke
9K30TeHHasi 00paboTKa pacTeHUI apaOUIOTICHCa 3TUM IETITHIOM CIIOCOOCTBYIOT JICTICHHIO KIIETOK IPOKaMOust
W UHTHOUPYIOT tudepeHnpoBKy kemwiemsl. Jpyrue nentuasl CLE Biusitor Ha pazutre dosmbl. Hanpumep,
nentux CLE25 cnoco6erByer nuddepenmmpoke dnosmsl, a nentun CLE4S ee nuarubupyer [51]. [pencras-
JICHHBIE TaHHBIE CBUIETENBCTBYIOT O CIIOKHOMN PETYJIATOPHOM CHCTEME, YIPABISIONIEH pa3BUTHEM MPOBOJIAIINX
anemeHToB. IIpennomnaraercs, yto OGuonorndeckas akTuBHOCTh nentunoB TDIF cBs3aHa ¢ ux BIMsHUEM Ha
PIN-onocpenoBanHbIi NOMSIPHBINA TPAHCIOPT ayKcuHa [66].

Crout otMeTHTb, yTO enTuAbsl CLE urparot BaXHYIO pOJIb HE TOIBKO B 9HOTEHHBIX ITpOrpaMMax pa3Bu-
THS PAaCTeHUH, HO U B pEaKUUAX Ha IEHCTBUE (PaKTOPOB CPeIlbl, BKIIIOYasi CAMOMOTHYECKHE B3aUMOICHCTBHS
¢ mukpooprannsmami. [lokazano, uto nentuapl CLE y4dacTByIoT B 00pa3oBaHn KIyOSHBKOB Y psia 6000BBIX
pacTeHuH, TakuX Kak JsnBenen (Lotus japonicus), cost (Glycine max) n monepua (Medicago truncatula) [55].
Taxoke OHM UHIYLMPYIOTCS IPH B3aUMOJCHCTBUH PACTCHUH ¢ (PUTOMATOreHHBIMH HEMaTOlaMH U MUKPOOpTa-
HuzMamiu. B padore [67] ycTanoBieno, uto nentuabl CLE MOTyT oCyIIecTBIATh HHAYKIMIO UMMyHUTEeTa. OHU
BOCIIPUHUMAIOTCS PelenTopoM OakTepuaibHoro oenka (aaremniaa (FLS2) 1 BEI3BIBAIOT CEpHIO BPOIKIACHHBIX
WMMYHHBIX pEakUWi, OTpaHMYMBAIOIINX paclpocTpaHeHne OakTepuaibHbIX (uTonaroreHoB. Kpome Toro,
nentuasl CLE ydacTByroT B (popMHUpOBaHUHM YCTOMYMBOCTH PACTEHUH K aOMOTHYECKUM CTpEccopaM, TaKuM
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Kak 3acyxa u jepuimr MmakpodneMeHToB [59]. Tak, sxzorenHas oopadorka pactenuii mentugom CLE9 nnmy-
LUPYET 3aKPhITUE YCTHUIL U MOBBIIIAET YCTOMYUBOCTD K 3aCyXe, UTO CBsI3bIBaIOT ¢ akTuBauued MAPK3 u nByx
CUTHAJIFHBIX KOMIIOHEHTOB 3ambIKatonux kieTok — AbBK-nporennkunasst OST1 (open stomata 1) u aHHOHHOTO
kanana SLACI (slow anion channel 1) [10]. Ilentux CLE45 urpaet 3HaYUTETHHYIO POITH B PEAKITMH PACTCHUN
Ha BBICOKOTEMITIEpATypHBIHN cTpecc [68].

Hentuapt CLE yuacTBYIOT B peryisiiuu a3oTHoro, GpochopHoro u yrieBogHoro ooMeHa pacrenuil. [Toka-
3aHO, YTO ITPU HU3KOM YPOBHE a30Ta B KJIETKaxX MEpUINKIAa KOpHEH akTuBupytotces rensl CLEL, CLE3, CLE4
u CLE7, 5TO IPUBOIUT K MOAABJICHHUIO POcTa OOKOBBIX KopHel [69]. [Ipu mocTaTOYHOM KOJIMYECTBE ITOTO
aneMeHTa ycuiuBaetcs skcnpeccus rena CLE?2. Tlentun CLE14 onocpenyeT pa3BUTHE CTPECCOBOIO CUTHaja
NpY HA3KOM coziepkannu Gocaros B KOpHAX. OH OKa3bIBacT BIMSHUE HA COOTHOLICHUE MPOLECCOB JICICHHSI
u mudhepeHITMpPOBKY KIETOK alTMKaIEHON MEPUCTEMBI KOPHS, HHTHOUPYS IEPBUIHBIN pocT KopHei [70]. Bepo-
SITHO, ATOT CUTHAJIBHBIH Ty Th MO3BOJISIET PACTEHUSIM aJalTHPOBAThCS K YPOBHIO pocaroB B cpelie: B yCIOBHUIX
uX JeuIuTa pacTeHUs U3MEHSIOT CKOPOCTh POCTa KOPHEW, YTOOBI YBEJINYUTH MOTIIOMIEHNE HEOOXOIMMBIX
MaKpO3JIEMEHTOB.

Takum 00pa3om, MpeICTaBICHHbIC JaHHbIE CBUCTENBCTBYIOT O TOM, uTo nentuasl CLE peiicTByroT kak me-
JUATOPbI KOJIOTMYECKUX M (PU3HOIOTHUECKUX CTUMYJIOB, 00€CIIeUnBasi CTPOTyI0 KOOPIMHALMIO BHY TPEHHHUX
MIPOLIECCOB Pa3BUTHUS PACTEHUN MTPU aAaNTAUN K U3MEHSAIOIUMCS YCIOBUSAM CPEbI.

Hentuawt PEP (plant elicitor peptides). Baxxayto poiib B yCTOMYUBOCTH paCTEHUH K CTPECCOBBIM (PakTOpam
urpatot nentuapl PEP, o6nagatomye snucutopHbiMu cBoicTBaMH. OHM MIPEACTABIISIIOT CO00# 00JIBLIYIO TpyIITY
MIENTH/IOB, COIEPKAIIUX OT 23 710 36 aMUHOKUCIIOTHBIX OCTATKOB. JlaHHbBIE ENTH bl 00Pa3yIOTCs B PACTCHHSIX
13 Oosee KpyMnHBIX O€JIKOB-IPEALIECTBEHHUKOB B OTBET HA CTPECCOBBIEC BO3ACHCTBUS, BOCIPUHUMAIOTCS pac-
TUTETBHBIMU KJIETKAMHU C TIOMOMIBIO CIIEM(PUISCKUX PELUENTOPOB M 3allyCKalOT KacKajl 3allUTHBIX PeaKiui,
TaKUX KaK aKTUBAITUS MPOTEHHKIHA3 U (PochoprrpoBanue OSIKOB, 00pa30BaHNE BTOPUIHBIX MECCEHIKEPOB,
CHUHTE3 CTPECCOBBIX TOPMOHOB U NMOBBIIIEHUE YPOBHS HKCIPECCUU 3AIUTHBIX T€HOB, MPUBOSAIINX B UTOTE
K (hopmupoBanuto puronMMmynurera [71-74].

[lepBsIii mpecTaBUTEND ENTUIHBIX AIMCUTOPOB pacTeHuii ObuT BeieseH B 2006 1. u3 nucteeB A. thaliana
u Ha3aH AtPepl [75]. lannbii nenti coctout u3 23 amuHokucior (ATKVKAKQRGKEKVSSGRPGQHN) u 00-
pasyercst 3 C-TepMHHAIIBHOTO KOHITa Oojiee kKpymHoro Oenka-npenmectBeHanka PROPEP]. K Hacrosmemy
Bpemenu nentuasl PEP nnentudguunposanst y 6onee yem 50 BUAOB pacTeHUH U3 CEMEHCTB KPECTOLBETHBIX,
MACJICHOBBIX, 0000BBIX, PO3OIBETHBIX M 3J1aKOBBIX [76]. B pacrenusx A. thaliana oGHapy»)eHO § TOMOJIOIOB
AtPep 1, cOOTBETCTBEHHO, 8 OCJIKOB-IPEIIIECTBEHHUKOB, KOTOPBIE KOIUPYIOTCSI HEOOIBIINM CEMEHCTBOM Te-
HOB. Y apabujorncuca 6su10 uaeHTuduposano 8 renoB PROPEP [77], y xykypy3bl — 7 renoB PROPEP 78],
y 6poxkonu — 9 reroB PROPEP [79]. Y npyrux BUIOB UCCIIEIOBAHHBIX PACTEHUH X KOJTHYECTBO, KaK ITPABHIIO,
orpanuueno 1-2 remamu [80].

benxu PROPEP o0HapyskeHBI B ABYX pa3HbIX CyOKJIETOUHBIX KOMITAPTMEHTAaX — IIUTO30JI¢ M TOHOILIacTe [76].
WnpyKnust reHOB, KOIUPYIOLIUX JaHHbIE OCTIKH, OCYILECTBISICTCA IPY MEXaHUUECKOM MTOBPEKICHNH JINCTHEB
OakTepuanbHBIMHU, TPUOKOBBIMH U BUPYCHBIMH MTATOTEHAMH, a TAKXKE ITPH 00padOTKe PACTCHUH CTPECCOBBIMU
ropmoHamu [81-83]. YcranosneHo, uro PEP-3aBucumas epeada CUrHaIOB BHI3BIBAET aKTUBAIIAIO (PHTOUMMY-
HHUTETA U IPUBOAUT K YBEITMUCHHUIO YCTOWYMBOCTH PACTEHHUI K CTPECCOBBIM BO3ICHCTBHSIM KaK OMOTHYECKOH,
Tak u abnotmueckoit mpupomsl [71; 76; 79; 84; 85].

Penentopbl 9HIOTEHHBIX MENTUAHBIX JTUCUTOPOB, 0003Hauaemble kak PEPR, npencrasmistor coboii Tpanc-
MeMOpaHHbIe OeITKH, PACTIONIOKEHHBIE Ha IUTOIIIa3MaTHIeCKONH MeMOpaHe H MpUHa IeKAIIHE K KIacCy OOraTbix
JEHIIMHOM perenToponogo0HbIX kuHa3 [86; 87]. Ha npumepe nmentuanoro snmucuropa AtPepl ycraHoBieHo,
YTO MPH €r0 B3aWMOJCHCTBUH C PEIEITOPOM HAOIIONAIOTCS TIOBBIIICHHE YPOBHS IUKINYECKOTO I'yaHO3HH-
MoHO(Oc(haTa 1 aKTUBAIHS HyKJICOTHI3aBUCUMBIX KaTHOHHBIX KaHanoB CNGC2 (cyclic nucleotide-gated cation
channel 2), 06ecniednBaromuX BX0/ BHEKJIETOYHOTO KAJBIHS B IIUTOIUIA3MY. YBEJIMUEHHE KOHIICHTPAIIMH HOHOB
Ca*" 3aMyCKaeT psij Ca’’-3aBHCHMBIX MyTeH CUTHAIM3AITNH, IPUBOAAIINX K akTuBanuu HA JID-okcnaassl u mmo-
BBIIIEHUIO YPOBHS CYNEPOKCUIHBIX AaHHOH-PAJIMKAJIOB M MEPEKNUCH BOJIOPOJA B alonjacTe, aKTUBALUY Kalb-
MOJYJIMHA U KaJIbMOAYIMHIIOAO0HBIX O0enkoB 1 cuHTe3y NO B KJIeTKe, a Tak)Ke aKTUBAIIH KaJIbIINH3aBUCUMBIX
nporenHkuHas [88; 89]. Mexanuzmbl PEP-curnanunra u ux poiib B yCTOWYUBOCTH PACTUTENIBHBIX OPIraHU3MOB
K OMOTHYECKHM CTPECCOBBIM (paKTOpaM paHee ObLIM IpeAcTaBieHbl B 0030pHOH cTtaThe [90].

B pabote [91] mpomeMOHCTpUPOBAHO, YTO MENTUIHBIC STUCUTOPHI OKA3BIBAIOT BIMSHIE HA YCTOMYMBOCTD
pacTeHHii He TOIBKO K OMOTUYECKHM, HO U K a0MOTHYECKUM HEOIaronpusTHBIM (hakTopam, HapuMep OKHCITH-
TenpHOMY cTpeccy. IlokazaHo, uTo sk30reHHast 00paboTka pactenmii mentuaoMm AtPepl BbI3pIBaeT WHAYKITHIO
CUTHAJIbHBIX cucTeM ¢ yuactueM ADK, akTHBAINIO aHTHOKCUIAHTHBIX (DEPMEHTOB EPOKCHIA3HI M CYTICPOKCHI-
JUCMYTa3bl, B PE3YJIbTaTe YEro MPOUCXOIUT CHUKEHNE CKOPOCTH OKHCIMTEIBHBIX MPOIIECCOB B PACTEHUSX,
MTOJIBEPTHYTHIX OKUCIUTEIbHOMY cTpeccy. OueBuHO, uTo ientuasl PEP npencrasisror co0oii BaxkHOE 3BEHO
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B (hOpMHUPOBAHUH YCTONUNBOCTH PACTCHUHN K pa3HOOOPA3HBIM CTPECCOBBIM BO3JCHCTBUSM, YCHIHBAS 3aIIUTHBINA
oTBeT KJieTku. Ha mpuMepe OpoKKoIu poIeMOHCTpHpOBaHa poib rentuaoB PEP B ycroitunBocTr pacteHuit
K 3aCOJICHUIO [79]. ABTOpBI NOKA3ajM, 4TO DK30TeHHast 00paboTka MpOpoCcTKOB nenTuaoM BoPep4 mosbiaer
X TONEPAHTHOCTH K H30BITOYHOMY KOJIHUECTBY XJIOPU/IA HATPHS B CPEIE 33 CUET CHIKEHHS COOTHOMmEHNs Na
u K’ B uTomnIasMe, MOBBIIIEHNs YPOBHS aOCIU30BOM KUCIOTH U CTUMYJISIUN HAKOIUIEHHS BOCKA M KyTHHA
B IMCTHsIX. KpoMe Toro, nMeIoTcsi JaHHBIE O TOM, YTO MPH BOCTPUATHH NenTUI0B AtPep mponcxonsar moBsI-
IIEHUE YPOBHS 3THJICHA W KACMOHOBOW KHCJIOTHI [92], akTUBaIUsl CHHTE3a BTOPUYHBIX METa0OIUTOB [85],
TOPMOXEHHE POCTa KOpHEBOI cuctemsl [93; 94].

Hentuabl CEP (C-terminally encoded peptides). 3HauntensHy1o poib B peaklUy pacTEeHUM Ha 1elCcTBHE
(axTopoB cpensl urparot nentuaasie ropMmonsl CEP. OHu nmpeacTaBistoT co00i MOCTTPaHCISIIIMOHHO MOJTHU-
(bunmpoBaHHBIC IENTHIBI, 00pa3yOMHuecs u3 KoHCepBaTHBHOTO C-KOHITA OeTKa-TIPeIIIeCTBEHHNKA U COCTOS-
mue u3 14 niam 15 amMmuHOKHCTIOTHBIX ocTaTtkoB [95]. 3pensie nentuasl CEP conepxar 1 6o 2 ruapoxcunu-
POBaHHBIX MM apaOMHO3WINPOBAHHBIX OCTATKA ITPOJIMHA, YTO BIUSAET HA THOKOCTH OEllka M ero CrocoOHOCTh
B3aUMOJICHCTBOBATH C peuentopamu [96].

[enbl, konupytomue O6enku — npenniectBeHHUKy nentuaoB CEP, nuaeHTuGUIMpOBaHbl B TaKUX pacre-
HUSX, KaK apaOHIOIICHC, COsI, COPTO, paric, KyKypy3a u puc [97]. B renome A. thaliana oduapyxkeno 15 renon
CEP [98]. Ux skcripeccust U3MeHsIeTCs MO JeHCTBUEM Pa3IMYHbIX aOMOTUYECKUX CTPECCOB, B TOM UYHUCIIE
HU3KOTO YpOBHS a3o0Ta B cpene. [Tokazano, uto nentuasl CEP u3 Ki1eTok KOpHS MOCTyHaroT B KCHIIEMY U TIepe-
MEILAIOTCS B HAIIPaBJIeHNH nooera, rae B3aumoaeicTsyior ¢ peuentopamu CEPR1 u CEPR2 [99]. V pactenuit
sonepusl (M. truncatula) ux opronorom sipisiercs perienirop CRA2 (compact root architecture 2) [100]. Ipu
B3aumozeictuu nentuoB CEP ¢ penentopaMu HHIyUUPYETCS CEpUS peaKLUUi, IPUBOASIINX K U3MEHEHUIO
apXUTEKTYpbI KOpHs. YcTaHOBIEHO, yTo nenTu ibl CEP oka3pIBatoT BIMsHNE HA TOISIPHBIA TPAHCTIOPT ayKCHHA
Y UHTHOMPYIOT POCT KOPHEH, HO IPU ITOM CIIOCOOCTBYIOT 00pa30BaHMIO KITyOSHBKOB M pocTy mooeros [101].
Paznmuunbie romonoru CEP MoryT o6nanars pa3HbIMU THIIaMHU OMOI0rnueckoi akTuBHOCTH. Tak, mentug CEPS
OTPUIATENIFHO BIIMSIET Ha Pa3BUTHE MIEPBUYHBIX U OOKOBBIX KOPHEH y apaOuJIoTICKca, HO IPH ATOM yBEITHUHBACT
YCTOMUYMBOCTB pacTeHus kK ocMoTudeckoMy crpeccy u 3acyxe [102]. [lentun CEP1 criocoOGcTByeT MOTIOIIEHNTO
HUTPATOB KOPHSAMH ITOCPEJCTBOM aKTHBALMU T€HOB, KOAUPYIOUINX TIyTaTHOH3aBHUCHMbIE OKCHIOPEIYKTa3hl
kimacca 11l (mmyTapemoKcHHBI), KOTOPBIE TIOOKUTEIHFHO BITHSIOT HA DKCIPECCHIO TEHOB BBHICOKOA(P(GHUHHOTO
nepeHocunka HuTpatoB [103]. ABTopaMu nokasaHo, 4to peryiastopasie mytd CEP1 cBsi3aHbl ¢ TUTOKHHUHO-
BBIM CUTHQJIMHTOM, OJlarofiapsi uemy o0ecrieunBaeTcs JIydliias KOOpIAUHAIINS aCCUMIIISIIIAN a30Ta B YCIIOBHIX
A30THOTO TOJIOJIAHMS M POCTa KOPHEH.

Cyab¢paTupoBaHHble MenTHAHbIe TOPMOHBI. Kak cretyer u3 Ha3BaHus, K JaHHOW TpyIIIie TOPMOHOB OT-
HOCSITCSl TIOCTTPAHCIISITMOHHO MOAU(DHUIIMPOBAHHBIE TIENITH/IBI, aKTUBAIINS KOTOPBIX CBs3aHa C CyIbh(paTupo-
BaHUEM OJHOTO WJIM HECKOJBKUX OCTAaTKOB TUPO3WHA. DTOT MPOIECC MPOUCXOIUT C YIaCTHEM CHENMATIBLHOTO
(hepMeHTa — THPO3UIIPOTEHHCYIB(GOoTpaHcdepasbl, mepeHocsIei cynbdar ¢ pochoanenoznnadochocymnhara
Ha TUAPOKCHIIBHYIO TPYIITY ONPEAETICHHBIX THPO3UHOBBIX OCTATKOB O€JKa-IpeIIIeCTBEHHUKA C 00pa3oBaHHEM
TUPO3UH-CYIb(harHoro ddupa [ 104]. YecraHoBIeHO, 4TO KOHCEPBATHBHBIM MOTHBOM JIJISI CYJIb(ATHPOBAHUS SIB-
JISIETCS MTOCIIEA0BATENIFHOCTD acraparnHoBas KucioTta — Tupo3uH (DY) Ha N-koHIe Oenka-TpenecTBeHHIKA.
CynbdarHblii pparMeHT 00eCreYnBaeT CTAOMILHOCTD M BHICOKYHO OMOJIOrMYECKYH aKTUBHOCTh HEITHIHOTO
TOPMOHA, CIIEITUGUIHOCTH €To pacro3HaBaHus perentopoM [105]. CorracHO TaHHBIM, IPUBEICHHBIM B pa00-
te [106], HecynbdaTupoBanHble HenTHIBI UMEIOT B 185 pa3 Gonee HU3KOE CPOACTBO K perentopy. OHU aKTUBHBI
B MUKPOMOJISIPHBIX KOHIIEHTPAIHAX, TOT/Ia KaK OMOJIOTHYECKass aKTHBHOCTH CyIh(aTUPOBAHHBIX MENTHI0B
HaOIIOAeTCsl B HAHOMOIIAPHOM Jirana3one. [loMuMo BBICOKHX CIEU(UIHOCTH B CPOJICTBA K PElENTOpaM,
TUPO3UHCYIb(aTHPOBAHHBIE MENITHABI JOCTATOYHO CTAOMIBHBI B YCIIOBHSIX BapbupoBanus pH cpejbl, uTo 00ycioB-
JIMBAET UX aKTUBHOCTH B aIoIiacTe P BBICOKOW KuciaoTHOCTH [107].

K Hacrosiemy BpeMeHH 00HAPYKEHO HECKOJIBKO THITOB CYIb(aTHPOBAHHBIX TN THIHBIX TOPMOHOB — (PUTO-
cynmbokunst (PSK), menrun PSY'1 (plant peptide containing sulfated tyrosine 1), daxkTop pocTa KOPHEBOH Me-
puctemsl RGF1 (root meristem growth factor 1), daxropsl nenoctaoctu nosickoB Kacrapu CIF (Casparian strip
integrity factors) [105;108].

Dumocynsghoxunst. Briepsbie putocynbhOoKHHbI ObLTH 00OHAPYKEHBI B KYJIBTYpe KIJIETOK CIIapiKu (Asparagus
officinalis) xak nonoxurenbHbie Gakropsl nponudeparyu [109]. OHU TpeaCTABIAIOT COOOH MEHTANCITHIBI
(Y'TY'TQ), conepxarue 2 cyab(GaTHpOBaHHBIX OCTATKA THPO3HHA (0603HaYeHbI KaK Y ). DHTOCYIbGOKHHBI
00pa3yroTcs U3 OSJIKOB-TIPEIIIIECTBEHHUKOB, COCTOSIIUX U3 75—123 amuHokucnor [110]. DT 10cTaTO4HO KOH-
cepBaTUBHBIE OCJIKH BBIABICHBI Y 53 BHIOB OTHOAOIBHBIX U ABYAOIBHBIX PACTCHHUH, BKIIto4ast A. thaliana, coro
(G. soja), patc (Brassica napus), KyKypy3y (Z. mays), puc (Oryza sativa) u np. [105]. Pactenus apadunorncuca
coziepkat 7 reHoB OeJikoB — npeiiecTBeHHUKOB PSK. TpaHCKpUIITOMHBIN aHAJINA3 TTO3BOJIMIT BBISIBUTH, YTO 3KC-
npeccust GUTOCYTH(POKHMHOB OCYIIECTBIISIETCS BO BCEX TKaHIX M Ha BCEX CTATUSAX pa3BUTHA pacTeHnid [111].
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Onnako HanboIee BRICOKUH YPOBEHD IKCIIPECCHU TCHOB, KOJMPYIONINX JJAHHBIC MIETTH/IbI, 00HAPYKEH B aIlu-
KaJIbHBIX MEpHUCTEeMax 1Modera U KOpHs, YTO CBUAETEIBCTBYET 00 ydacTHH (UTOCYIB(OKHHOB B MpoILeccax
JeNICHUS KIIETOK.

duTocynb()OKHHBI BOCIPUHUMAIOTCS JIOKATN30BAaHHBIMH B IJIa3MaTHYECKON MeMOpaHe 0oraTbIMHy JICHIIMHOM
PEIenTOPOIIOA00HBIMH TTPOTEHHKHHA3aMH, 0003HadaeMbiMu kak PSKR1 m PSKR2 [107]. Cs3eiBanue PSK
C PELenTOPOM MTPOUCXOAUT TIIABHBIM 00pa3oM 3a cueT 00pa30BaHus BOJAOPOAHBIX CBS3EH, IPH ATOM Cylb(paTHbIe
(hparMeHTHI B3aUMOACHCTBYIOT CO crienu(puIecKuMu caiitamu perienrropa [112]. Jlnst ycrenHoro nporekaHus
3TOTO Mporecca TPeOYIOTCs KUCIbIe YCIOBHS CPEBI, T. €. 3aKHCICHHE aroIuIacTa MOXKeT CTUMYIHPOBATh BOC-
npusitue GUTOCYIH(POKHMHOB U YCHIIMBATh TIepeaady CUrHaja.

ITokazaHo, uto penentop PSKR1 o6pasyer Hanokmactep ¢ H -AT®azamu AHA1 u AHA2 (Arabidopsis
H'-ATPases) n nonnpivu kananamu CNGC17, akTuBHpyeMbIME HUKIMYECKMME HyKJIeoTHnamu (cyclic nu-
cleotide-gated cation channel 17) [113]. Illomumo storo, penentop PSKR1 oGmagaer ryaHniarunkiazHOR
akTuBHOCTHIO. OOpaszoBanue komruiekca PSK — PSKR 1 puBoauT K 3ammycKy cepuy CUTHAIBHBIX ITyTeH, TaKUX
xak Ca’’-curnanumr, TYaHWIATIMKIJIA3HbIN U KaJdbMOAYINH3aBUCUMBIN curHanuHr [114;115].

durocynb(POKUHBI BBIIOIHAIOT MHOXKECTBO (u3nonornyeckux QyHkuuil. OHU CTUMYIHUPYIOT cOMaruye-
ckuii smMOpuoreHes [116] u oOpazoBanue aBeHTUBHBIX KopHel [117]. Ha npumMepe pactenuii iuauuu (Zinnia
elegans) ycranosieno, uto PSK yuactByroT B muddepeHnnpoBke KIeTok Me3odhmna u GopMUpOBaHUH TIPO-
BOASIIKX cocynoB [ 118]. durocynbHOKHHBI CTOCOOCTBYIOT YATMHEHHIO TUTIOKOTHIISL, POCTY JINCTHEB U KOPHEH,
pUYEM POCTOCTUMYIHpYIoias akTuBHOCTh PSK o0ycioBnena He HHIyKIMEH AeleHns KIETOK, a yBeJIuye-
HueM ux pasmepoB [105;109]. dusuonorunyeckas akTMBHOCTh (PUTOCYIIb(HOKUHOB MOXKET OBbITh CBSI3aHA C MX
BJIMSHUEM Ha COOTHOILEHHE (PUTOrOPMOHOB: OHHM aKTUBUPYIOT CHHTE3 ayKCMHA M MHTHOUPYIOT 00pa3oBaHue
atunena [119;120].

Wmerotest naHHble 0 TOM, 4TO (PUTOCYAb(MOKUHBI HIPAIOT BAXKHYIO POJIb B MPOIIECCE CEMEHHOTO Pa3MHO-
JKEHHSI PACTeHUH, CIIOCOOCTBYIOT IPOPACTAHMIO MBUIBIIEI U YTTHHEHHIO MBUTBIIEBOM TpyOKH [121]. ABTOpaMu
OTMEYEHO, YTO PACTEHUS, Y KOTOPBIX OTCYTCTBYIOT PEENTOPBI (GUTOCYIb(HOKUHOB, TPOU3BOMAST MEHBIIIE CEMSIH.

Eme oxnoit Baxuoll pyHkuen GUTOCYIH(HOKUHOB SBISETCS YUaCTHE B Pa3BUTUU MMMYHHBIX pEaKkLUi
pacreHuii. THTEpEeCHO OTMETUTb, YTO B 3aBUCUMOCTH OT THIIA I1aTOreHa (PUTOCYIb()OKUHBI MOTYT I10-Pa3HOMY
BIMSTH Ha UMMYHUTET. Tak, B padotax [122;123] ycTaHOBIEHO, YTO MyTaHTHBIEC PaCTEHUS apaOuI0TICHCca, HEUYB-
ctBuTenbHBIC K PSK, Ob1H 6016€ BOCTIPUUMYHUBEI K HEKPOTPO(PHBIM (prTOnaToreHHbIM Irpubam A. brassicicola
u S. sclerotiorum n 6axrepusim Ralstonia solanacearum. Ilpu 5TOM yCTOWYMBOCTD pacTeHHid K TeMH- U OHO-
tpoam, Takum Kak Pseudomonas syringae i Hyaloperonospora arabidopsidis, Ha000pOT, IOBBITIIANACH.

®durocynb(POKUHBI OKA3bIBAIOT BIMSHIE HA YCTOHYMBOCTh PACTEHHH K a0MOTHYECKMM HETaTUBHBIM (hak-
TopaM. Tak, Ipu OCMOTHYECKOM CTpecce B PacTEHHsIX apabuJoIchca yBEIUUUBACTCS IKCIpeccus 4 reHOB
durocynphorunoB — PSK1, PSK3, PSK4 n PSK5 [124]. CormacHo IaHHBIM, IIPEACTaBICHHBIM B padote [10],
pacTeHus, cBepXxdKcIpeccupyromue npeamectTseHHUK PSK 1, xapakrepusyloTcst He TOIBKO YCHIEHHBIM POCTOM
KOpPHEH M TMIIOKOTHIIS, HO U TIOBBILIEHHON YCTOHYMBOCTBIO K 3aCyXe.

[Mockomnbky puTocynbHOKHHBI AKTHBUPYIOT IEPe/iauy CUTHAIIOB ayKCHHA U 3aITyCK ayKCHH3aBUCHMOTO Kalb-
nueBoro curHanura [119;125], npeanonaraercs, YTo OHM YNPABISAIOT MEXaHU3MaMHU IepepacipeeIeHns
PECYPCOB pacTeHUH, KOOPIUHUPYS! IPOLECCHl POCTa U UIMMYHHBIX PEaKLUUH, U 3TO MI03BOJISIET BbIPabOTATh
HanOoJee MOAXOSIIYI0 CTPATErHIO NIPY alalTallii PACTCHUH K M3MEHSIOIUMCS yCIIOBUSIM BHEIIHEH Cpebl.

Ilenmuo PSY1. Jlaansbiii nenti ObLUT BBIJIENICH U3 KYJBTYPBI KIIETOK MOJIENEHOTO pacteHus Arabidopsis [126].
OH nperncrapisiet co0oi Cyb(haTnpOBaHHBIN U IMKO3WINPOBAHHBIN MENTHI, COCTOSIIHNN U3 1 8 aMUHOKHUCIIOT.
[entug PSY 1 o6pa3yeTcs u3 HeOOIBIIOTO OeNTKa-IIpeANIeCTBEHHUKA, COIEPKAIIETO 75 aMIHHOKHCIOTHBIX OCTaT-
KOB M KoJupyeMoro y apadujorncuca 3 snepHbpiMu reHamu. [logo6no purocynbdokunam, mentun PSY 1 cro-
coOCTByeT Mmponudepaluy 1 yBeIHUSHUIO pa3MepoB KJIeTOK. OH SKCIIPecCUpYeTCs B pa3IMUHbIX PACTUTEIBHBIX
TKaHIX, HO HanboJiee BBICOKUH YPOBEHb SKCIPECCHH XapaKTEPEH AJISl 30HbI YAJIMHEHUS KOPHS U allMKaJIbHON
mepucteMsl modera [ 126]. 3anmyck PSY 1-curnajimira ocyIecTBIsIeTCs ¢ TOMOIIBEO CIISIUPHUYSCKOTO PerenTopa
PSY 1R, nocne gero npoucxozst aktuparus H'-ATda3s1 AHA2, 3akuciienie BHEKIETOUHOTO TIPOCTPAHCTBA
Y TIOBBIIIICHUE PACTSHKUMOCTH KICTOUHOU cTeHKH [127].

MexaHnueckoe NOBpEXKIEHUE YCUITUBAET 3KcIpeccHio nentuaa PSY 1, uro cBuaeTenbCTBYET O €r0 BaKHOU
pOJIH B YCTOMYMBOCTH pacTeHU K Omotndeckum ctpeccopam [105]. Hampumep, B padote [128] mpuBoasTcs
JaHHBIC O TOM, UTO Nepenaya curHanoB PSY moBeiaeT ycTOMYMBOCTL pacTeHHi K HEKpOTpohHOMY (uTOMa-
TOTeHHOMY Tpuly A. brassicicola.

@axmop pocma kopneesoit mepucmemsvt RGF 1. Bbuio 3aMeueHo, 4To 11 MyTaHTHBIX pacTeHuil Arabidopsis
tpst-1 ¢ HU3KOHM aKTMBHOCTBIO (pepMEHTa THPO3UINPOTEHHCYIIb(pOoTpaHchepasbl XapakTepeH 0coOblid peHoTun
¢ kopotkumu kopHsimu. O6paboTtka pactenuid nentuaamu PSK u PSY 1 He BoccTanapimBaia ge(heKThl MyTaHTOB
tpst-1,9T0 yKa3bIBaJIO HA HATTMYKE APYTHX MENTHIOB, PEryIupyomux poct kopuei [5]. Ilouck cynbdaruposan-
HBIX TOPMOHOB C JIaHHBIM BHUIOM OMOJIOTHYECKON aKTUBHOCTH MPHUBEN K 00HAPYKEHUIO MENTH/a, HA3BAHHOTO
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(axTopoMm pocta kopHeBoi MepucTeMbl RGF1 [109]. Dx30reHHOE MpUMEHEHNE 3TOTO MENTHAA BO30OHOBIISIIO
MEpHCTEeMaTHYECKYI0 aKTUBHOCTh MYTaHTHBIX pacTeHuit Arabidopsis tpst-1, a COBMECTHOE MCIIONB30BaHUE
RGFI1, PSK u PSY1 moiHOCTBhIO BOCCTAaHABIMBAJIO POCT KOPHEH.

B Hacrosiiiee BpeMst 00HapY»KEHO HECKOJIBKO METTHIOB, OTHOCSIIIXCS K ceMeiicTBy RGF. Onu cocrost n3
13—18 aMMHOKHCIIOTHBIX OCTaTKOB U COAEPIKaT TUIMYHBIN ISl CYNIb(aTUPOBaHHBIX eNTUAOB DY-MOTHB 1 BBI-
COKOKOHCEPBAaTHBHBIN THIPOKCHIINPOBAHHBIN ocTaToK nponuHa. [lentrast RGF BocipuHIMaOTCS ¢ TOMOIIBIO
peuentopoB RGFR1—RGFRS, uro mpuBoguT K nmociienyoneMy B3auMHOMY TpaHchoCchOpuInpoBaHUIoO IUTO-
TUIa3MaTHYeCKUX KMHA3HBIX JIOMEHOB U 3alyCKy CUTHAJIbHOTO Kackaja ¢ yuactiueM MAP-kunassl [129]. [Tomumo
CBOEH aKTUBHOCTH B allUKAJIbHON MepucTeMe KopHs, nentuibl RGF KOHTponupyroT rpaBUTPONU3M, pa3BUTHE
OOKOBBIX KOpHEW U KOpHEBbIX BOockoB [130]. Unennr cemetictBa RGF BiusitorT Ha mMoToK aykcuHa, U3MEHSIS
pacmipeneneHue nepenocunka aykcnaa PIN2 [131]. YcranosneHo, uro y pactenuit A. thaliana nentug RGF1
perynupyer akTUBHOCTb IIEPBUYHON KOPHEBOW MEPHCTEMBI U ITPH 3TOM MOJABIISET Pa3BUTHE OOKOBBIX KOPHEH
MyTEeM aKTUBAIIMH dKCIpeccun TpanckpuniuonHoro ¢paxropa PUCHI wepe3 MAP-kunasHbiii curHanuar [132].

Dakmopul yenocmuocmu nosckoé Kacnapu CIF. OTHOCUTENHHO HEJTABHO B PACTEHUSAX OOHApYKEHA eIlle
ofiHa Tpymmna cyibdarupoBanHbix nentuaoB (CIF), KoHTpoIupyOMX Npouece OTIOKEHUS THAPOPOOHBIX
KOMIIOHCHTOB KJICTOUYHOW CTCHKH (JTUTHWHA WJIA CyOeprHa) B KJIeTKaX dHmonepmsl [ 133]. B ommrane ot apyrux
TUPO3UHCYNb(aTrpoBaHHbIX NenTH10B CIF BHINOMHAIOT O1HY BBICOKOCTIEIM(DUUHYIO (PYHKIHIO — hOPMUPOBa-
Hue nosickoB Kacnapu, 4To u 00yCIIOBHIIO UX Ha3BaHHE.

I'erom A. thaliana conepxut 5 reHOB, KoaUpyrOImUX nentuapl cemeiictBa CIF, cocrosiue 3 82 aMuHOKHC-
JI0THBIX OcTaTkoB [ 134]. Ha C-KkoHIie O€JIKOB-IIPE/IIIIeCTBEHHUKOB HAX0IUTCS BHICOKOKOHCEPBATUBHBIH JOMEH,
narormmid Hagano 3penoit popme nentunos CIF. Ilenruast CIF coctosT u3 21-24 amunokucior ¢ 1 cynsdaru-
POBAaHHBIM TUPO3WHOM U 2 THIPOKCHJINPOBAHHBIMU OCTAaTKaMH MPOJIHHA.

Crout oT™MeTHTS, uTo nienTuabl CIF neficTByIOT TOKaIbHO, MPENMYTIIECTBEHHO OHU HKCTIPECCUPYIOTCS B CTEIEe
NepBUYHBIX U 00KOBBIX KOpHEH [135]. CynbdarupoBanue ocTaTKOB TUPO3WHA 00ecreYrBaeT MOJIHYI0 OHO-
sorudeckyto aktuBHOCTH CIF u ux Boicokoe cpoacTBo k perentopamM GSO1/SGN3 u GSO2/SGN3, kotopsie
JIOKAIIM3YIOTCSE Ha MeMOpaHax KJIETOK SHIOAEPMBI U OTHOCSTCS K ITOJICEMEHCTBY OOTraThiX JEHIIMHOM pelen-
TopononoOHbIX KuHa3 [136]. B3anmoneiicteue CIF ¢ peentopoM NpuUBOAUT K YBETMUEHUIO KOHIIEHTpAIUH
TIEPEKICH BOJIOPO/IA B allOTIACTE, aKTUBAITNH CHIETIM(PHUECKUX TIEPOKCH/IA3 U MOIMMEPHU3AINY MOHOIUTHOJIOB,
B pe3yJbTare uyero o0pasyercst TUrHUH U popMupyrorcs nosicku Kacmapu.

Hentuast ENOD40 (early nodulin 40). JInst 6000BBIX pacTeHUIl XapaKTEPHO HAIMYHUE CIEIUPUIESCKIX
MENTHUIOB, PETYIUPYIONTNX B3aUMOOTHOIIEHUSI PACTEHUS-X03sMHA C CHMOMOTHYECKIMH OaKTepUsIMHU pojia
Rhizobium, a Taxxe GpopmupoBaHue KiIIyOeHbKOB, Wi Hoaya. K Takum nentugam orHocutcst ENOD40. Pasz-
BHUTHE HOIYJBI 3aBUCUT OT CKOOPJAMHUPOBAHHOMN 3KCIIPECCHUU PACTUTENBHBIX U O0aKTepHaIbHBIX TeHOB. | eH
HOAYIMHA enod4() ObICTPO HHAYIHPYETCS PU300USIMH B TIEPULIMKIIC KOPHS U ICISLIMXCS KIETKaX KOPbI 3a4aTKa
Kiryoenbka [137].

N3BecTHa cTpykTypa no MeHblied Mepe aByx nentunoB ENOD40, coctosmux u3 12 u 24 aMHHOKHUCIIOT-
HBIX ocTaTkoB. O6a menTHaa CBA3BIBAIOTCS ¢ OCITKOM HOMYIHMHOM, KOTOPBIM B3aUMOJICHCTBYET ¢ (hepMEHTOM
caxaposocunTtasoi [ 138]. OueBuano, uro nentuasl ENOD4( y4acTBYyOT B peryisinu MeTaborn3mMa caxaposbl
B a30TQHUKCUPYIOLINX KITyOSHbKaX, ¥ 9TO B 3HAYUTEIILHOM CTEMIEHH BIHSIET Ha CKOPOCTD WX pa3BuTusl. [lokazaHo,
YTO TPAHCTCHHBIC PacTeHUS JIONEPHBI (M. truncatula) co cBepXdKCIpeccuelt TeHa enod4() XxapakTepu3yroTcst
YCKOPEHHBIM (DOPMHUPOBAHUEM CTPYKTYpPbI KIIyOeHbKa, TOTA KaK PacTeHHs] ¢ YMEHBIICHHBIM KOJIMYECTBOM
TPAHCKPUITOB enod4() 00pa3yroT JHIIL HECKOIBKO MOAN(DUIIMPOBAHHBIX KIYOSHBKOIIOO0HBIX CTPYKTYp [139].

['enpl enod4() BRICOKOKOHCEPBATHBHBI Y Pa3IMYHBIX BUO0B OOOOBBIX pacTeHHid. Takke OHH OOHApPYKEHBI
Y HEKOTOPBIX PACTeHUH U3 IPYTUX CEMEICTB, TaKuX Kak Tabak (Nicotiana tabacum) v puc (O. sativa) [140; 141].
QOyHKINY TaHHBIX TENTHAOB y TUX PACTEHHUH ITOKa HE N3yUYEHBI.

Hentuast NCR (nodule cysteine-rich). Baxnyio ponb B OpMUPOBaHNH KITyOCHBKOB MI'PaeT €IIe OfHA
TpyIIa MenTUIHBIX TopMOHOB pacTteHnii — NCR. Ilo cTpykType 3TH HMEnTHABI CXOKH ¢ aHTUMHKPOOHBIMHU
nenTtuaamu aedensunamu [ 142]. Kak npaBuio, oHHE coiepkaT 25—55 aMHUHOKHCIIOTHBIX OCTAaTKOB, B TOM YHUCIIS
4 wm 6 0CTaTKOB IUCTEMHA. AMUHOKHCIIOTHBIE TIocenoBarensHoCcTr nentu1oB NCR MoryT ObITh pasHooOpas-
HBIMH, B CBSI3H C YeM OHH JIEJISATCS Ha KATHOHHBIC, aHUOHHBIE U HelTpanbHble. CTpykTypa NCR B 0cCHOBHOM
HE yHopsa04eHa, O4YeHb JUHAMUYHA U CIINTA MOCPEACTBOM TUCYIb(QHIHBIX CBSI3CH.

Bo0oBBIE KyIBTYPBI SKCIIPECCUPYIOT 3HAUUTEIBHOE KomudecTBO TenTuaoB NCR. VYV mroniepHs! ycedeHHOM
(M. truncatula) 6pu10 BeIsIBIIEHO O0Jtee 650 nenTunoB NCR, y moniepHsl moceBHoi (M. sativa) — 469, y ropoxa
(Pisum sativum) — 353, y ayta (Cicer arietinum) — 63 nenrruna NCR [143; 144]. [Ipu 5ToM TeHBI, KOTUPYIOITHE
NCR, ne oonapysxensl B coe (G. max) n asasenue (L. japonicus). Orcyrcreue nentunoB NCR y HEKOTOpPBIX
0000BBIX PACTEHNUH CBHJICTENBCTBYET O TOM, YTO OHHU HE SIBJISIOTCS 00513aTE€IbHBIMUA KOMITOHEHTaMH a30T(HK-
caruu. BeposiTHee Bcero, ¢ MOMOIMIBIO ATHX MENTHIOB PACTEHUS! KOHTPOJIUPYIOT PA3BUTHE CHMOMOTHYECKHUX

14



O030pHbBIE CTATBH
Reviews

OakTepHii B IEJSIX ONTHUMH3ALMY TMporecca azoTdukcanuu. Y pacreHuid, cuaTe3npyromux nentuasl NCR,
WX KOJIMYECTBO M COCTAB OKA3BIBAIOT BIMSHUE HA CTENEHb pa3BUTHs OakTepouioB [144;145]. [lokazaHo, 4to
JaHHBIC TENTH/IBI CEKPETUPYIOTCS Yepe3 pacTUTEIbHbIE MEMOpaHbI U IPOHUKAIOT B OAKTEPOUIbI, BEI3BIBAS U3-
MeHeHus nuddhepeHnnpoBKY KiIleToK. HemaBare uccienoBaHms CBHIETELCTBYIOT O TOM, YTO OJMH U3 CAMBIX
kopotkux nentuioB NCR — NCR247, cocrosiiumii u3 24 aMHHOKHCIIOT, — CLIOCOOCTBYET YCBOCHUIO XKelie3a
¥ YBEIMYEHHUIO aKTUBHOCTH OakTepouaHoil HuTporeHassl [146]. Ilotepsa oraenbubix TeHOB NCR BBI3BIBAET
OBICTpOE cTapeHue OakTepon10B. KpoMe TOro, yCTaHOBIEHO, YTO YpOoBeHb 3kcnpeccun nenTunaoB NCR 3a-
BUCHT OT COJEpKaHUSI HUTPATOB B cpezie. B wacTHocTH, npu 100aBiIeHUN HUTpara sKcrpeccusi reHoB NCR
B pacTeHusix cHuxkaercs [145].

Hentunsl EPF (epidermal pattern factor) n EPFL (EPF-like). llentuast EPF u EPFL cocrost u3
45—76 aMHHOKHCIIOT C 6 WIIN 8 KOHCEPBATUBHBIMHU OCTATKAMH ITUCTEHUHA, ONIPEISIITIONTUMHI X (YHKITHOHAIb-
HY0 aKTUBHOCTH [ 147]. Poib 3THX MENTHIOB TTaBHBIM 00pa30M CBsi3aHa C pa3BUTHEM U (DYHKIIHOHHUPOBAHUEM
YCTBHII. 3aMBIKAIOIIUE KJIETKH YCTHHUI] 00pa3yroTCsl P aCUMMETPHYHOM JICTICHUH MEPHCTEMOUTHBIX MaTepHH-
CKHX KJIETOK. HacToTa esieHus TaHHbIX KJIETOK, KoTopas koHTponupyercs nentunamu EPF u EPFL, sasnsiercs
OCHOBHBIM (DaKTOPOM, OIPEICIISIOIINM KOJTHMYECTBO YCTHBUYHBIX M HEYCTBUYHBIX SMTUAEPMAIBLHBIX KIETOK.

B pacTeHmsIX TpOUCXOANUT CHHTE3 HeCKOIbKUX wieHoB cemeiicTBa EPF n EPFL. Onu o6Hapyxenn! y 4. thalia-
na [148], puca (O. sativa) [149] u npyrux pactenuii, B ToM uncie mxa (P. patens) u miaynka (S. moellen-
dorffii) [5].

B kauectse penenropoB nentunos EPF u EPFL BricTynaror penentopononoOusie kunassl ERECTA (ER),
ERLI (ER-like 1), ERL2 (ER-like 2) n peuenrtopornonoOuslii 6e1ok TMM (too many mouths) [150]. Curnamnst
nentuaoB EPF1, EPF2 u EPFLY9 Bocnipunumatorces kommiekcom TMM — ER, uto npuBoaut k 3anycky MAP-
knHa3zHoro kackaga YODA-MKK-MPK.

Paznmanbie unensr cemeiictBa EPF n EPFL oka3piBaroT pasHOHAIpaBIeHHOE ACHCTBHE Ha (POPMUPOBAHIE
ycrbuuHbIX KieTok. [lentunet EPF1 u EPF2 skcnpeccupyroTcest HCKITIOUUTENBHO B SMUAEPMANIBHBIX KIIETKaX
U SIBJISIIOTCS OTPHUIATENIbHBIMU PETYIITOpaMu IoTHOCTH yeThuIl [ 148]. CBepxakcnpeccus renos EPFI u EPF2
onmokupyet odpazoBanue ycThuil. Hao00poT, moteps ux (pyHKIIMOHATBHON aKTUBHOCTH BBI3BIBAET YPE3MEPHOE
JIeTICHUE U yBEJIMYEHUE KOJMYECTBA YCTHHIIL. [10JI0KUTENBHBIM PErYISTOPOM B Ipoliecce GOPMUPOBAHHUS YCTHHIT
sisieTcst mentug EPFLY, mmn STOMAGEN [151]. On o6pa3yercs B KIeTKax Me30(wIa U KOHKYPUPYET
c nentunamu EPF1 u EPF2 3a cBsizpiBanue ¢ komruiekcom TMM — ER. Takum 00pa3om, aHTarOHUCTUYESCKUE
B3aMMOOTHOIICHHUS MEXK/Ty STUMHU TOPMOHAMH MTO3BOJISIOT OCYIIECTBIATE PETYIISINIO KOJINYECTBA YCTHHIL B CO-
OTBETCTBUU C YH/IOTEHHBIMU IPOTPAMMaMHU Pa3BUTHSL.

NmetoTcs nccnenoBanus, CBUAETEILCTBYIOMINE O TOM, YTO OJIMH U3 T€HOB, KOJMPYIOIINX WIEHBI CeMeNlcTBa
EPFL, criermududecku SKCipeccupyeTcsi B TOTPaHUYHBIX JOMEHAX Pa3IMIHbIX OPTaHOB IT00Era U peryiaupyer
pasmep MepHucTeMbl mo0era, pacrojoKeHHe JIMCTHEB U CEMSTIOUEK, a Takke MopdoreHes kpas nucrta [152].

Mentuabt GASA (gibberellic acid-stimulated Arabidopsis). Huzxomonexynspusie 0enkn GASA nipencras-
JSIOT COOOH MPOYKTHI CEMEICTBa FeHOB apadHIoTcHca, CTUMYIHPYEMBIX THOOEpPEITMHOBON KUCIOTOM. J{ist HUX
XapakTepHo Hamuue N-KOHIIEBOTO CUTHAJIBHOTO JOMEHa, THAPO(UIBHOTO CpeiHero cermMenTa u C-KOHIIEBOTO
KOHCEpPBAaTUBHOIO IOMEHA, COCTOSILET0 MpUMepHO u3 60 aMuHOKUCIOT ¢ 12 octarkamu nuctenna [153]. nuna
0eIKOB MOMKET CUJIBHO BapbUpoBaThcs. Hanpumep, y apaduorcuca ooHapysxeHsl 0enku GASA, conepxariue
ot 87 o 275 aMHHOKHCIIOTHBIX 0cTaTKOB. bemkn GASA 00BIIHO 00pa3yroT 5—6 TUCYTb(PUIHBIX CBI3EH, KOTOPHIE
HEOOXOIUMBI 715l CTAOMIM3aluK IPOCTPAHCTBEHHOM CTPYKTYPBI, @ TAKXKE B3aUMOJCHCTBUS C IPyrUMH OeJKa-
Mmu. [Ipr 5TOM OTCYTCTBHE KITFOUEBBIX aMUHOKHCIIOTHBIX OCTATKOB IIICTENHA MOYKET IIPUBECTH K 00pa30BaHUIO
He()YHKIIMOHAIEHOTO JJIOMEHA U, KaK CIIEZICTBHE, K TIOTepe OMOIOTHYECKON aKTUBHOCTH menituaa [154; 155].

Unenrudunuposano okono 445 renos, kogupyroomux oenkun GASA, y 33 BunoB pacrenuit [156]. Pe-
3yIbTaThl OMOMH(GOPMAIIMOHHOTO aHaIHU3a JAHHBIX TIOKA3bIBAIOT, YTO TeHbI GASA UMEITCS y MHOTHUX BHJIOB
COCY/IMCTBIX PACTEHMH, HO OTCYTCTBYIOT y MXOB U 3€JIEHBIX Bojopocieil. Hampumep, pacTeHns Kykypy3bl
u puca comepskar mo 10 @wieHoB cemeiicTBa reHOB GASA, B TeHOME COHM U MATKOH MIIICHUTIHI UACHTHDHUITIPO-
BaHO 10 37 reHoB GASA, TorJa Kaxk y TBEpAOM MIICHUIIBI BBISIBICHO TONbKO 19 Takux renos [157; 158]. ['ensl,
kopupytomue 6enkn GASA, uHIynupyroTcs GUTOTOPMOHAMH M YYACTBYIOT B 3aITyCKE Psi/ia CUTHAIBHBIX ITY-
telt [159]. bpuio nokazaHo, 4To TpaHcKpunuus reHoB GASA CylieCTBEHHO U3MEHSIETCS B OTBET HA SK30T€HHYIO
00paboTky rudOepeinHOBOM 1 abciu3oBoi kuciaoramu [158]. [Ipennonaraercs, uro 6enku GASA urparor
BXHYIO POJIb B CIIOKHBIX MTEPEKPECTHBIX B3aNMOICHCTBUSAX MEXK/Ty CHTHATILHBIMH Iy TSIMH, HHTyITHPYEMBIMA
pa3nuYHBIMUA (PUTOTOPMOHAMH.

Oyakmun nentuaoB GASA 10CTaTO9HO MHOTOOOPAa3HBI W 3aBUCAT OT CYOKJIIETOYHOTO PACIIOIOKEHUS.
Ha npumepe TBepaoi MIIEHUIB! yCTAHOBJICHO, YTO OONMBIIMHCTBO nenTua0B GASA J10KaIu3yloTCs B anoriac-
T€, HO HEKOTOPhIC U3 HUX PACIIONATaloTCs B IUTOILUIa3MaTHUECKOM MeMOpane u sHaoMeMOpanax [159]. Unenst
cemeiictBa GASA perymmpyroT MHOTHE (H3HOIIOTHIECKUE MTPOIIECCHI PACTEHHM, PHYEM OHU MOTYT BEITIONTHSTh
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KaK CXO/IHbI€, TaK ¥ IPOTHBOTIOIOKHBIE pyHKIIMU. Hampumep, cBepxakcnpeccus reHa GASA4 MpUBOANT K yBe-
JTUYEHHUIO MacChl CEMSH U YPOXaHOCTH pacTeHHH, Tor/Ia Kak cBepxaKcipeccus rena GASAS CHIKaeT CKOpOCTh
pocTta cTebis u 3aaepuBaeT eeteHue [160].

[entuapr GASA akTHBHO y4acTBYIOT B PEaKLMSIX paCTEHUsI Ha ACHCTBHE a0MOTHYECKUX HETaTUBHBIX (hak-
TOPOB, TAKUX KaK OCMOTHUYECKHUH cTpecc, YD-uzmydenne, rureprepmust u ap. [155]. Ycranosneno, 4to mpu
HeOIaronpHusITHBIX BO3ACHCTBHUAX Cpelibl dKcnpeccust reHa GASA 14 nosblaeTcs, a sxcnpeccus reHa GASAS,
HaoOopoT, cHmkaetcs [161]. Kpome Toro, reast GASA WHAYIHUPYIOTCS ONOTUYECKUMHU CTPECCOPAMHU, TAKUMHU
Kak (PUTONAaTOreHHBbIC TPHOBI, OAKTEpUH, BUPYCHI, 4 TAK)KE HEMATOABI, YTO MPEIOJIaraeT HX Ba)KHYIO pOJIb
B ()OpPMHUPOBaAHUN UMMYHHUTETA pacTeHus [159].

Henasuue nccienoBanus CBHICTEIBCTBYIOT O TOM, UTO ydacTre mentugoB GASA B pocTe pacTeHUI U X
peaknusx Ha CTPECcC OMOCPEJOBAaHO TPAaHCKPUNLIMOHHBIM (akTopoM DELLA, siBIsitoIMMCs HETaTUBHBIM pery-
JIATOPOM THOOEPENTMHOBBIX CUTHAJIOB, I CHHTE30M OEJIKOB TeIuIoBoro 1moka [ 159]. OnHako GyHKIIMOHATRHAS
CBSI3b MEXJIy 3TUMH KOMIIOHEHTaMH TI0Ka HEe M3y4eHa.

Hentuast IDA (inflorescence deficient in abscission) n IDL (IDA-like). Ilentunet IDA u IDL Obutn
WACHTHU(PHUIUPOBAHBI KaK (PaKTOPhI, KOTOPbIE HHUIMUPYIOT OMaJICHUE OPTaHOB IIBETKA TIOCIIE OIUIOJIOTBOPEHUS
u opmupoanust cemsH [ 162]. Pactenust apadbugoncuca cogepxar 6 uienos cemerictsa IDA u IDL. Otu nen-
TUABI 00pa3yroTCs n3 HeOOIbIIOro OeNKa-NpeaIeCTBEHHUKA, COCTOSIIET0 U3 77 aMUHOKHUCIIOTHBIX OCTAaTKOB.
Curnanbhbiii nentus IDA Brirouaet 26 aMUHOKHCIIOT, PACIIOIOKEHHBIX Ha N-KOHIIE OeIKa-1Ipe/IIeCTBEHHHKA.,

[entuner IDA B3anmoneiictByrot ¢ perienitopamu HAESA (HAE) u HSL2 (HAE-like 2), pacnionoXeHHBIMA
Ha MOBEPXHOCTH KJIETOK OTJIEIUTEIBHOTO CJIOSI, UTO MPUBOAMT K 3arrycky MAP-knHa3HOTO Kackasa v MOBBI-
LICHUIO YPOBHS AKCIIPECCUU T'€HOB, KOIUPYIOMHNX (PEPMEHTHI, OCYIECTBISIOMINE THIPOIN3 IOIUCaXapUI0B
KJICTOYHBIX CTEHOK [163].

B renome apadunorncuca BeisiBJIeHO 8 reHoB /DA u IDL, sKcnipeccusi KOTOPBIX YBEIMYHBACTCS IPU CHUKE-
HUM B TKaHSIX YPOBHS QyKCHHOB U MOBBIIICHUN KOHIEHTpauuu 3TuiieHa [162]. OObIYHO 3TO NPOUCXOAUT IPU
CTapeHUH JMCTHEB U [[BETKOB, CO3PEBAHNH IIJIOZIOB, HO MOYKET OCYIIECTBIISATHCS U MOJT IEHCTBHEM CTPECCOBBIX
¢axropos. merorcst nanuble 00 yyactun nentugoB IDA B onagenun aucthe rnpu 3acyxe [164]. Otu nenrtu-
TIbI HHAYIUPYIOT pa3pylieHHe KIETOYHON CTEHKHU U, CJIeI0BATENIbHO, pa3/ieJieHrne KIETOK, BBI3BIBAs OIaCHNE
OpraHOB.

Eme omna BaxxHas (ynknus mentugos IDA — perymsaius pocta 00KOBBIX KopHEH [163]. B kieTkax ocHOB-
HOTO KOPHSI IaHHBIE MIENTH/Ibl AKTUBUPYIOT HKCIIPECCHIO TEHOB, CIIOCOOCTBYIOIINX PA3PHIXJICHUIO KIETOYHBIX
CTEHOK KOPBI M POCTY OOKOBBIX KOPHEH.

Hentuast SCR (S-locus cystein-rich). Ientunst SCR Obun 00OHAPYKEHBI Y KPECTOLBETHBIX PACTCHUH.
Onu cocrosrt u3 47—60 aMUHOKUCIOTHBIX OCTAaTKOB U COlepKaT 8 ocTaTkoB 1uctenHa [165]. i nentuaos
SCR xapakTepHa KOHCEpBaTUBHAsI TPEXMEpPHAs CTPYKTYpa, COCTOSIIAS U3 OL-CITUPAJIH M TPEXIETI0YeYHOT0 aHTH-
napajieNbHoOro -IMCcTa, CTAOMIN3UPOBAaHHOTO 4 TucyabPUIHBIME CBSI3sMHE [ 166].

JlaHHBIE IENTUABI COAEPKATCS B IbUIBLE U OTBEYAIOT 32 CAMOHECOBMECTUMOCTb, II03BOJISIOIIY IO H30€XKaTh
camooIuo0TBopeHus. [1py monaganny NeUIBIEBOTO 3€pHA Ha PBIIbIIE ECTHKA IPOUCXOINUT B3aUMO/ICHCTBUE
curHansHoro nentuaa SCR neutbip! ¢ penentopHoit kuHazoit SRK (S-locus receptor kinase), pacnonoxeHHOM
Ha TUIa3MaTHYeCcKO MeMOpaHe KIIETOK MecThKa. B pe3ynbprare 3TOro HHIyIHUpyeTCsl KWHA3HBIA KacKajl, MpH-
BOJSIIIMI K aKTHBALIMK aKBAIIOPHHOB M 00E€3BOKUBAHMIO MTOBEPXHOCTH MECTUKA, CICICTBHEM YETO SIBISIOTCS
JETHIpaTaIys ¥ OTTOPKCHHUE MBUTBIEI [167].

Hentuast SCOOP (serine-rich endogenous peptides). Y nipeacraButeneii ceMeiicTBa KPeCTOIBETHBIX ObLIO
BBISIBIICHO €I1Ie OJTHO CTICITU(PIIECKOE CEMEHCTBO OOTAThIX CEPUHOM dHOTeHHBIX menTu0B — SCOOP [168]. O1tn
MIETITUIBI 00Pa3yIOT TPEXMEPHYIO CTPYKTYPY B (hopMe MMIIBKH, 00HaXKast 2 0CTaTKa CEPUHA, OTPEACIITIONINX
uX (YHKIUOHAJIBHYIO aKTUBHOCTb.

Pacrenus A. thaliana cogepxar 14 renoB, komupyromux o6enkn — npenmectseHHnkn SCOOP [168]. Tlen-
tuabl SCOOP oTHOCATCS K CEKPETUPYEMBIM MENTHAAM C Pa3THYHBIMU TUIIAMH (PyHKIIMOHATBHOW aKTUBHOCTH,
OZIHAKO ITIABHOMU M3 HUX SABJISIETCS 3aIUTHASI aKTUBHOCTh. HEKOTOpBIE NeNnTH bl TaHHOTO CEMENCTBA, HallpuMep
SCOOP12, ygacTByI0T B Iepe/iaue 3alllUTHBIX CUTHAJIOB OCPEICTBOM X BOCIIPUATHS PELIETITOPHBIM KOMILJIEK-
coM, BiurouatoruM MIK?2 (male discoverer I-interacting receptor-like kinase 2) [169;170].

Yeranosneno, uto nentug SCOOP12 Biuset Ha yCTOHYMBOCTD pacTeHNH K (PUTONIATOTeHAM, OKHCIUTEIEHOMY
CTpeccy, a TaKXkKe OIpeeNsieT pOCT KOpHeBOH cuctemsbl [ 168]. Pactenus ¢ nedekrom reHa, KOAUPYIOIIETO AaH-
HBIN nenTu, 0oj1ee BOCIPUUMYMBLI K Erwinia amylovora, HO IpY 3TOM 7Sl HUX XapaKTEPEH yCUIEHHBIN POCT
kopHeil. [TokazaHo, 4To 3K30reHHast 00pab0TKa pacTeHUH apaduponcuca cuaTeTnYeckum nenrugom SCOOP12
BBI3BIBACT PA3BUTHE PA3IMYHBIX 3AIIUTHBIX peakUMid, B TOM dncie nogaepxkanne ADK-romeocrasa u akru-
Baruo GochomunuaHoro curnaibHoro mytu [171]. B padore [170] mpoaeMOHCTpUPOBAHO, YTO BOCTIPHUSITHE
snporensoro nenrtuaa SCOOP12 penenropom MIK2 nnaynupyer skacMOHATHBIN CHTHAIBHBIN ITyTh U TPUBOJUT
K MOBBIILICHHUIO YCTOWYMBOCTH apabuaoIcHca K TPaBOsIAHBIM HACEKOMBIM, TAKUM Kak S. [itforalis.
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Ientun SCOOP10 ygacTByeT B peryisiiuy nporeccoB nperenus [172]. MyTanuu reHoB, KOTUPYIOUHIX TaH-
HBIA TIENTH/T, PUBOSIT K YBEIUICHUIO SKCIIPECCHU IIBETOUHBIX TeHOB LEAFY n Gonee paHHEMY Hepexoy K Te-
HEPATUBHOMN CTaJUU OHTOIEHE3A.

Hentuasl CAPE (CAP-derived peptides). 3nauanbho nentuabl CAPE Obutn naeHTH(OUIIMPOBAHBI Y pac-
TEHHI TOMaTa KaK YWIeHBI CylepceMeiicTBa 60raThIX IIMCTEMHOM OENTKOB, CBA3aHHBIX ¢ maToreHe3oM (PR1) [173].
B nactosmmee Bpemst uzBectHo, uto nentuasl CAPE mupoko pacnpoctpanensl. OHM BCTpedaroTes y mpezcTa-
BUTEJICH KaK JIBYIOIBHBIX, TAK U OMHOMONBHBIX pacTeHuit [174].

ITentuaet CAPE coctost u3 11 aMHHOKUCIIOTHBIX OCTaTKOB ¢ KOHCepBaTUBHBIM MOTHBOM PAGNYIGARPY,
pacrionoxxeHHbIM Ha C-KoHIe Oenka-Tpe/ecTBeHHnKa. Ha npumepe pacTenuit ToMara u apabHuo0IcHca mo-
kazaHo, uto nentuibl CAPE y4acTByIOT He TONBKO B MMMYHHOM OTBETE pacTEHHI Ha JICHCTBHE (PUTOMATOTCHOB
1 HACEKOMBIX-BPEIUTENICH, HO U B peaKIuu Ha 3acoiienue. Hampumep, oopazosanue nentuga AtCAPE] B pac-
TeHUsIX A. thaliana akTuBHpyeTCs Ipu UX 00paboTKe XJIopuaoM Hartpus [174]. DTOT menTua CHIKAET Toje-
PaHTHOCTB pacTeHUH K 3aCOJICHHUIO, TTOJIABIISIsI HECKOJIBKO T€HOB COJIEYCTOMYNBOCTH, OTBETCTBEHHBIX 32 CHHTE3
OCMOITUTHKOB, JICTOKCHKAITUIO TIPOAYKTOB 0OMEHA, 3aIIUTy KICTOYHBIX MEMOpPaH, a TaKKe 3aKPBIBAHUE YCTHHII.

3akjaueHmne

HecmoTps Ha TO UTO BBISIBICHUE U HUCCIIEN0BAHUE MIENTHIHBIX TOPMOHOB PACTEHHUI HA4aJ10Ch TOJIBKO B KOH-
e XX B., K HACTOAILLEMY BPEMEHHU HAKOIUIEHO OIPOMHOE KOJUYECTBO AKCIEPUMEHTAIBHBIX JaHHBIX, CBU/JIE-
TEJILCTBYIOIIUX O 3HAYUTEILHON POJIM ATUX COSINUHEHUH B PErYISIIHA OHOXUMHUYECKUX U (PU3UOIOTUICCKUX
IIPOLIECCOB PACTUTENBHBIX OPraHU3MOB. IlenTuHbIE TOPMOHBI IIUPOKO PACIIPOCTPAHEHBI B LIAPCTBE PACTEHUM.
OnHu npencTaBsoT co00i BaKHOE 3BEHO B (DYHKIIMOHUPOBAHWH CHUTHAIBHBIX IyTeH, 00eCIIeUnBaIOIINX pe-
TYJISIUIO KJIETOYHOTO LUKJIA, KOOPAVHALIMIO POCTA U PA3BUTUS PACTUTEIBHOIO OPraHU3Ma, €ro B3auMOCBS3b
C OKpY’KaroLIEN CpeIou.

B pactennsix oOHapyk€HO HECKOJIBKO THICSIY CUTHAJIBHBIX MEeNTHAOB. OHN U3 HUX XapaKTepHBI I BCeX
pacTUTEIbHBIX OPraHU3MOB, IPYTHE — TOJIBKO JJISl ONPEEeNIEHHBIX ceMeicTB. [lenTuiHpie ropMOHBI 001a1aI0T
MHOTHMU XapaKTePUCTUKAMH KIIACCHYECKUX TOPMOHOB, B YaCTHOCTH BOCIIPHHUMAIOTCS C TOMOIIBIO crieninu-
YECKUX PELIENITOPOB U NPOSBIISAIOT AaKTUBHOCTb B HU3KUX KOHIIEHTpaLUsX. P nenTHIHbIX TOPMOHOB KOHCTUTY-
THUBHO IIPUCYTCTBYIOT B PACTUTEIIbHBIX TKAHAX, HEKOTOPBIE HHAYLIMPYIOTCS B OTBET Ha BHEIIHUE BO3JEHCTBUS
OnoTHueckoil u abnoTHUecKor mpuposl. [IoMUMO perysnsiuu mpoIeccoB pocTa U pa3BUTHSI, OAHOHW U3 BaXK-
HeWmux (QyHKIWH MENTHAHBIX TOPMOHOB SIBJISETCS (POPMHUPOBAHKE YCTOHUYMBOCTH PACTEHHH K CTPECCOBBIM
Bo3neiicTBUsIM. OHM (PYHKIIMOHUPYIOT KaK MEIUATOPbl BHEITHUX CTUMYJIOB, 00EeCIIeUrBasi aJarTaliio pacTu-
TEJbHBIX OPraHU3MOB K U3MEHSIOIUMCS YCI0OBHAM cpeibl. McenenoBaHe MEXaHU3MOB CUTHAJIMHTA IENTHIHBIX
TOPMOHOB HaXOAWTCSI HAa CTauH CTaHOBJIeHHsT. OUEBHIHO, YTO WX pactIM(pOBKa ITO3BOIUT HE TOJIBKO MTOHSATH
(hU3MOIOTHYECKYIO POJIb TOTO MM MHOTO MENTHIA, HO ¥ Pa3paboTaTh HOBBIE CTPATErHH YIIPABIICHUS IPOLIEC-
CaMH POCTa PACTEHHUHU ¥ MOBBIIICHHUS UX YCTOHYMBOCTH K CTPECCOBBIM (pakTopam.
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HAHOCTPYKTYPUPOBAHHBIN OKCHUA ITMHKA:
POADb ®PU3NKO-XUMUYECKUX CBOJICTB
B BUOAOTUYECKON AKTUBHOCTHU
N ITIOTEHIIMAABHOUN HUTOTOKCUYHOCTU MATEPUAAA

0. M. TAPMA3A4", A. B. TAMAIIIEBCKHH", E. H. C/IOBOKAHHHA"?->

Y Pecnyrurancruii nayuno-npakmuyeckuii yenmp mpanc@ysuono2ui u MeOuyUHCKUX Guomexrono2ul,
Joneunosckuu mpaxm, 160, 220053, 2. Munck, benapyce
2)Hhtcmumym buogusuxu u knemounou undxicenepuu HAH benapycu,
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Annomayua. 3a NOCIEHUE BA IECATUICTHS HAHOTEXHOJIOTUHU CTAIH MPEACTABIATh HUHTEPEC HE TOJIBKO JUIS HAyKH,
HO ¥ JUISl IPOMBIIIICHHOCTH. VICIoIh30BaHIEe HAHOTEXHOJIOTHYECKUX TIOAXOI0B 00CCIIEIHIIO BOSMOXXHOCTh MOTYYCHHUS
Pa3TMYHBIX HAHOYACTHII M HOBBIX MaTEPHAJIOB HA MX OCHOBE CO CHENN()HICCKIMA CBOUCTBAMH, OTIMYHBIMHU OT CBOMCTB
MHKpoaHasoro. K TakiuM HOBBIM MaTepHaiaM MOXXHO OTHECTH HAHOCTPYKTYPHUPOBAHHBIA OKCHT IINHKA, KOTOPBIA HAIIIEI
MIPUMEHEHNE B OMOMEIUITTHCKOM CEKTOpE, BKITFOUasi OMOBHU3YaTU3AIINIO U aIpECHYIO JOCTABKY JIE€KapCTBEHHBIX CPEJCTB.
[Ipon3BOACTBO YAaCTHIl B HAHOPA3MEPHOM JMana30oHe MO3BOIMIIO 3HAUNTENbHO YBEIUUNUTh aKTUBHYIO IUIONIA/Ab TOBEPX-
HOCTH JIaHHOTO THIIa MaTepHajioB B 3aHUMAaeMOM O0BbEME, YTO M MPHUBEJIO K YIyUIICHHIO UX XUMHUECKHUX, IICKTpHUC-
CKHX, MATHUTHBIX, CTPYKTYPHBIX | (HITH) MOP(OIOTHIECKIX CBOICTB. OTHAKO B 3aBUCUMOCTH OT CII0c00a IPOHUKHOBE-
HUS B OPTAaHU3M UYEIIOBEKa HAHOYACTHUIIH MOTYT ITIEPEMEIIaThCsI B pa3IMYHBIC OPTaHbl M TKaHH, TIe CIIOCOOHBI BHI3HIBATH
mo0ouHbIe AP PeKThI. 11 mpoBeneHNsT TOKCUKOIOTHYECKUX HCCIIEeI0BAHIA HEOOXOAMMO CMO/ICTTUPOBATH i1 Vitro B3aUMO-
JICUCTBHE MEXly HAHOUACTUIIAMH M KJIETOYHBIMHU CUCTEMaMHU in Vivo, a JUIsi BO3BMOXKHOCTH COOTHECEHHMSI JTIFOOBIX TOKCH-
YEeCKHUX PEaKLUi C TUTIOM HAaHOYACTHIl TPeOyeTCsl BBISICHUTD, B KAKOW CTEIIEHH OHU CITIOCOOHBI a/ICOPOMPOBAThHCS Ha Kile-
TOYHOH NMOBEPXHOCTH U IPOHUKATh BHYTPb KJIE€TOK. MI3BeCTHO, YTO IUTOTOKCUYHOCTH HAHOCTPYKTYPUPOBAHHOTO OKCUA
[MHKA TaKXKe MOXKET CYINICCTBEHHO 3aBUCETh OT €ro (PH3MKO-XMMUYECKIX CBOMCTB, B YaCTHOCTH OT pa3Mepa U (HOopMbI
gactutl. [1o 3Toil npu4rHe MTOHNMaHUE B3aMMOCBSI3U MEXIy IUTOTOKCHIHOCTHIO M (PH3UKO-XUMHYSCKUMH CBOHCTBAMHU
HAHOYACTHII MPEICTABIACTCA aKTyalbHBIM Ui OOBEKTUBHON OIIEHKH BO3MOMKHBIX PHCKOB OT MX Bo3neicTBusA. Takum
00pazomM, B HacTosiIeM 0030pe PaCCMOTPEHBI OCHOBHBIE MEXaHH3Mbl BO3JICHCTBHSI HAHOMATEPHAIOB HA OPTaHMU3M Yelio-
BEKa, pOJIb UX (PM3UKO-XUMHUYECKHX CBOMCTB B OMOIIOTMUECKOM aKTUBHOCTH, @ TAK)KE BOIIPOCHI HOTEHIHAIbHON IUTOTOK-
CUYHOCTH HAHOCTPYKTYPUPOBAHHOTO OKCHJA LIUHKA.
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Bnrazooapnocms. Pabota BeINONHEHA TIpH (HHAHCOBOH moaiepkke benopycckoro pecryonnkanckoro ¢poHna GpyH-
JMaMeHTaJIbHBIX ucchenoBannii (rpant Ne B17-128, 2017-2019 rr.) u pamouHoi#i mporpaMmmel EBpomeiickoro corosa mo
Hayke 1 uHHOBanmsiM «[opu3oHT-2020%» (mommporpamma Mapuu CkiionoBckoit-Kropu, rpant Ne 778157 (CanBioSe),
2018-2023 rr.).

NANOSTRUCTURED ZINC OXIDE:
ROLE OF PHYSICO-CHEMICAL PROPERTIES
INTO THE BIOLOGICAL ACTIVITY
AND POTENTIAL CYTOTOXICITY OF THE MATERIAL
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Abstract. Over the past two decades, nanotechnology has become interesting not only for science, but also for indust-
ry. Application of nanotechnological approaches has provided opportunities for obtaining various nanoparticles and new
materials based on them with specific properties different from the properties of microanalogues. These new materials
include nanostructured zinc oxide, which has found application into the biomedical sector, including bioimaging and tar-
geted drug delivery. The production of particles in the nanoscale range has made it possible to increase the active surface
area of this type of materials in the occupied volume, which has led to an improvement into their chemical, electrical,
magnetic, structural and (or) morphological properties. However, depending on the entry type to the human body, nano-
particles can travel to various organs and tissues, where they can cause side effects. So, it is important in vitro to simulate
the interaction in vivo between nanoparticles and cellular systems for toxicological studies. Moreover, in order to correlate
any toxic reactions with the type of nanoparticles, it is necessary to find out the degree of their ability to adsorb on the cell
surface and penetrate inside cell. It is known that the cytotoxicity of nanostructured zinc oxide can also significantly de-
pend on its physico-chemical properties, in particular on the size and shape of the particles. For this reason, understanding
the relationship between cytotoxicity and the physico-chemical properties of nanoparticles seems relevant for the objec-
tive assessment of possible risks associated with their exposure. Thus, the review provides a comprehensive overview of
the main mechanisms of nanomaterials action on the human organism, the role of their physico-chemical properties into the
biological activity, as well as the questions of potential cytotoxicity of nanostructured zinc oxide.

Keywords: nanostructured zinc oxide; physico-chemical properties; biodistribution of nanoparticles; biological acti-
vity of nanomaterials; cytotoxicity; reactive oxygen species; apoptosis.
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BBenenune

Hayunple noctmxenns B 001acTH HAHOTEXHOJOTHH U B cdepe NX MPUMEHEHUS IPUHOCAT 3HAYUTEIHHYIO
TI0JTB3Y IKOHOMUKE 1 0011ecTBY. [10 HEKOTOPBIM OLIEHKaM, B HACTOSAIIIEE BPEMsI HAHOTEXHOJIOTUH CYIECTBEHHO
YCHITWIIN CBOE BIIMSTHUE B TPOMBIIIJICHHOM CEKTOpE, M EMKOCTh MX PBIHKA COCTaBMIIa 0koJio 3 TpiH mout. CIIIA.
IIprumna, 0 KOTOpOH MHKeHepHbIe HaHoMaTepuabl (MMHM) cranu momyaspHBIMHE, TTIaBHBIM 00pa3oM 3a-
KITFOYAeTCs B YHUKAIBHBIX (PH3UKO-XUMHUYECKIX CBOHCTBAaX, 00€CIIEUNBAIONTX M OTPOMHBIN TIOTEHIINAMT JJIS
npuMeHeHus B onomenumuae [1]. K HaHOpa3MepHBIM 00beKTaM OOBIYHO OTHOCST MOJICKYIHI (0,5 HM), KiTa-
crepsl (1 HM), Hanodactunsl (HY) (1-100 M), komronaasie yactunbl (3—100 aM), Bupycesl (100 aM). Kak
BuHO, HY comocTaBuMBI ¢ MOJNEKyJIaMHi €CTECTBEHHOTO MTPOUCXOKIEHHS, TIPU 3TOM OHM HAaMHOTO MEHBIIIE,
gem Gakrepuanbhbie kieTkn (10° HM) MM KIETKH MIIEKOTIHTAIOMMX (HATIPHMED, SPUTPOLTE! 1 JTCHKOIHTHI
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(oxoro 10" HM)). YMeHbIIeHHE pasMepa YaCTHII 10 TAKOTO YPOBHSI 3HAYHTEIBHO yBETHUHBACT ILIOMAIb AKTHBHOI
MTOBEPXHOCTH HAHOMAaTEPHAIIOB, YTO HETTOCPEACTBEHHO MPUBOAUT K YAYUIICHUIO X XUMHUYECKHUX, IEKTpUIe-
CKHUX, MATHUTHBIX, CTPYKTYPHBIX 1 (WJIN) MOP(HOJIOTHYECKUX XapakTeprucThk. [1o 3Toi mpuunHe HaHOMaTepHaibl
4acTo MPHUOOPETaroT CBONCTBA, OTJIMYHbBIE OT CBOMCTB MHUKPOAHAJIOTOB, M HAXOAST MIMPOKOE MMPUMEHEHNE BO
MHOTHX 00J1aCTSAX MOBCEIHEBHOM KU3HU U B 00JI€€ BHICOKOTEXHOJOTHYHBIX IPOU3BOACTRAX [1; 2].

B 3aBucumocTy o1 crioco6a MpOHUKHOBEHUS (Uepe3 IbIXaTeNIbHbIE Ty TH, KETyI0YHO-KUIIIEUHBIA TPAKT WIN
koky) HY MoryT pacnpocTpaHAThCs 10 BCEMY OpraHu3MYy JINOO IepeMeniaThest B pa3IudHble OpraHbl U TKAHU
W MHAYIMPOBATh B HUX MOOOUHBIE AP PEKThI. J[J1s1 HAHOTOKCHKOIOTHYECKHUX UCCIIEIOBAaHUH 0CO0YI0 BaKHOCTh
MPENCTABIISICT MOACIUPOBAHUE in Vitro B3auMonencTsus Mexay HY u knetounsiMu cuctemami in vivo. Ha-
TpuMep, JJIs TIPOBEACHUS KOppensaunu Mex Ty TuimoM HY 1 oTBETOM CO CTOPOHBI OpraHm3Ma HeoOXOAMMO
BBISICHUTD, aJICOPOMPYIOTCS YaCTUIBI HA TIOBEPXHOCTH KJIETKH HJIM MPOHUKAIOT B €€ IUTOIMIa3MaTHIYeCcKoe
npoctpancTBo [3]. YHukanbHbie (hu3nko-xuMudeckue crovictBa MTHM, Takue kak pa3mep, MOBEPXHOCTHAsS
CTPYKTYpa, PaCTBOPHUMOCTD, ()OpPMa M arperaTHoe COCTOSIHUE [4], TaKke SBISIOTCS IPUYMHON X BCECTOPOH-
HEro Hay4yHOTo MCCIIeI0OBaHNUs KaK BOZMOYKHBIX UY>KEPOJIHBIX COSAMHEHHUH 711 OpraHu3Ma ¢ NCIOJIb30BAHUEM
HIMPOKOTO CHIEKTPA MEXKIUCIUIITMHAPHBIX MOAXO0I0B — OT (PU3NKO-XUMHUYECKUX JI0 METUKO-OroNorndeckux [ 1].
[TokazaHo, 9TO HIUTOTOKCUYHOCTH PA3IMUHBIX HAHOMATEPHUAJIOB 3HAYUTEIBHO BAPUPYETCA B 3aBUCUMOCTH OT
ux pasmepa u GopMsl [3], UTO CBUAETENBCTBYET O CYIIECTBEHHOM BKJIaJI€ B 3TOT MPOIECC UMEHHO (U3UKO-
XUMHUYECKUX CBOWCTB.

HanoctpykrypupoBanHbIi okcu IIMHKA (ZnO) HaIIe MHUPOKOe MIPUMEHEHHE B OMOMETUITTHCKOM CEKTOpE,
BKJTIOYAst OMOBHU3YJIN3AIIMIO U aJIPECHYIO JOCTABKY JICKAPCTBEHHBIX CpeAcTB [ 1—4]. KpoMe Toro, HaHOCTPYKTYPHI
ZnO SBIAIOTCS OJHUM U3 MaTe€pHUajIOB, UCTIOIB3YEMBIX JIJISl CO3aHNsI MMMYHOCEHCOPOB, 33 CUET UX OOJBIION
TIIONIA TN TOBEPXHOCTH U XUMUYIECKOM cTabuIbHOCTH [5; 6]. [1o 3T0i mpudnHe MOHMMAaHUE B3aUMOCBSI3U MEXKTY
OMONIOTHYECKOI aKTHBHOCTBIO, IMTOTOKCHYHOCTBIO M U3UKO-XUMHYecKiMHU cBoricTBamu HY ZnO nipencras-
JISIETCS aKTyaJIbHBIM 11 0OBEKTUBHOM OIEHKHU MOTEHIINAJIbHBIX PUCKOB OT MX BO3/IEHCTBHS.

MexaHu3MbI BO3/1eHCTBHSI HAHOMATEPHAJIOB
Ha OPraHu3M YeJioBeKa U UX OMopacnpeaejieHue

C pocrom kommeprmanu3anui MHM cymecTBeHHO YBETHINBACTCS BEPOSITHOCTh UX BO3ICHCTBUS HA Opra-
HU3M uenoeka. [Tockonbky Tokcnunocts THM, kak nmpaBuiio, cBsi3aHa ¢ UX paclpOCTPAHEHHOCTBIO U UHEP-
[IHOHHOCTHIO, 3 (HEKTHBHOM 0301 U MPOTOIIKUTESIILHOCTHIO BO3ACHCTBHS, TO HEOOXOIMM TIIATEIHHBIA CHCTE-
MaTHYECKNN aHaJN3 BIUSAHUS ATUX MaTepruaioB Ha yenoBeka [7]. B memom HY ciocoOHBI BeTymaTh B psiMOi
KOHTAKT C OPraHW3MOM YEeJIOBEKa IT0 YETHIPEM OCHOBHBIM ITyTSIM, TAKMM KaK IMPOHUKHOBEHHE Yepe3 KOXKY,
MIpOTIaThIBaHKE, BIBIXaHNE U ccTeMHbIH BXof [8]. [TockombKy onexia, TIeKapCTBEHHBIE TPETapaThl, KOCMETHKA
U pa3JIM4yHbIE CPENICTBA 10 YXOy 3a Koxkell copepxar HY, nX KOHTAKT ¢ KOXKEH NPOMCXOANUT KaK IPEAHAMEPEHHO,
Tak u ciaydaitHo. Kpome toro, Bozpacraet ucnonszoBanre MMHM B nmumieBsIx IpoyKTax (B KauecTBe J00aBOK)
1 (apMareBTHIECKUX Tpenaparax, B CBSI3M C YeM JIIOAW B Pa3BUTHIX CTpaHaX €XKEIHEBHO MOTPEOISAIOT MPH-
onusurensro 10'°-10"* wacrui Ha yenoBeka [7].

JlpIXaTenbHbII TPAKT — OJINH U3 OCHOBHBIX IyTEH IPOHUKHOBEHMSI B yesioBedyeckuil opranuszM HY, conep-
KaIuxcs B 3arpszHeHHoN armocdepe. [loctynuBinme yepes apixarensHbid TpakT HY ocaxkmaroTcst Bo Bcex
00JIaCTSIX IBIXaTENbHBIX MyTEH: KPYITHBIE YACTUIIBI MOTYT OBITH OT(MIBTPOBAHBI B BEPXHUX OT/IENIAX, TOT/Ia KaK
0oJee MeTK1e YacTUITRI O0OHAPYKUBAIOTCS B nepudepuieckux otaenax [9]. Ilocne mormomneHus gepe3 SIUTennit
nerkux HY momagarot B kpoBb U TuMQy, AOCTUTAA TAKUM 00pa3oM KIETOK KOCTHOTO MO3Ta, TUM(aTHnIeCcKuX
Y3JI0B, CEJIC3EHKH, CeP/IIla UITH JTF000TO IPYTOTO OPTraHa M TaXKe TAHTIINEB IIEHTPAIBHON HepBHOU crcTeMsl [10].

Hecmortpst Ha crioco6 moctymienus HY, ux pacmupesenenne B opraHu3Me CHIIBHO 3aBHCHT OT TMTOBEPXHOCT-
HBIX XapakTepucTuk [11], a Taxoke oT cocTaBa, pazmepa u 3apsina. HY moctarouHo Maisl, 4To 00yCIOBIMBAET
WX CTIOCOOHOCTH TIPOHUKATh B HEOOJBIIHE KAMMIUIAPHI [0 BCEMY TENIy H MEepPEeMEIIaThCsl Yepe3 KIEeTOYHbIe
Oapbepbl, TOATOMY OHH MOTYT TIOTA/IaTh B IUTO30Jb KJIIETKH C TIOMOIIBIO PA3INYHBIX MEXaHW3MOB M B3aUMO-
JIEHCTBOBATH C CYOKJIETOUHBIMU CTPYKTYpaMH 1 OpraHaMHu-MUIIeHAMH [7]. COOTBeTCTBEHHO, Takue dPPEKTHI,
KaK BOCIAJICHHE, OKUCIUTENIbHBIN CTPECC U aKTUBALIMS MOJIEKYJISIPHBIX KJIIETOUHBIX ITPOLIECCOB, CKOPEE BCETO,
pa3BUBaIOTCS HE TOJIBKO B OpTaHe TIOCTYIUICHHS, HO U B OpraHax-MuIiensx [11].

N3BectHO, uTro HY MOTyT akTWBHO MPOHUKATH B KJIETKH MyTeM (arorurosa, MAHOIUTO3a, KIATPUH3ABH-
CUMOTIO 3HJIOLINTO3a, KJIATPUH- U KaBEOJMHHE3aBUCUMOI'O 3HJOLMTO3a WM KaBEOJIMHOMNOCPEIOBAHHOIO SH0-
ruTo3a [12; 13]. HY, naTepHanm3upoBaHHbIE TOCPEICTBOM aKTUBHOTO TPAHCTIOPTA, OOBIYHO TMIEPEHOCSTCS B BE-
3UKYISIPHBIE CTPYKTYPBI, KOTOPBIE 3aTe€M CIUBAIOTCS ¢ (paroJn30COMaMH WIIH YHIOCOMaMH. AJBTEPHATHBHO
HY Taxke MOTYT MEpEeHOCHUTRCS B IIUTO30JIb, TPAHCIIOPTUPOBATHCS Ye€PE3 KaBEOCOMBI B IHIOTLIA3MaTHIECKUN
PETUKYITYM JIHOO «IIepeceKaTby KIETKY, UCTIONb3Ys TPAHCIUTOTHIECKHE TIporiecchl. [[oMHMO akTHBHOTO TpaHC-
nopta, HY criocoOHBI MPOHUKATH B KJIETKY Yepe3 I1a3MaTudecKyro MeMOpaHy ITyTeM MacCUBHOM Mudy3um.
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W3 nuromna3mMel OHHM 3aTeM MOTYT IOCTABIIATHCS K CyOKJIETOYHBIM KOMIIAPTMEHTaM, TAKUM KakK AP0 U MUTOXOH/I-
pun. OTH yHHUKaJbHbIe cBoiicTBa HY menaroT nx marepuanom, MOIXOISIINM /sl TePareBTUYeCKOro U JHarHo-
CTHYECKOro nprMeHeHus. OIHaKo MPY ITOM OHU MOTYT TIOTIa/IaTh B OPTaHbI-MHUIIIEHH, & IMEHHO B IICHTPAJIbHYIO
HEPBHYIO CHCTEMY, KOTOpasi CHJIBHO YSI3BMMa JUIS MOTEHIMAIBHBIX HEOMaronpusaTHBIX Bo3aencTBuil [14; 15].
TakuMm 00pa3oM, Ype3BbIUaiiHO Masble pa3mMepbl HY MO3BOJNSIOT UM MPOHUKATH B KIETKH U TPAHCIOPTUPO-
BaThCs B X LIMTO30JIBHOM IIPOCTpaHcTBe [ 15], mpudemM pa3Hble NCCIIeA0BaHuUs MTOKa3aIl OYeHb OBICTPHIN BXOJT
HAHOCTPYKTYp B KJIETKH KpOBH in vitro. [lonaganue HY B kiteTKy, cyOKJIeTOUHAS JIOKAINU3AKs U CIOCOOHOCTh
KaTaJM3UpOBaTh OKUCIUTEIBHBIC MMPOIECCHI 3aBUCAT OT XMMHUYECKHUX CBOMCTB, pasMepa U (GOpMbl HaHOMATe-
purana, KOTOpble U ONPEAEIIAIOT CKopocTh TpaHcnopra THM B kieTky.

HY moryT nonacts B sSipo OCPEACTBOM TPAHCIIOPTA Yepe3 siIEPHbIC TTOPEI, IyTeM audPy3nu yepes siiep-
HYyI0 MeMOpaHy WJIM K€ OKa3aThCs B HEM CIIy4ailHO B pe3yibTare TOro, YTo sifiepHas MeMOpaHa Jerpaaupyer
BO BpeMs IIpoliecca JICICHUs KIIETOK, a 3aTeM PEOPraHu3yeTcs B Kaxjoe jouepHee sipo [11]. DToT crocod
TIOTJIOIIEHHS 1 CBOOOHOTO JIBWKEHHS BHYTPH KJIeTkH neiaeT HY oueHp omacHbIMM, TaKk KaK OHM MOJTyYaroT
MPSIMOM JOCTYT K OeJKaM IIUTOIUIa3Mbl ¥ OpraHesiaM. B 3aBUCMMOCTH OT JOKadu3auu BHYTpH Kietkun HY
MOTYT 00yCIOBIIMBATH OTPE/IEICHHBIE MTOBPEXKACHNS KiIeTOUHbIX opranesu n JJHK kak nmpsmMo, Tak 1 KOCBEHHO,
B3aumojeicTBys ¢ JJHK-cBs3annbiMu Oenkamu. JleficTBUTENBHO, UCCICNOBAHUS i1 VIVO U in Vitro JIEMOHCTPH-
PYIOT CIOCOOHOCTh HaHOMAaTepHUaIoB BbI3bIBaTh oBpexacHuUE JJHK [16; 17]. KocBennoe nmoBpexnenue JJHK
MOXKET MpouCcXoauTh 0e3 B3aumoneicteus HY ¢ monekynoit JIHK mHanpsmyto, 1 3Toro OyaeT 10CTaTOuHO
B3aumoyeiicTus HY ¢ Genkamu, ydacTBYIOIIMME B TIpoliecce aeneHus kietok. Kpome toro, HU crocoOHbI
BBI3BIBATH PA3JINYHBIC KJIETOUHBIE PEaKIUH, KOTOpPbIe, B CBOIO O4Yepe/b, MPUBOAAT K TEHOTOKCUYHOCTH, Ha-
MIpUMep, Yepe3 aKTUBAIMI0 OKHCIUTEIFHOTO CTPecca, BOCTIAIUTENBHBIX MPOLIECCOB U (MIH) abeppaHTHBIX
CUTHAJIbHBIX peakiuii [16]. B psae padot [18; 19] nokazana Bo3MoxHOCTh B3aumojieiicTBust HU ¢ kieTouHbIMuU
MeMOpaHaMH M TIPOJIEMOHCTPHUPOBAHBI HETaTUBHBIE 3)PEKThI B OTHOIICHUH UX (PU3HKO-XUMHYECKOTO COCTOSI-
Hus. Takoe B3amMOACHCTBUE HOCTUTACTCs 00 3a cueT agcopOuuu HY Ha KIeTOYHON MOBEPXHOCTH, TNOO
3a CUeT HapYyIIEHUS LEJIOCTHOCTH MeMOpPAaHbI, 4TO MPUBOIUT K 00Pa30BaHUIO MOP, PazKIKEHUIO MEMOpaHbI
U TIEPEKHCHOMY OKHCJIEHHIO JTUIHIOB [18]. Pe3ynbraroM BHE3AITHOTO yBENIWYEHUS TPOHUIIAEMOCTH BHYTPEH-
HEel MUTOXOHJPUAILHONH MEeMOpaHbl MOXKET CTaTh MOTepst (PyHKIIMU MUTOXOHJIPUHN U, KaK CIEACTBUE, 3aITyCK
aroNTOTHYECKHX U (WIHM) HeKpoTHueckux npoueccoB [20]. Hapsay ¢ atum HY MoryT npoHuKaTh B OpraHusm
YyeJoBeKa ¥ B3aNMO/IeHCTBOBATh C KOMIIOHEHTAMH HIMMYHHOM CHCTEMBbI, HHAYIUPYS BOCHATUTEIbHBIE TPOIECCHI,
AJUIEPTHUECKUE PEAKIINH, WIIM OKA3bIBaTh HETIOCPEIACTBEHHOE BIMSHUEC HA KICTKH MMMYHHOU cucTeMsl [21].
OT0 B3aUMOAEHCTBUE IPUBOIUT K MTOBBIIIIEHHOMY BBICBOOOXKICHHUIO PA3IMYHBIX CUTHAIIBHBIX MOJIEKYJI UMMYH-
HOW CHCTEMBI, BKJIIOUasi TUTOKUHBL. OJIHAKO OCTAeTCS OTKPBITHIM BOIIPOC O TOM, kKak nMeHHO HY BexyT cest
B KJIETKE 1 B3aUMOJICHCTBYIOT C €€ KOMIIOHEHTaMH.

Poab pu3uKo-xuMHUYECKHX CBOHCTB HAHOMATEPHAJIOB
B MX OMOJIOrMYeCKO aKTUBHOCTU

Hanopasmep — 3To ocHOBHas (PU3WKO-XUMHUYECKasi OCOOCHHOCTh, KoTopas otinudaeT MHM ot ananoros
06apmmx pazmepos [1]. C ymeHbIIeHHEM pa3Mepa YBEIHYUBAIOTCS MOOMIBHOCTh, BO3SMOXKHOCTh TPAHCIIOP-
THPOBKHU U JOCTYIIHOCTh YaCTHI] B OKpY>KaroleM npocrpancTse. Kpome Toro, HH nMeroT orpoMHyto 1miomaib
TTOBEPXHOCTH 110 CPAaBHEHHIO C TAKUMH k€ 00pa30BaHUSAMH 00Jiee KPYITHBIX Pa3MepOB MPH YCIOBUHU UX COMO-
CTaBJICHUS B OIMHAKOBOM 3aHHMMaeMOM o0beMe. DTOT (akT MOXKET OBITh OJHOW M3 MPUYHH, MO KoTopbiM HY
B UTOT'€ OKA3bIBAIOTCS O0Jiee TOKCHYIHBIMH, YeM YaCTHIIBI OOJIBIINX pa3MepoB U3 TOTO ke Marepuaina. Jpyru-
MU CJIOBaMH, YMEHBIIIEHHE pa3Mepa YacTHIl HAMPSMYIO CBS3aHO C YBEIMUYEHHEM IUIOIIAIN WX MTOBEPXHOCTH
(110 CpaBHEHMIO C MAKPOYACTHIIAMH, 3aHUMAIOIIIUMH TOT YK€ 00BEM ), UTO ITO3BOJISIET OOIBIIIEMY YHCITY UX aTOMOB
U (WJTH) MOJIEKYZT HaXOAWTHCS Ha MTOBEPXHOCTH MaTepuaia, a He BHyTpu Hero. COOTBETCTBEHHO, YBEITUUECHUE
TUTOIIA T TTIOBEPXHOCTH OTIPEeNsIeT MOTEHIMATBHOE YHCIO PEaKIIMOHHOCITOCOOHBIX TPYII HA MMOBEPXHOCTH
HUY, gTo BroHE MOXKET MIPUBECTHU K MTOBBIMICHUIO OMOJIOTHYECKON aKTUBHOCTH HaHOMaTepuana [1; 22].

Hpyrum odeHpb BaXXHBIM (U3UKO-XUMUYECKUM (haKTOPOM, KOTOPBIIl BHOCHT BKJIaJ B TIOBEJIEHHE U OHO-
norndeckne peaknuu MHM, aBnserca nqucnepcrnoHHOE COCTOsIHUE B cucTeme dacTull. OHO omnpeaensercs
OTHOIIICHUEM KOJIMUECTBA OTICITBHBIX YACTHUI[ B CYCIIEH3MOHHOM cpee K KOJIMYECTBY armoMmeparos [22; 23].
Kak n3BecTHO, 9acTHIIBI OYlyT CTPEMHUTHCS arfIOMEPUPOBATHCS BO B3BEIIEHHOM COCTOSTHHH, €CITH YCIIOBHS IS
CTaOMIIBHON AMCIIEPCUN OTCYTCTBYIOT. DTH aryIoMEPaThl MOTYT ()OPMUPOBATHCS Oarofapst CHiiaM MPUTSHKEHUS
MEXXTy YaCTHIIaMH (HarpumMep, THAPoPOOHBIM B3anMOIeCTBUAM, ciilaM Ban-iep-Baansca) nimm 3a cuet B3an-
MOJICHCTBHS MOJIEKYI (HaIIprIMep, MOJMMEPOB, OSIIKOB, TTOJMCAXaprI0B U T. I1.) B OKpyKatomien cpeae. Ctout
OTMETHUTH, YTO YE€M MEHbIIE pa3Mep YacCTHIl, TEM CHIIbHEE CHJIBl MPUTSKEHUS, KOTOPhIE BOSHUKAIOT MEXIY
HUMH. TakuM 00pazoM, 9acTUIBI MOTYT (DOPMHUPOBATH arperarsl COBEPIICHHO Pa3HBIX (OPM U Pa3MEpOB, UTO
TaKKe CyIMIeCTBEHHO BIUSIET HA MX CBOMCTBA M, COOTBETCTBEHHO, IIOTEHITNATBHYIO TOKCUIHOCTH [24].
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Kak u B cirydae ¢ pazmepom, 4acTHIIBI B CYyCIIEH3MOHHOM Cpejie MOTYT UMETh (hOpMY, OTIIMYHYIO OT (OpMBI,
3ajaBaeMoi Mpu cuHTe3e (cepruecKoil, oBaIbHON, KyOM4eCKoH, MPU3MEHHOM, CTUPAIBLHON | T. 11.). Brus-
HUe (POpMBI HAHOYACTHIl HA WX WHTEPHAIN3ALHUIO PAaCCMOTPEHO B pabote [25], Tme mpoaeMOHCTPUPOBAHO,
910 chepryecKre YacTUIIbl OMIOMIAIOTCS KIETKaMu B 5 pa3 3 (eKTUBHEE, YEM CTEPKHEOOPa3HbIE YaCTUIIBI
aHaJIOrMYHOro pasMepa. 11ono0HbIe BHIBOABI OBUIN ClIEJIaHBI M ABTOPAMH HACTOALICH CTAaThbH IPU M3YyUEHHUH
B3aNMOJCHCTBUS HAHOCTPYKTypHpOBaHHOTO ZnO pa3nmuaHoil HopMBbI (CTEPKHU B ChEepUICCKIEC YaCTHIIHI)
¢ nepudeprdecKuMi MOHOHYKJI€apHBIMHU KJIeTKaMU KpoBH denoBeka [19; 26].

XuMHYeCKHEe 0COOCHHOCTH MMOBEPXHOCTH HaHOMATepralla BKIFOYAIOT IUPOKHA CIIEKTP CBOMCTB, KOTOPBIE
CIOCOOHBI OIPEACIIATh MEXaHU3M B3aUMOACHCTBHS YACTHUI] C OMOMOJIEKYIaMHU ¥ OMOIOTHYEeCKHMHU CHCTEMaMHU.
Hanpumep, noBepxHoctHblit 3apsa HY nmeet Oomnbliioe 3HaUCHUE A1 MHAYKLIUH OHOIOTHYECKUX 3P (PEKTOB.
OH sByIsIETCS. OCHOBHBIM (DaKTOPOM, ONPEAEIISIOIIMM JUCIIEPCHOHHBIE CBOMCTBA YaCTHUI] M aACOPOLMIO0 HOHOB
1 OMOMOJIEKYJI, KOTOPbIE MOTYT BIMATH Ha IPOLIECC B3aUMOAEHCTBUS KIETOK ¢ yacTulamu. [loBepXHOCTHBII
3aps]T TBEPIBIX YaCTHI] OIIEHUBACTCS Yepe3 OMpeesieHne UX 3eTa-moTeHmana [23; 24].

Paznuuus B dusnko-xumudeckux coiicrBax HY u Gosiee KpynHBIX YacTUI ONPEACISIIOT UX TIOBEACHUE
1 OuopacIiipeielieHle B OpraHu3Me ¢ ocieayIone TpaHcaoKayei (0T monaiaHus B OpraHu3M J10 B3aUMOIeH-
CTBHS C KIIETOYHBIMH CTpYKTypamu) [27]. B To Bpems kak 60bITUHCTBO 3(h(hEeKTOB BIUSHHS Ha «ITIEPBUYHBIIDY
oprat (kak ObIJIO CKa3aHO BBILIE, YAl BCETO 3TO JbIXaTeNbHbIC ITyTH) MOT'YT OBbITh OMMHAKOBBIMHU /7Sl YACTHIL
0boux pazMepoB, d(H(DEKTH BIUSHUS Ha «BTOPUIHBIC» OPTaHbBI (HAIIPUMED, KPOBETBOPHYIO CHCTEMY) MOTYT
paznnuarbes. Takum 00pa3oM, cyliecTBeHHbIE 0COOCHHOCTH, KOTOpbIe BeIIEs 0T HY cpean Gonee KpymHBIX
AHaJIOTOB, — 9TO MX MMOTEHIIMAIbHBIE TOKCHYECKUE CBOWCTBA U HEOOBIYHOE OMOKMHETHYECKOE MOBEACHHE.

HanoctpyxkrypupoBanHblii ZnO MMeeT rekcaroHajJbHyl0 KpUCTaUINYECKYI0 PELIETKY, COCTOSIYIO U3 He-
CKOITBKHX MIIOCKOCTEH C TETPasApHUecKH CKOOPIMHHPOBAHHAIMU atoMamu O i Zn”", pacrionokeHHbIMH 1004e-
penHo Baoab ocu. Terpasapuueckas koopauHauus ZnO o0ycIoBIrBaeT 00pa3oBaHUE CTPYKTYPbl, HECUMMETPHY-
HOM OTHOCHUTEJIBHO LIEHTPa CUMMETPHH, I71€ KK/l aHHOH OKPYIKEH 4EThIPbMS KATHOHAMH B yIJIaX TETPaspa,
YTO MPUBOJUT K CIIOHTAHHOW TOJSAPU3ALINH, a TAaKXKE K PACXOJMMOCTH B TIOBEPXHOCTHOM aHepruu [28; 29].
Bnaronaps yHuKalbHBIM (DPU3MKO-XUMHUECKUM CBOWCTBAM, TAKUM KaK BBICOKAs XUMHUECKasl CTaOMIIbHOCTS,
OOJIBIION Mana3oH MOTIOEHUsT U3Ty4eHUsI U poTocTabminbHOCTh, ZnO siBisieTcst npuBiekarensusiM THM
U1 mupokoro npuMmenenus [29]. Kpome toro, B Hanomaciitabe yactuubl ZnO UMEIOT 0COOCHHBIE XapaKTe-
PHUCTHKH, @ IMEHHO BBICOKYIO M303JIEKTPHUECKYIO TOUKY U (DOTOKATAIUTUIECKYIO aKTUBHOCTb.

bnaronapst cBoum dorokaramuTrudeckuM cBoiictBaM HU ZnO nipu monagaHuy B KJIETKY CIIOCOOHBI ITOBBIMIATH
coziepkaHue akTUBHBIX (opM kuciopoaa (ADK) B nurormiazMe, 4To 00yCIOBIUBACT HX YHUKAIBHBIC aHTH-
OakrepuasibHbie cBoricTBa. HU ZnO MMEIOT MOI0KUTEIBHBIN TOBEPXHOCTHBIN 3apsi/] U TIO3TOMY XOPOIIIO B3au-
MOZEUCTBYIOT C OTPHULATENILHO 3aPsKEHHBIMU OaKTepUalIbHBIME MEMOpaHaMH, YTO 00JIerdaeT MPOHMKHOBEHUE
YacTHIl B KJIETKU M COCOOCTBYET 3aIyCKy B HUX allONTOTHYECKHUX MPOLECCOB. DTH 0COOCHHOCTH MO3BOJISIOT
HCIIOJIB30BATh JaHHbIE HAHOMATepHasbl B KaYecTBe 100aBOK K OakTepuULUAaM, IPUMEHSEMbIM B CTOMATOJIO-
ruu u kocmetonoruu [30]. M3oanexkrpudeckas Touka HU ZnO wHaxomutes B obmactu pH ~9. Ilpu MerpImmx
3HaueHusx pH gactuiel ZnO MOBEPXHOCTHO MPOTOHUPYIOTCS 10 HOPMBI ZnOH2+ , 4TO Ja€T UM BO3MOXKHOCTb
0CTaBaThCs MOJOKUTETBHO 3apsSHKEHHBIMU B Tana3oHe pH, cooTBeTCTBYIOMIEM (DPU3NOIOTHUECKUM SKHIKOCTSIM
opranusma (T. €. X MOXKHO UCIIOJIb30BaTh B KaU€CTBE HOCUTENEH JIEKAPCTBEHHBIX BEIIEeCTB U T. I1.) [5]. KoMm-
OunnpoBanue GoromomuHecueHTHbIX cBOMCTB HYU ZnO ¢ anTnOaKTepruanbHBIMU OTKPBIBAET MHOTOOOCIIAIOIIIE
MEPCIEKTUBBI U1 UX npuMeHeHust B TepaHocTuke [30]. bonee 10 ner Ha3ax Ha KyJabType KJIETOK paKa SUYHUKOB
genoBeka OVCAR-3 Ob11a mpoieMOHCTpHUPOBaHa BOZMOYKHOCTD UCTIONB30BaHus ZnO B (hOTOMMHAMHYIECKON Te-
panuy B COYETaHUU C YK€ U3BECTHBIMU IIPOTHBOOITYXOJIEBBIMHU Tipernaparamu [31].

Buosiornyeckasi aAKTHBHOCTh H NOTEHUHMAJIBHASI HIUTOTOKCHYHOCTH
HAHOCTPYKTYPHPOBAHHOIO0 OKCH/IA IIUHKA

UzBectHO, yTo HY ZnO miposBisroT 60siee BEICOKYHO CTENCHh TOKCUYHOCTH B PSIJIC TUIIOB KIIETOK IO CpaB-
Hernto ¢ HY okcumos npyrux merauios. [loromenne HY kinerkamu, KOTopoe, Kak ObLTO CKa3aHO BHIIIE, 3aBUCHT
OT TIOBEPXHOCTHBIX CBOMCTB HAHOMATEpHaIa, SIBISIETCS] HEOOXOMMMBIM YCIIOBHEM JIJIS aHAIN3a ITATOTOKCUYHOCTH,
orocpenosanHoit HY [32]. UToOBI 00bEKTUBHO OIICHUTH BEPOSTHOCTH ITUTOTOKCHYHOCTH HY 1 MX rpoBocmanu-
TENbHBIN MMOTSHITNAI i7 Vitro, BA)KHO YIUTHIBATH OCOOCHHOCTH B3aMMOJICHCTBYIOIINUX TUITOB KJIIETOK. B cioydae
¢ ZnO ObUIO MOKA3aHO, YTO JIMHUH OITyXOJIEBBIX KJIETOK 00Jiee BOCHPUUMYMBHI K AeHCTBHIO AaHHBIX HY, yem
310poBbIe KIeTKU. Kpome Toro, B psiie paboT mpoieMOHCTprpoBaHo, uTo HY ZnO HHAYIUPYIOT CENEKTUBHYIO
LUTOTOKCUYHOCTb B KJIETKaX renaToleuospHoil kapiuHombl HepG2, snurenuanbHbIX KiI€TKax Jerkux A549,
KJIETKaX OpOoHXHAIbHOTO sruTenus yenoBeka BEAS-2B [33]. B cBoro ouepens, muroTokcnanocts HU ZnO
He Bceraa crieruduyaHa Ui OImyXoJieBbIX KieTok. Hanmpumep, B pabote [34] oTmedeHo, 4TO mpu MHKyOarun
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NEPBUYHBIX Mepru(epuIecKux MOHOHYKJICAPHBIX KJIETOK KpoBH yenoBeka ¢ HY ZnO He Obuto 00HApYyX)eHO
TOKCHYecKoro 3 dekra, Torna Kak mpy X BO3ACHCTBUM HA MOHOLIUTAPHBIE JICHAPUTHBIC KIETKH HaOI01anach
J10303aBUCUMas LUTOTOKCHYECKAsl PeaKLusl.

[Ipunumas Bo BHUMaHHE yCHIIEHHYIO TOKCHYHOCTh HY ZnO B oTHOWmIEHHH OBICTPO MPOIUGEepUpPYOLIIX
IUTIOPUIIOTEHTHBIX, HO HeAu(depeHIMPOBaHHBIX KJIETOK HE3aBUCUMO OT IPUPOIBI UX NPOUCXOKICHHUS (OILy-
XOJIEBbIE MM OOBIUHBIE), MHOTHE HAHOTOKCHKOJIOTHYECKUE UCCIIEJOBAHUS OCHOBBIBAIOTCS HA UCIIOIB30BAHUU
CTaOMJIBHBIX KJICTOYHBIX JIMHUH [3; 32; 33]. DTO 00CTOATEIBCTBO 3aTPYAHSET CPABHUTEIIBHBIN aHau3 npoduiiei
TokcnaHOCTH HY ZnO 1 SKCTPamoAIuio NOTyYeHHBIX TaHHBIX [T TOHUMaHHU BO3MOKHBIX HEOIaronpusTHBIX
nocnencteuii Bo3neiicteust HY Ha uenoeka. OnHaKo, yunThiBasi HEOOXOAUMOCTh COKPAILCHHUS MCIIOJIb30BAHUS
B UCCJICIOBAHMSX KUBOTHBIX M IIPUHUMAs BO BHUMAHHE 3HAYUTENIbHbIE BUJIOBBIE Pa3Indus (HapuMep, B CTpoe-
HHH JIETKUX ), KOTOpBIE BIUSIOT HA MOCeAyIoIee B3auMOACHCTBHE YaCTHUIl, UMEHHO CTAOWIIbHBIEC KIETOYHbIE
JIMHUY Yallle BCEro MPUMEHSIOTCS KaK MOJEJIbHBIE CUCTEMBI i1 Vitro 1iis ananu3a nurorokcnunoctu HY. Tpu
KyJBTHBHPOBAHUH KJIETOK MOXET ITPOUCXOIUTH ocaxkaeHre HY, 4To MpuBOIUT K YCUIIEHUIO X KOHTAKTa C KJIeT-
KaMH. DTOT BaKHBIH (pakTop HEOOXOIMMO YUUTHIBATD [IPU UCCIICIOBAHNH JIETOYHON TOKCHYHOCTH, KOT/Ia B3anMO-
neticterne HY ¢ kireTkamu MpOUCXOAUT HA TPAHUIIE pasieia BO3OyX — KUAKOCTh (mamee — ycmosust ALI) [35].
[ToMuMO THIA KIETOK, Ha PE3yJAbTaTbl HAHOTOKCUKOJIOTHUECKUX TECTOB MOTYT BIHUSATH (PU3MUYECCKHE XapaKTe-
puctuxu HY (pasmep u dpopma) u okpyxkaromas cpena. Harmpumep, Ob110 1okazaHo, uto B3anMoseiictsrue HY
ZnO ¢ docharamu, TPUCYTCTBYIOIIMMH B KJICTOUHOM KyJIbTYPaJbHOU CPE/E, MOBBIIIACT IIUTOTOKCUYCCKUN
MOoTeHIMall yacTull [36].

Tokcuunocte HU ZnO Takke MOXKET 3aBHCETh OT KOHIICHTPAIMK OejIKa B Cpe/ie JJIs KYJIbTUBHUPOBAHUS KJle-
TOK, YTO OOBSICHSIETCS IPUCOeInHeHneM OenkoB K oBepxHocTr HY u ee sxpanuposanueM (1. e. HY criocoOGHbI
BIIHSATH HA BTOPUYHBIE CTPYKTYPHI OeNIKOB). bBLTO 1TOKazano, uto B3anmoneiicreue HU ZnO ¢ Takumu 6ekaMu,
Kak o-naktans0ymud (HY ZnO nmuamerpom 4—7 am) nnu 6enok ToxR xoneproro Bubpuona (HY ZnO nuamer-
poM ~25 HM), COITPOBOXKAAaeTCS MomupuKaIueit nx cTpykTypsl [37]. B cBoro ouepens, nHaynmpoBanasie HY
M3MEHEHHMS B CTPYKTYpE aIcOPOMPOBAHHBIX OEJIKOB MOTYT BIUATH HA UX JaJbHEHITyI0 OMOpeakTHBHOCTH [37].
OnHaxko BOIpoc 0 ToM, Kak aacopOnus Oenka Ha noBepxHoctd HYU ZnO BnusieT Ha HAHOTOKCHYECKHE CBOMCTBA
YaCTHII, OCTAETCS CIA00M3YUEHHBIM U TpeOyeT nanpbHeHmmx nceienoBannii. Monudukarus mosepxaoctr HY
ZnO pa3nUYHBIMU MOKPBITUSAMH TAK)KE MOXKET 3HAUMUTEIFHO U3MEHATh X LINTOTOKCHYECKUH nmoTeHnuai [32].
M3-3a 00MTBIION BEIMYUHBI OTHOIIICHHUS TUTOMIA N IToBepXxHOCTH HY K MX Macce oHU 001a1af0T TOBEPXHOCTHON
PEaKTHBHOCTBIO H 110 CPABHEHHIO C OoJiee KPYITHBIMH YAaCTHIIAMH MOTYT BBI3BIBATH YpE3MEPHOE ITOBPEKICHNE
KIIeTOK [38]. ABTOpBI paboTHI [39] MPEAONOKMIH, YTO CYIIECTBYET KPUTHUECKUAN pa3Mep, OT KOTOPOTo 3a-
BHCHT UTOTOKCHYHOCTH HY ZnO. Ho mmeromerocst komdecTBa HHPOPMAITIH B MTOAIEPIKKY ITOW THITOTE3bI
oka HefoctarouyHo. Hanpumep, 6bu10 nokazano, uro HY ZnO (~100 HM) cuiibHO BIHSIOT Ha (GaroquTapHyIo
AKTUBHOCTb KJIETOK OCTPOM MOHOLIUTapHOMU Jielikemun yesnoBeka THP-1 no cpaBHEHHIO ¢ MUKPOpa3MEPHbIMU
yactuuamu ZnO (5 mxm) [40].

WnaTepecHbM akrom siBnsiercst BnusHue Gopmbl HY ZnO Ha WX IUTOTOKCHYECKUH MOTeHIIMaN. Tak, B pa-
oote [39] nmponemoHcTpupoBano, uto chepuueckue HU ZnO (quamerp 10—-30 HM) MposBISIOT O0Jiee CHITBHYTO
LUTOTOKCUYHOCTh B OTHOIIEHHH KJIETOYHON JIMHUM MBIIIMHBIX Makpodaros Ana-1 mo cpaBHEHHIO C HAHO-
crepxkusamu ZnO. B crarse [26] Ha 0CHOBE CPaBHUTEIHLHOM OIIEHKH MOJIEKYIISIPHOTO JCHCTBHS ABYX PA3TMIHBIX
¢dopm HU ZnO Ha kieTkH Takke ObUT ceNiaH BBIBOJ O OoJiee CHIBLHOM IIMTOTOKCHUECKOM d(deKkTe HMEHHO
y cpepuIecKuX 4acTHIl.

[Ipu n3yuennn TokcuuHOCTH a3po30abHBIX HY ZnO B knetkax A549, KynbTUBHpPYEMBIX B ycinoBusx ALIL,
KOTOPBIE UMHUTHPYIOT CJIOXKHBIH XapaKTep cpelbl JETKUX in Vivo, OblIa BbISIBICHA aKTHBALUS HKCIIPECCUH
npoBocanuTenbHbIX TUTOKUHOB (IL-8, IL-6 1 GM-CSF) 6e3 BnusHUSA Ha MUTOTOKCUYHOCTH MO CPAaBHEHHIO
C TEMH K€ KJIETKaMH, KYJIbTUBHPYEMBIMH B BOIHBIX ycnoBHsX. Ho monoOHbIii a3ddexT He Habmogancs 1Jis TeHOB,
ACCOLMMPOBAHHBIX C OKHCIUTEJIBHBIM CTPEeCcCOM (HalpuMep, FeHOB, KOAUPYIOIINX TeMOKCUIeHasy 1-ro tuna
U CyNepOKCUAIUCMYTa3y 2-To Tuna). TakuM 00pa3oM, aBTOPbI MOKa3alld, YTO CyOKYIbTyphl B yCinoBHsix ALI
MOT'YT JJaBaTh MEHBLIE JIOKHOOTPHULATEIIBHBIX PE3YIbTATOB IPU H3yYE€HUH MIMMYHOTOKCHYHOCTH, YEM KIICTKH,
MOTpYKeHHBIE B KyJAbTypalibHyI0 cpeny [41]. BmecTte ¢ Tem Ob10 00HApYX EHO pa3BUTHE OKHUCIUTEIHHOTO
cTpecca B kieTkax AS549, kynsTuBUpyeMbIX B ycinoBusX ALI n He morpy>keHHBIX B BOZYy, IPU BO3AECHCTBUU
aspo3ombHBIX HY ZnO. OnHako momo0HbIe 3G (HEKTH perucTPUPOBAIHICH MMPH BRICOKMX KOHIIEHTparmsax HY
ZnO, NpUBOAALIMX K HAPYUICHUIO ETOCTHOCTH KIETOYHBIX MEMOpPaH M BHICBOOOXKICHHUIO JTaKTaTAeTUAPOre-
Ha3bl [42]. Bo3moxkHo, ctenens B3aumonenctsusa HY ZnO c¢ kineTkaMu, KyJIbTUBUPYEMBIMH B ycioBusix ALI
WINA B YCJIOBUAX MOTPYXKEHUS, MOXKET OTINYAThCS, €CIIM YUUThIBaTh AMHaMUKy pactBoperns HY ZnO u ux
nocienyouiee B3auMozerictTaue ¢ kietkoi. Ilocne Bozaetictus HU ZnO y cyOkynbTyp B yenoBusix ALI 6bu10
3apErHCTPUPOBAHO 3HAYUTEIHHO O0JIee HU3KOE CO/IepKaHNe BHYTPUKIIETOYHBIX HOHOB IIMHKA (B 3 pa3a MEeHb-
11€e) 10 CPaBHEHUIO C MOTPYKEHHBIMU SIUTEIHAIbHBIMU KileTkamu Mbimu C10. Kpome Toro, nmokasaHo, 4yTo
KOJIMYECTBO HOHOB LINHKA B KJIETKaX, KYJbTUBUPYEMBIX B ycnoBusax ALI, yBenuumiocs gepe3 3 1 uHKyOanuu,
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a B TIOTPY>KEHHBIX KJIETKAaX MOCTOSHHO POCJIO C TEYCHHEM BpeMeHH. [[1s1 OOBSICHEHUST Pa3HHUIIBI B YPOBHIX
BHYTPHUKIIETOYHOM KOHIIEHTPAIIMXA HOHOB IIMHKA ObLIa PEJIOKEeHa TUTIOTe3a 0 AnHaMuKe ocaxkaerns HY ZnO
Ha MTOBEPXHOCTH KJIETOK [43].

Onenka mUTOTOKCHIHOCTH HY ZnO MoXeT OBITH CI0KHOHM 3amadeil, Tak Kak OHU MOTYT PacTBOPSITHCS
B IIUTO30JIC ¥ BEICBOOOXKAATh NOHHI (shedding-effect), koTopble camu 1o cebe criocoOHbI HapyIaTh QyHKIHO-
HUPOBAHME MHOTUX BHYTPUKJIETOUHBIX KOMIIOHEHTOB. [IpoBeIeHHbBIC K HACTOSIIEMY BPEMEHHU UCCIICTOBAHUS
JEMOHCTPHUPYIOT, YTO, MTO-BHIUMOMY, Cpa3y HECKOIBKO (DaKTOPOB BHOCST BKIIAJ B IIUTOTOKCHUYECKUN TTOTEH-
muan HY ZnO. K stum daxropam oTHOCATCS (HUIUKO-XUMUYECKHE XapakTeprucTuku camux HY, mepBuuHbie
MMMYHHBIE OTBETHI B3aUMOJICHCTBYIOIIMX KJIETOK, a TAKXKE YCIOBUS KYJIbTUBHUPOBAHUS, BKIKOUAsl KOMIIOHEHTbI
nuTaTeNnbHbIX cpex [31-43].

B nocnennee Bpems onocpenosannas HU ZnO NUTOTOKCHYHOCTH N3y9aeTCsl BO MHOTHX JIAOOPATOPHUIX KaK
in vivo, TaK ¥ in vitro Ha pa3IMYHBIX KJIETKAX U KJICTOUHBIX JIUHUSAX MIEKONUTatOMuX [44]. AHanu3 nureparypbl
oKasall, 4To K KJIFUeBbIM (hakTopam, 00yCIOBIMBAIOIINM IUTOTOKCHYHOCTE HY ZnO, MoxHO oTHeCTH: 1) BHE-
Y BHYTPHKJIETOYHOE pacTBopenrne HY; 2) mucbanaHc KJIETOUHOTO PETOKC-CTaTyCa, BEI3BIBAIONINI HAKOTUICHHE
ADK; 3) 3amyck nmpoLeccoB MporpaMMHAPyEeMO KIIeTOUHOM Tnbenu (anonTo3a). Kparko paccMoTpum Kak bl
13 3TUX (PaKTOPOB.

Hurorokcnunocts HY ZnO, ces3annasn ¢ ux pacreopenneM. Pactsopenne HY ZnO cuuraercs ogHoil u3
OCHOBHBIX IIPUYINH UX IIUTOTOKCUIHOCTH. THTEpECHO, UTO B TO BpeMsl KaK OJHH HUCCIIEA0BATEIIN MIPEAIIONIATatoT,
4yTO BHEKJIeTouHOE pacTBopeHre HY ZnO oTBETCTBEHHO 32 IUTOTOKCUYHOCTh, APYTUE YUCHbIE TEMOHCTPU-
PYIOT, 4UTO 10JITO Ipooikaromieecs noromieane HY ZnO kneTkamu 1 mocieayoniee uX pacTBOPEHNE B JIN30-
COMAaX IPUBOJAT K MOBBIILICHUIO LIUTO30JbHOTO YPOBHSI HOHOB IIUHKA, KOTOPOE BIIOCIEACTBUM MHIYLUPYET
LUTOTOKCHYHOCTH [44]. TTornomenue noHoB Zn”', BHIcBOGOKICHHBIX 13 HU i pacTBOPEHHBIX BO BHEKIETOYHOI
cpene, CKopee BCEero, MPOUCXOJUT Yepe3 [MHKOBbIE TpaHCHopTephl cemeiicTBa ZIP, mokanu3oBaHHbIE HA I0-
BEPXHOCTH MeMOpaH, a Jiajiee KJICTKH JIOKAJTH3YIOT 3TH N30BITOYHBIC MOHBI BHYTPU BE3UKYJI, H3BECTHBIX KaK
IIMHKOCOMBEI [45].

PenTreHoguryopeceHTHbIN aHAIU3 U CKaHUPYIOIIas IEKTPOHHAsT MUKPOCKOMHUs BeIBIIIN 200-KpaTHOE
YBEJIMYCHHUE KOHIICHTPAILIMK MOHOB IIMHKA B KileTKaX, 00padoranubix HY ZnO [46]. OnHako B KJI€TKax, Mpo-
HMHKYOUPOBAaHHBIX C COOTBETCTBYIOIIMMHU KOHLEHTparusiMu ZnCl,, cogepskaHne cBOOOTHBIX HOHOB LINHKA OBLIO
3HAYUTENBHO BhilIe [26]. 30bITOK MOHOB IIMHKA B KJIETOUHOM KYJIbTYpalbHOU cpejie u3-3a pactBopenust HY
ZnO MOXeT MPUBECTH K MOTEPE IETOCTHOCTH KJICTOUHON MEMOpaHbl, BHICBOOOXICHHUIO IIUTO30IbHOM JIAaKTaT-
JETUAPOTEHA3bI ¥ TIOCIIENY IOl THOSTH KIETOK IT0 Iy TH arlorTo3a. YCTaHOBJICHO, YTO BHEKJIETOUHOE PACTBO-
peane HY ZnO (~30 % npu camoii BBICOKOI TeCTHpYeMO KOHIIEHTPAIUN ) B KyJIETYPAJILHOM Cpesie UHAYIUPYET
He(PPOTOKCHYHOCTH B IJIOMEPYIISIPHBIX U TYOYJSPHBIX KIETKaX MO4YKW denoBeka [47]. ABTopsl paboThl [48]
nokazanu, 4to H4 ZnO crnocoOHbI MHAYIIUPOBATh IUTOTOKCHYHOCTH TOJIBKO TIPU MPSIMOM BO3JEHCTBUH Ha
MOHOIIUTHI. BO3MOXXHBIM 00BSICHEHHEM TUX TIPOTHBOPEUMBBIX PE3YIBTATOB SABISAETCS 00pa30BaHKE TIIOXO pac-
TBOPUMOTO aMOP(HOTO ITMHK-KapOoHaT-(hoc(haTHOr0 HaHOPA3MEPHOTO 0CaJIKa, KOTOPBIH CIIOCOOEH 3alUTHTh
KJIETKH OT TOKCUYECKOTO BO3/ICHCTBHS BHEKJICTOYHBIX HOHOB IIMHKA [36].

OO0Hapy)eHHas CBEPXIKCIIPECCHUS TeHOB METAJUIOTHOHEHHOB B KIIETKAX CBS3aHA C XeJIaTHPOBAHHEM HOHOB
METaJIJIOB U, CIEIOBATENbHO, C 3aIlyCKOM MEXaHU3MOB AeTokcukammu [45]. Bo3aeiictBue HU ZnO na moHOLIU-
TapHbIE IEHAPUTHBIC KIETKH, MOHOIIUTApHBIE MaKpo(hark 4eIoBeKa 1 KIeToOUHyo TuHuIo T-1ruMdoomacTHOMH
nerikemMuu denoBeka Jurkat MpUBOIUIIO K YCUIICHHUIO aKTUBHOCTU OOIIMX T€HOB METAJLIOTHOHEHHOB, J10-
ka3piBas, uTo HY ZnO ABISIIOTCS ICTOYHUKAMHU MOHOB IIWHKA, TIPHHUMAIOIIHNX YIaCTHE B KICTOYHOM METa-
oommsme [49]. AnamorudHOoe HaOMIOACHUE OBIIO CIEJIAHO, KOTAa KJISTOUHAsl JIMHKS JICTKUX deloBeka [L-132
noaBepranach Bozaekcteuio HY ZnO (quametp ~50 HM) B TedeHue 24 4, HO poQUIIb PACTBOPEHHS H3yUEHHBIX
HY ZnO npu sTom He uccnenoBaics [50]. YuutsiBas oTHocuTenbHYI0 HecTabmimpbHOCT, HU ZnO mpu HU3KHIX
3Ha4YeHUSX pH, KHCI0€ MUKPOOKPYKEHHE OIYyXOJIEBBIX KJIETOK CIIOCOOCTBYET BHEKJICTOUHOMY PAaCTBOPEHUIO
HY ZnO (~100 % mocine Bo3aeticTBus B TeueHune 24 1 npu pH 4—6), uto moxeT npuBecTr K HakoruieHNo ADK,
Pa3pylLICHUI0O MUTOXOHAPUATBHBIX MEMOPaH ¥ OCTAHOBKE KJIIETOYHOTO IUKia [S1]. DTHM MOXXHO OOBSICHUTH
0oJiee BBICOKYIO ITUTOTOKCHYHOCT HY ZnO B OTHOIICHUH PAKOBBIX KJICTOYHBIX JIMHHUM, O 4eM COOOIIaIOCh
panee [44].

Hucnepcuas npupoga HY ZnO wurpaer BakHyIO0 poiib B UTOTOBOM IIMTOTOKCUYHOCTU. XOTSI pacTBOpPEHUE
HY ZnO sBnsieTcs mpeanochuUIKON I UX MUTOTOKCHYHOCTH, B HACTOSIIIEE BPEMS HET €IHMHOTO MHEHHS OT-
HOCHTEIIBHO MPEIIOYTUTENBHOTO MecTa pactBopenus HY ZnO (BHyTpu win BHe KieTku). Kpome Toro, moka
HESICHO, ITOYEMY Pa3IN4YaloOTCsl MEXaHU3MBI, OTIOCPETYIOIINEe U TOTOKCHYHOCTh, KOTOpast MHIyIIMPOBaHA HOHA-
MU [IUHKA, BEICBOOOXICHHBIMH U3 HaHO- ¥ MUKpodacThil ZnO. CauTaercs, 4To aHATUTHICCKAE METOJIBI YacTO
MIEPEOLIEHUBAOT KOJMUYESCTBO MOHOB LIMHKA, BRICBOOOAMBIIKXCS 13 HY B KyJIbTYpalibHYIO CpeLy, U OOLIUI BKJIa
TaKUX UOHOB B UTOrOBYIO HUTOTOKCHYHOCTH HY coctaBmser muub okono 10 % [52].
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Crnenyet OTMETHTB, UTO Pe3yJAbTaThl NCCIEIOBAHNS IUTOTOKCHYHOCTH HY CHIIbHO BapbhbHPYIOT P UCTIOINb-
30BaHUM PA3HBIX TUIOB KJIETOK U3-32 Pa3IM4us B MEXaHU3MAX KJIETOUHOT'O OIVIOUIEHHUS, U IOATOMY KOJINYECTBO
HY, Hanpsimyro B3auMOJCHCTBYIOMINX C KJIETKaMH, Takke OyaeT pasHeiM. Moaudukanus nosepxHoctu HY ZnO
Pa3IMYHBIMU TOKPBITUSAMU JJIS1 ©3BMEHEHUSI XapAKTEPUCTHUK PACTBOPEHMSI MOXKET CHU3UTh UX TOKCUYHOCTb. bbII0
YCTaHOBJICHO, YTO 000JI0UKa U3 OKCHJa TUTaHa, mokpeiBaromas HY ZnO, ymeHbIIaeT CKOPOCTh BBICBOOOKICHHUS
MOHOB ITMHKA ITPY B3aMMOJICHCTBHIH C KJIETKaMH [53], B pe3ysbTarTe 4ero CHIKaeTCsl UTOroBasi HUTOTOKCHYHOCTh
HY kak BHe KJIETKH, TaK U BHYTpHU Hee. B kadecTBe ambTepHATUBHOTO MOX0/a MOYKHO MPEITIOKUTH MOTU(H-
UpoBaTh NoBepxHOCTHBIE cBoicTBa HU ZnO Takum 00pa3om, 4ToObl YCHIINTH MX TOTIIONICHHE KIIETKAMHU, HE
HU3MEHSIS IIPU 3TOM CKOPOCTh PAaCTBOPEHHUsI HAHOMAaTepuasia BHYTpHU KieTku [54]. CrnenoBarenabHO, HOBBIE MOJ-
XOJIbl, HalpaBJICHHbIE Ha U3ydeHue pactBopernss HY ZnO, MOryT HOMOYb HOBBICHTH OMO0E30MaCHOCTH UCIIONb-
30BaHMS TUX HAHOMATEPHAJIOB B OMOMETUIIMHCKUX TTPUITOKEHHUSX.

HMurorokcnunocts HY ZnO, csazanHas ¢ HakomienneM ADK B kierkax. ADK, takue xak ruapo-
KCHJIbHBIE, CYyTIEPOKCHUTHBIC PaJIUKAIIBI M IEPEKUCH BOJIOPOIA, SBIISFOTCS PEAKIIMOHHOCTIOCOOHBIMU MOJICKYJIaMH,
COCTOSIILIMMU M3 aHUOHCOJEPKAIllUX aTOMOB Kuciiopoga. HapyiieHue oKuciIuTenbHO-BOCCTaHOBUTEIBHOTO
OanaHca KJIETOK MOXKET ObITh BBI3BaHO CHH)KEHHEM BBIPAOOTKH aHTHOKCHIAHTOB MJIM M3MEHEHUEM HX CII0C00-
HOCTH BOCCTaHABIIMBAaTh OKHCIUTEIbHBIC TTOBpEXKAeHHs. CIeICTBUEM STHX MPOIIECCOB B KJIETKAX CTAHOBHUTCS
AKTUBAIIMS CUTHAJILHBIX KACKaJIOB, IPUBOJIAINAS B HTOTE K IMTOTOKCUYHOCTH. B padote [55] Oblia mpeioxkeHa
HepapxuyuecKasi MOJIeTb Pa3BUTHSI OKUCIUTEILHOTO CTpecca sl JallbHEHIIeT0 00BsICHEHHS TOBPEXKICHUI
KJIeTKY, onocpeaoanubix HY. B aToit Mmogenu peakuus 1-ro ypoBHS XapaKTepU3yeTCsl yCUICHUEM aKTUBHOCTH
AHTHOKCHJIAHTHBIX CHCTEM, 32 HEHl cleqyeT peakuus 2-T0 ypOoBHs, BKJIIOYAIONIAs aKTHUBALINIO0 CUTHAIBHBIX Y-
teit NF-kB (cemeiicTBO TpaHCKpUTITHOHHBIX (hakTopoB) i MAPK (MuTOreHaKTHBHpYEMasi MPOTEeHHKHHA32)
U 3allyCKaloliasl peakiyio 3-ro ypoBHS, KOTOpas MPUBOIUT K TMOENN KJIETOK IO MyTH anonTo3a. Mcxons u3
aHaJIM3a JTUTEePaTypPHBIX JAHHBIX, ObUT BBLABHHYT MOCTYNAT 0 ZnO-WHAYITUPOBAHHOM TIOBBIIIEHIH COIEPIKaHUS
A®K B paznuuHbIX TUMax kieTtok. [loka3aHo, 4To MoOlIHAs aHTUOKCUAAHTHASI aKTUBHOCTD KieTok BEAS-2B
nocJje npeasapurensHoi nakyoanuu ¢ H,O, nomoria uM nydine nepeHocuts Bozaeiictsue HY ZnO [56]. Otot
pe3yNbTaT CBUICTEILCTBYET 00 ICCEHIIMAIBHOMN PO IMOIEPKAHHS KIIETOYHOTO OKHUCIUTEIHHO-BOCCTAHOBH-
TENLHOTO OanaHca B PU3HOIIOTHUECKOM TUara3oHe B MPoLecce BBKUBAHUA KIIETOK py BozaeiicTBiur HY ZnO.
UToOBI TOHATE, ontocpenoBano oopazoBanne ADK BozmeiictBrem HU ZnO mimm ke BX ITUTOTOKCHYHOCTHIO,
aBTOPBI paboTHI [57] U3y4nIIN CIIOCOOHOCTH KIETOUHOM TMHUU AS549 MPOsBIATh aHTHOKCHIAAHTHBIN OTBET MOCTIe
BO3JICHUCTBUS CyOLuTOTOKCHYecKor KoHIeHTparuu HY ZnO. O Hanuyuu 0TBETa CBUAETEIHCTBOBAJIO MOBBI-
HICHHOE COJEPKaHUE MapKepa OKUCIUTENbHO-BOCCTAHOBUTENBHBIX ITPOLIECCOB — TeMOKCUreHas3bl- 1. Makcumym
€ro KOHIICHTpalUK ObUI JOCTHTHYT 4epe3 6 u mocie BozaehicTeus HY ZnO, npu 3ToM 0azaibHbId YPOBEHb
HaOmoancs yxxe ciycrts 24 4 mocie Bo3aeicTBus. bputo BhICKa3aHO MPEATIONOKEHHE O TOM, YTO HaJUIHe
n30bITKAa MOHOB IIMHKA B KJIeTKax rmpu Bo3aeiicterun HY ZnO MoXkeT BbI3bIBATh HAPYIIICHUE PABHOBECHSI B ZNn-
3aBHCHMOM aKTHBHOCTH JAHHOTO O€JIKa 3a CYeT MHAKTUBAIINA KJIIETOYHBIX OKACITHTEIHHO-BOCCTAHOBUTEIBHBIX
cHCTeM, KOTOPOE U ITPUBOJUT B JanbHeieM K rudenu knetok. [Tokazano, 4To upe3mMepHast SKCIpecchs TAKOTro
AHTHOKCHUJIAHTHOTO (DEPMEHTa, KaK MUKPOCOMallbHas TIIyTaTHOH-S-TpaHcdepasa-1, He crioCOOCTBYET CHUXKE-
HUIO LUTOTOKCMYHOCTH B KJIETKAaX paka MOJIOUHOM >kene3bl uenoBeka MCF-7, nonBepriuxcst BO31eUCTBUIO
HY ZnO. D10T pe3yasrar MOT OBITH CBsI3aH C MIPSIMBIM HHTUOMPOBaHUEM JAHHOTO ()epMEHTa PaCTBOPCHHBIMHU
HOHAMU ITHKA [58].

Takum o6pazom, Bozueiicteue HU ZnO HapyaeT BHYTPHKIETOUHBIH TOME0CTa3 HOHOB LIMHKA, YTO IPUBOIUT
K roBbIeHnto coaepkanns ADPK. B cBoio ouepes, cMenieHrne KIETOYHOTO OKUCINTETbHO-BOCCTAHOBUTEIBHOTO
OasaHca B CTOPOHY OKHCIUTENeH HHAyIupyeT Habmonaempie Tokcndeckne 3ddextst HY ZnO, Bkittowast poct
KOHIIEHTPALIUH IIPOBOCIIAJIUTEIBHBIX MAPKEPOB, MHULIMAIIMIO ITPOIIECCOB OKUCIUTENFHOTO CTPECCa U AKTHBALIUIO
aroTNTOTUYECKIX CUTHAIBHBIX MyTeH, MPUBOSIINX B JAITBHEUIIIEM K KIIETOYHOM THOCITH.

Hurorokcuunocts HY ZnO, cBsi3aHHAs € 3aIyCKOM anonTo3a. [loMruMo Toro, 4To MUTOXOHIPUHU SBIISTFOTCS
OCHOBHBIMHU SHEPreTHYECKUMU OPraHeJJIaMH KJIIETKH, OHU TaK)KE YYaCTBYIOT B PETYJISILIMU €€ CUTHAJIBHBIX ITyTEH,
KOTOpBIE YIPABIISIOT MpOIleccaMu amnomnro3a. Jlenonsipusanus MUTOXOHApUaIbHON MeMOpansl UHM moxer
BBI3BATh THOEIH KJIETOK, KaK OBIIO MTOKAa3aHO HA TIPUMEPE KIIETOK a/IEHOKAPIIMHOMBI JIETKUX uenoBeka H1355,
nofBeprimuxcs Bo3aericteuio HY ZnO [59]. XapakrepHble 0COOEHHOCTH KIIETOK, B KOTOPBIX 3aITyIIEH ITPOIECC
aronTo3a, BKIIYaoT pU3nYecKie U3MEHEHHS B IMTOILIA3Me, TIa3MaTHueckoil MemOpane u siupe. OTMedeHo,
gto HY ZnO mipu B3auMOIEHCTBUN C KJIIETKAMH i71 Vitro MHAYIUPYIOT HECKOIBKO CUTHAIBHBIX IyTEH, KOTOPHIC
Y MPUBOMST K allONTOTUYECKON TnOenu KiaeToK. [Ipu 3ToM yCTaHOBJICHO, YTO KMMEHHO CHTHAJIBHBIC IyTH pS3
1 p38 BOBJICUCHBI B alTONITOTHYECKYIO THOCb KIETOK, HHIyIIpoBaHHy0 HY ZnO. ABTops! padot [60; 61] mpo-
JIEMOHCTPHUPOBAIIH TTOBBIIIICHHYIO aKTUBHOCTH MPOAMTONITOTUYECKUX TEHOB Kacmasbl-3, Oenka Bax u Oenka p53,
BBITOJTHSIONIETO (PYHKITUIO OMYXOJIEBOTO cynpeccopa, Hapsaay ¢ pparmenranueit JJHK mist knetok HepG2
" 1epMaibHBIX (prOpobiacToB yenoBeka, oopadoranabix HY ZnO. HemaBHee ucciieqoBanme, IpoBEACHHOE Ha
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TaHTTIMO3HBIX KJIETKaX ceT4aTKu rasa kpbickl RCG-5, nmokaszano, uro yBenudenue cogepxanns ADOK npusogur
K CBEPXIKCIPECCUH Kacmasbl-12, akTUBAIlMK OKHCIUTEIBFHOTO CTPecca B SHOIIA3MAaTHYECKOM PETHUKYIyMe
1, COOTBETCTBEHHO, THOEH Ki1eToK [62]. bpiio otMeueHo, uro NOX2-¢harouuTtapHsiii (pepMEHTHBIH KOMILIEKC
HA I®H-oxcunassl SIBISIETCSI OCHOBHBIM HCTOUYHIKOM 00pa3oBanust ADK u nHaykmu amonrto3a u (Win) HEKPo-
3a. VI3BecTHBIE peIOKC-UyBCTBUTENIBHBIC ITyTH, TaKHe Kak Kackaja Nrf2 (aHTHOKCHIaHTHBIN TPAHCKPHUITIIUOHHBIN
SIEPHBIN (aKTOp, CBI3AHHBIN C SPUTPOUIOM-2), MOT'YT CITIOCOOCTBOBATh ITUTOTOKCUYHOCTH Makpodaros [63].
Henasuee uccnenonanue aeiicteus HY ZnO Ha KyIsTypy HEpBUYHBIX aCTPOIIMTOB KPHICH TTOATBEPANIO POIIH
curnaibpHoro myTa JNK (N-koHIeBas kMHa3a c-Jun) B pa3BUTHH amonro3a [64].

AJBTEpHATUBHBIM allONTOTHYECKUM MEXaHM3MOM KJIETOYHOHN rubdesnu sBiseTcs ayTrodarus, mpu KOTOPOn
KJIETKa BBDKUBAET, HO €€ KOMITOHEHTHI JJOCTABIISAIOTCS BHYTPh BE3UKYJI, Ha3bIBaeMbIX ayTodarocomamu. B ko-
HEYHOM WTOT€ OHM CIHBAIOTCA C JIN30COMaMH, YTO MIPUBOIUT K Pa3pyLISHUIO MHKATICYIMPOBAaHHOTO MaTrepua-
na [65]. [Tokazano, uto Bo3aciicTBe HY ZnO Ha KIETKU 2MHAEPMHUCA MBI CIIOCOOCTBYET 00Pa30BaHUIO
ayTo(harnyeckoi BaKyOJIH C MOCIEAYIOMIeH MUTOXOHAPHAIBHON Auc(hyHKINeH 1 rubenbio Ki1eTok [66]. Tem
HE MEHEE MPUMEUATENIbHO, YTO JJIS JIEHKO3HBIX T-KiIeTok uenoBeka BozaeicTerue HY ZnO uHUIIMIPOBAIO
aJIBTePHATUBHBIN ITyTh AllONTO3a, HE3aBUCHUMBIH OT Kacmas u HeonocpeaoBanubiiit ADK [67].

[Ton reHOTOKCHYHOCTHIO, 00ycroBieHHO HY, 00b11HO MOHMMAOT IoBpexacHue Kinetounoi JJHK, kotopoe
MOYKET TIPOMCXOIUTH JIH00 HeOCpeICTBEHHO (13-3a B3anmoencTBus HY ¢ simepHbIM MaTepraioM), 1100 Koc-
BEHHO (M3-3a MoBbIeHus cofepxkannd ADK, 1pyrux peakTHBHBIX HOHOB MJIM MEXaHUYECKOTO TOBPEXKICHUS).
Mexannzmbl noBpesxaeHnst JJTHK MoryT ObITh HeakTHBHBI UITH JIasKe CHIKEHBI TIPH B3auMOJIeHCTBHH KiteTok ¢ HY
Zn0O, 910 00BSICHSACTCS TeHOTOKCHIEeCKUM moTeHIanoM 3tux HY. [lokazano, ato HY ZnO B KOHIIEHTpaIuu
5 MKT/MII BBI3BIBAIOT 3HaUMTENbHOE IoBpeskaeHue JJHK, o yeM cBuieTenbCTByeT yBeIMUeHNE MOMEHTA XBOCTA
komeThl (Meton JIHK-xomer) B kimeTkax smuaepmuca denoBeka A431 [68]. Cxokue pe3yabTaThl OTyUCHBI
U JUIS SMUTENIMATBHBIX KJIIETOK IPOKCHUMAJIbHBIX KaHalbIeB moyek yenoBeka HK-2 [69]. Taxxke ObLI0 mpoje-
MOHCTPHUPOBAHO KOHIIEHTPAIIMOHHO3aBUCUMOE OKHUCIUTENbHOE noBpexaeHue JJHK, npuBoasiiee x saepHon
koHjeHcaluu, pparmenranuu JJHK, o0pa3oBaHuio B Hell THIIOAMITIONIHBIX SEP U allONTOTUYCCKUX TEJICI] IPU
o0pabotke MakpodaroB HU ZnO [63]. B kauecTBe BO3MOKHOTO OOBSICHEHHUSI TCHOTOKCHYHOCTH TPETIOKECHO
BHyTpusifepHoe pacnpenenenne HY ZnO, koTopoe HaOM0AaN0Ch B KJIETKaX MIO0CKOKIETOYHOTO paka TOJIOBBI
u men genoseka [70]. OgHako 10 HACTOAIIETO BPEMEHU HET TIOJTHOTO TTIOHUMAHUS MEXaHU3Ma TTOBPEKICHUS
JHK HY ZnO, a B xnerkax THP-1, mogsepriummxcs BO3NEHCTBUIO HAHO- WM MUKpodacTull ZnO, BooOIe He
OBUIO BBIBIICHO PU3HAKOB TeHOTOKCHYECKOTO MOBPEXIeHUs. JJaHHbII pe3yasTaT MOKHO OOBSICHUTE Pa3MepoM
qacTHI] HaHOTOpoIka ZnO, KOTOPHIH UCIIONIb30BaIN uccheaoBatenu (oH npesbiman 100 am) [48; 49]. Tak, Ha-
npumep, 00padoTKa KieTok puOpoOIacTOB Ierkux Kutanckoro xomsika CHL moioKUTenbHO WM OTPUIATENTHHO
3apspkeHHbIMA HY ZnO pasmepom 20 unm 70 HM He PUBOIIIIA K MHIYIIUPOBAHUIO KIACTOreHHOTO d(hdeKTa
(BKITEO9AsI TEHOTOKCUYIHOCTH in vivo) [71].

B c¢Bsi3u ¢ mupokuM ucnosib3zopanneM HY ZnO B kauectBe YD-QHIBTPOB B COTHIIC3AIMUTHON KOCMETHUKE
KpaiiHe akTyaJbHBIM MPECTABISAETCS HCcCieloBaHue BIUAHNA YP-U3mydeHust Ha reHoTokcuaHocTh HY ZnO.
ABTOpBI pabOTHI [ 72] TIOKA3aJIH, YTO B KJIETKaX IMOpHOHANbHON Touky yesnoBeka HEK293 u aMOproHanbHBIX
¢udpodracros meimm NIH/3T3, moaseprayteix Bozzaeiicteuto HU ZnO B xonnentpanuu 100 Mkr/mi, mpo-
ncxoaut nospexaenue JAHK, xors nmocne BozneiictBust YO-B-nznyuenus (280—315 am) Ha KIETKH, TPOUH-
KyOupoBanuble ¢ HU, Habr0am0Cch 3HaYUTEIEHOE CHHIKEHUE TEHOTOKCHUYECKOTo ToTeHIrana. CoBMecTHOe
Bozzeiicteue HY ZnO u YO-A-uznyuenus (315-400 am) nHa kietkn THP-1 nmpuBoansiio Kk HaKOIUIEHUIO B HUX
Takoro xe konuyectsa ADK, kak nmpu Bo3zneicTBun YD-A-uzinydenus B orcyTcTBrue HY, uTo ykaspiBaeT Ha
MuHHMaNbHOE yuactue HY ZnO B MHIYKIIMK TOBPEKICHUHN B JaHHBIX KJIeTKax [73].

3aKjaoueHne

Taxum oOpa3oM, MHOTOUHCIIEHHbIE HccienoBanus TOkCHYHOCTH HY ZnO yka3bIBaloT Ha WX PEAKTHBHYIO
npupony. Llutorokcuueckue peakiuu HY ZnO mMoryT B 3HaYUTEIHHON CTETIEHN 3aBUCETH OT TUIIA HCCIeye-
MO KJIETKH, YCIIOBHUI M BPEMEHH BO3IEHUCTBUS, a Takxke criocoda nomyuerust HY ZnO, o0ycioBiInBaromero nx
OCHOBHBIE (PU3UKO-XUMHUYECKHE XapaKTepUCTHKH. CTOMT OTMETHUTb, YTO HAJIMYUE MOKPBITHIA U (MIJIN) HOHHBIX
npumeceit B HY ZnO Hapsiny ¢ nIpucyTCTBHEM B cpefie HHKyOamu 0enkoB U (1) Gocdaros Takke MOXKET
BJIMATH HA OOIIMI UTOTOKCHYECKUH moTeHnuan yactuil. Pacreoperne HU ZnO BHe KIIeTOK JINOO BHYTPH HX
JIN30COMaJIbHOIO KOMIIAPTMEHTA IPUBOAMUT K HAPYLICHHUIO KJIETOYHOIO FOMEOCTa3a MOHOB IIMHKA, YTO BIIO-
CIeNCTBUM MHAyHpyeT Hakoruienne ADK.

Henasuue nccnemoBanus Takke MPOAEeMOHCTPUPOBaIH CKIOHHOCTE HU ZnO K B3auMOJCHCTBHUIO CO CIIEITH-
(UUECKIMH PEleNTOPHBIMHI MOJIEKYJIaMHU Ha MTOBEPXHOCTH KIIETOK, YTO OOYCJIOBIIMBAET BIMSHIE HA TPAHCKPHII-
L0 IPOBOCHAIUTENBHBIX HUTOKUHOB YEPE3 ONPEAECICHHbIE CUTHAIbHBIE Ty TU. [ToMUMO MMMyHOMOYJISILIAN,
Bozneiicteue HY ZnO in vitro MOXeT NPUBOIUTH K ayTO(paruu, TeHOTOKCUYHOCTH H aIloNTo3y B Pa3IMYHBIX
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tumnax kiaetok. Bo3aeiicteue HY ZnO in vivo mo mepopaibHOMY, HHTpaTpaxeaaIbHOMY WIN HHTATSIIHOHHOMY
MYTH CIIOCOOCTBYET MX HAKOIJICHUIO B )KU3HEHHO BaYKHBIX OpraHax, TaKUX Kak Ie4eHb, TOYKH, CEpALE U JIeT-
KM€, YTO CONPSKEHO ¢ TOKCHYECKMMHU M (WJIM) BOCHAIUTEIbHBIMU HOcIencTBUAMU. ViccnenoBanus in vitro
HIMPOKOTO Jrana3zoHa koHueHTpauuit H4 ZnO MoryT noMous pacuiMpuTh CyIIeCTBYIOLINE TOKCUKOJIOTMUECKIe
npeacTaBieHust 00 3ToM HaHoMarepuae. JleraibHoe HOHUMaHUE UTOTOKCHYECKOTO U BOCHIAIINTENIBHOIO MO-
teHana HY ZnO nexuT B OCHOBE BCECTOPOHHETO M3y4EHHUSI BOBMOYKHOCTH MX JAlbHEHIIETro MPUMEHEHHUS
B OMOMEIMLIMHCKOM CEKTOpE.
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Abstract. The use of microalgae for the production of biohydrogen is one of the promising areas of modern biotech-
nology and applied algology. In green microalgae cells, the process of biohydrogen synthesis is carried out in the electron
transport chain of chloroplasts by the enzyme [FeFe]-hydrogenase and serves as a physiological adaptation to anaerobic
conditions. A detailed understanding of the mechanism of biohydrogen synthesis makes it possible to more efficiently
use microalgae as a source of environmentally clean fuel. This analytical review examines the mechanisms of H, biopro-
duction and its potential roles in physiology, as well as approaches to stimulating H, production for biotechnological
purposes.

Keywords: algae; biohydrogen; hydrogenase; nutrient deprivation; photobioreactor.

BBenenune

Ha ceromusiiawmii ieHb OONBIION HHTEPEC MPEACTABISET KYJIBTHBHPOBAHIE aBTOTPOPHBIX MHKPOOPTaHU3-
MOB, TaKUX KaK 3€JCHBIC MHKPOBOAOPOCIH, B IIEISIX MPOU3BOACTBAa Oromacch [ 1-4]. Ucmonb3ys B kKauecTBe
MCTOYHWKA SHEPTHUHU COTHEUHBII CBET, OHM CIIOCOOHBI HApaIBaTh OONbIINE 00BEMBI OPTaHUYECKO MaTepuu
Y CHHTE3MPOBATh I1eJI€BbIe COSANHEHHUS, YTO JeJIaeT UX MPUBJIEKaTeIbHBIM 00bEKTOM IS OnoTexHomoruu. Oco-
OEHHO MePCIeKTUBHBIM ITPEICTABIAETCS UCTIONH30BAaHHE MUKPOBOIOPOCIIEH KaKk HCTOYHMKA TOTUTMBHBIX PECYPCOB,
TaKUX KaK BOJOPOJHOE TOILIMBO (MOJIEKY/IsIpHbIH Bonopox (H,) 1 npousBoanuMblil OMOI0rHu4eCcKUMU CUCTEMAMU
o6uosomopon) [5].

Crioco6HOCTh MUKpOBOZOpOCiell cunTe3upoBars H, u3BectHa ¢ Hauasna 1940-x rr. [6]. OgHaKo TONBKO
C HEJIaBHETO BPEMCHU JIAaHHBIH ()EHOMEH paccMaTpUBaeTCs B KaueCTBE MCTOYHMKA MOJMYYCHUS] OMOBOIOpOIA
B MPOMBITINIEHHBIX MaciTabax [7; 8]. BBumy aToro B mociieiHIe ACCATHIICTHS YCHUITIIUCEH UCCIICTIOBAHMS METa-
00M3Ma MUKPOBOIOPOCIICH, CBA3aHHOTO ¢ poykuueii H,, a Takske HHTEHCH(UIMPOBAIICH Pa3pabOTKH B 00IACTH
MIPOMBIIIUICHHOTO TOTyYeHUsT OMOBOAOPOa C TOMOIIIBIO KYJIBTYP dYKApHOTUUECKIX MUKPOBOOpOCIei [9—12].

Lesnbro HacTosILEH PpabOTHI ABJISLICS KPUTUUECKUH 0030p U aHAJIM3 COBPEMEHHBIX UccieoBaHuil cuntesa H,
3€JICHBIMUA MHKPOBOJIOPOCIISIMH U €T0 (PU3UOJIOTUIECKON POIH B KIIETKE, & TaK)Ke UCCIIe/IOBaHMH, HallpaBJICH-
HBIX Ha Pa3paboTKy 3((EKTHBHBIX MOJXOM0B K CTUMYJISIIIMU TeHEepauu OMOBOJ0po/ia (PU3HKO-XUMUUECKUMH
METO/IaMH.

buocunres H2 3€JICHBIMU MUKPOBOAOPOC/ISIMHA:
MEXaHU3M 4 POJIb B (1)]/]31/10.]101"1/11/1 KJICETKH

buocuntes H, Bctpedaercs y paga 6akrepuil 1 MUKPOBOLOPOCIEH, NPUHAIICKAIINX K PA3IMUHbIM TaK-
coHoMudeckuM Tpymmam [13—15]. OH oCymecTBIsSeTCS ¢ TIOMOIIBIO Pa3HBIX OHOXUMUYCCKUX MEXaHM3MOB
U SIBIISIETCS CIICACTBUEM Pa3IMUHBIX (pr3uonorndeckux ananramnuii [9; 16]. Cormmacao pabdote [16] B mpupoae
CYIIECTBYET HECKOJIbKO IyTel OnmocuHre3a H, Ha cBery: 1) KMCIOpOnHBIN (POTOCUHTE3 B COYETAHUU C IIPO-
u3BoacTBOM H,, kotopoe karanusupyercs [FeFe]-rugporenasoil (xapakTepHo Isl 3€J€HBIX MUKPOBOIOPOC-
neit) [6]; 2) kucnopoaHbli GOTOCUHTE3 B COYETAaHUU C NIPOU3BOACTBOM H,, Karanu3upyeMbIM HUTPOTr€Ha30MH
(cBoiicTBeHHO IMaHOOaKTepusiM) [13]; 3) HeOKCUreHHBIH (POTOCHHTE3 B COUETAHUU C IIpou3BoacTBoM H,, Ko-
TOpPOE TAKXKE KaTATH3UPYETCS HUTPOTEHA30M (M3BECTHO TSI Iy PIYPHBIX OakTepwmid) [15].
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O6pa3zoBanue H, nmeer Gonblioe 3Ha4eHUE AT KJIETKH, TaK KaK OHO MUTPAeT POjb aJIbTEPHATHBHOTO ITyTH
MeTabou3Ma B aHadpoOHbIX ycnoBusx [10; 16; 17]. Ilpou3BoncTBO BOAOPOAa KIETKAMHU 3€JICHBIX MUKPOBO-
JOpOCIIel Ha CBETY HEPa3pBIBHO CBSI3aHO C PEAKIMSAMHU (OTOCHHTE3a W BBICTYIAET OJHUM M3 aHa’pOOHBIX
MEXaHU3MOB PETYIALNH TPAHCIIOPTA JEKTPOHOB U CONPSLKEHHBIX ¢ HUM Iponeccos [16]. Beinenenne H, no-
3BOJISIET TIOJJIEPIKUBATh ITOTOK AJIEKTPOHOB, HEOOXOAUMBIH [yt TeHepanun ATD [16].

[ponykuns H, 3enensIMu MUKpOBOIOPOCISIMU BIepBbIe Oblia onucana 6omnee 80 ner Hazaz [6]. [Ipu sTom
HPOAEMOHCTPUPOBAHO, YTO B AHAIPOOHBIX YCIOBHUSX 3€JI€HbIE MUKPOBOIOPOCIIHU CIIOCOOHBI BEIAEATh H, Kak
B TEMHOTE, TaK M Ha CBETY [6]. B manpHeimeM moka3aHo, 94To IJIsl CHHTE3a BOJOPO/IA B XJIOPOTIacTax HE0O0-
XOAMMO HAJIMYUE CIICIMANBHBIX (PepMEHTOB, KOTOpBIE OyIyT OocymecTBIATh popmupoBanue H, [11; 18-20].
Takyro (QyHKIHIO BBIIOIHIIOT GepMeHThI ceMeiicTBa rujaporeHas [11; 18; 19]. /lanHble (epMEHTHI UIPAIOT
BaYXHYIO POJIb B 3aIIUTE KJIETKH OT N30BITKA 3JIEKTPOHOB, 00Pa3yIONMXCS B YCIOBUAX aHAIPOOHOTO CTpecca Ha
CBETY, TEM CaMbIM TPEI0TBpaIias moBpexaeHne (GorocuHTeTndeckoro anmapara [19]. ['maporenassl apistoTCs
(hepMEeHTaTHBHBIMH KOMIUIEKCAMU, COCTOSIIIMMH M3 OTHOM WIIN HECKOJIBKHUX cyObequauil. OHH KaTallu3upyoT
00paTuMoe BOCCTAHOBJICHUE TIPOTOHOB 10 MOJIEKYJIIPHOTO BOAOPO/IA CICAYOIIMM oopa3om [19]:

2H" +2e <> H,.

OcoObIii MHTEpEC MPEACTABISIFOT BOZHUKHOBEHHE U CIICIIUATH3AINS THIPOT€HA3 y 3elIEHBIX MHKPOBOO-
pocIielt, a TakKe YCTaHOBJICHHUE X TECHOTO B3aUMOJICHCTBHSI ¢ POTOCHHTETHYECKUM armaparoM [11]. B kaue-
CTBE OCHOBHOI BEpCUH ITPOUCXOXKIEHUS BOAOPOCIEBON THPOTe€Ha3bl pacCMaTprBaeTCsl TOPU30OHTAJIBHBIH I1e-
PEHOC TEHOB OT MPEACTaBUTENCH HEPOTOCUHTETHUECKUX DaKTEPUH K MPEIKY COBpEMEHHBIX Bojopocieii [20].
B xone sBomonnu y Bogopociei chopMupoBaics MeXaHH3M JIOKaTU3allui THAPOTeHa3 B XJIOPOIJIacTe, Iie
MIPOUCXOISIT UX CHHTE3 U MOCTTPAHCIAIIMOHHAS Moaudukanuys [ 18].

[FeFe]-runporenassl xapakrepusyrorcs HaanuneM H-knactepa B karanutudyeckoM 1eHTpe [11]. Mexanusm
00pazoBaHus MOJIEKYIIPHOTO Boopoaa ¢ momoisio [FeFe]-ruaporenassl peanuzyercs crenyommm oopa3om:
MOCPEACTBOM (PePPEIOKCUHA AIISKTPOHBI JIOCTABIISIOTCS K MECTY CTHIKOBKH psijioM ¢ [4Fe4S]-kiactepom, o1-
KyJa OHU TiepeHocsTca B H-kmactep, BocctanaBinBas AuctaiabHbIi aroM xkene3a(ll) [11]. BoccranoBnenubiit
arom Fe(Il) crabumusupyetcs 6maromapst mpucytcTBuio qurangoB CO u CN. [IpoToHHBIH Ty Th OT TOBEPXHOCTH
0erKa K KaTaIMTHYEeCKOMY Y4acTKy U3y4eH He 710 KOHIA. BeposTHO, OH BKIIFOUAeT OCTATOK IUCTEHHA, PacIo-
JIOEHHBIH psiioM ¢ H-kiractepoM U JeCTBYFOIINI KaK KOHEYHBIN CalT CBA3BIBAHUS JIJISI OTHOTO U3 TTPOTOHOB.
Bropoii npotoH, no-sunumomy, csazbiBaercs ¢ Fe(1l). Koneunas peakuus BKIroyaeT mporece, B Xo4e KOTOporo
00pa3yIoImuiics THAPUI-aHUOH PEKOMOMHUPYET CO CBA3aHHBIM IIPOTOHOM U BbLeNsieTcs B Buje rasa H, [11; 16].

AXTHBHBIH LIEHTp (hepMeHTa, Ky/ia MepeHOCsTCS IEKTPOHBI OT PeppelOKCHHA, YyBCTBUTENICH K KUCIIOPOLTY,
YTO JIMMUTUPYET €CTECTBEHHOE Pon3BoAcTBO H, B KUCIOPOAHBIX ycaoBUsX [16]. AKTUBHOCTH I'MAPOre€Ha3bl
WHTUOMpPYETCA 3a CUET MOJaBIECHHS IKCIIPECCUU TeHOB /)d, OKHCIUTEIBHOTO TIOBPEXKICHHS KaTaTMTHIECKOTO
LIEHTpa U HapyIIeHHs Iporiecca co3peBanus ¢pepmenTa [11; 21]. Ha cBeTy aHa3poOHBIE yCIOBHSI HACTYTIAIOT, KOT/Ia
CKOPOCTH (POTOCHHTETHYECKOTO BblAEIeHHsI O, CTAHOBUTCS HIYKE CKOPOCTH MUTOXOHIPUAILHOTO JIbIXaHus [22].

[Tpu HOpMaJIBHBIX a9POOHBIX YCIIOBHUSIX B XJIOPOILIACTAX 3€JICHBIX MUKPOBOJIOPOCIICH OCYILIECTBIISIETCS 00bIY-
HBIU TIporiecc poTocHHTE3a, CBOMCTBEHHBII BCEM aBTOTPO(HBIM OpraHu3MaM. DHEPrusi CBeTa yJaBIUBACTCS
CBETOCOOMpAIOINMHU OeTKaMH pPeaKIIMOHHOTO TeHTpa ¢orocucTteMbl-2 (PC-2) U UCTIONB3yeTCs IS pacIIen-
JICHUS BOJIBI HA MOJICKYJIBI KHCIIOPOa, TPOTOHBI M 3JIEKTPOHHI [17]. DTH POTOCHHTETHYECKHE JIEKTPOHBI T10-
CPEICTBOM CEPHH OKHCIUTEIFHO-BOCCTAHOBUTEIFHBIX PEAKIIUH IMPOABUTAIOTCS 10 AIEKTPOH-TPAHCIIOPTHON
Henu uepes kommieke nuroxpoma bef u porocucremy-1 (PC-1) k xenezocepHomy 6enky heppenokcuny, ko-
TOPBIM 3aTEM NEPEHOCUT CBOU AIEKTPOHBI HA HAJI®", BoccranapmuBas ero 10 HAJI®H. B cBoro ouepenb,
HAJI®H siBasieTcst He0OXOIMMbIM KOMIIOHEHTOM JiJIsl ()YHKIIMOHMPOBaHUs 1TuKjIa KanbBrHa, Tr/ie IPOUCXOAST
¢uxcanus CO, 1 GMOCHHTE3 BaKHEHIIUX I KJIeTKU BewecTs [16]. B aHa3poOHbIX ycinoBusX (heppesoKCUH
BMECTO 3TOTO OT/IaeT CBOM 1eKTpoHHI [FeFe]-runporenase [11]. Takoit myTs n3BeCTCH Kak MpsMoii OmodoTo-
JIU3 ¥ CBOWCTBEH MCKIIOUMTEIBHO 3€JIeHBIM MUKpOBOpopocisiM (puc. 1). Bogopox ob6pasyercs B pesynbrare
pacuieryienus Boabl @C-2 B aHa’poOHBIX YCIOBUAX. B oTcyTCTBHE KHMCI0pOaa cBETOBas SHEPrus, coOpaHHas
®C-1 u ®C-2, NTMHEWHO MEePEHOCUT JICKTPOHBI OT BOJBI K (PePPEIOKCHHY:

2H,0 + cetr = 2H, + O,.

[TpousBoacTso H, sykaproTHuecKUMH 3eJICHBIMA MUKPOBOAOPOCIIAME ITyTEM MPAMOro 01odoTosnsa Tpedyer
OT HECKOJIbKAX MHHYT JI0 HECKOJIBLKMX YacoB aHadpoOHOM mHKyOarmu B TeMHoTe [23]. Ilpu nepeHoce Kyib-
TYpBI U3 TEMHOBBIX aHa3POOHBIX YCIOBUI Ha CBET BBIXOJ] BOAOPO/Ia BO3PACTAET HAa HECKOJIBKO MOpAKoB [17].
Onnako akTuBHOE BbliesieHHe H, HOCUT BpeMeHHbIH XapakTep, [IOJHOCTbIO 3aTyXasl B TEUEHUE HECKOJIbKUX
MUHYT. IMEHHO 3TOT ()éHOMEH CTaJl EPBBIM 10Ka3aTeIbCTBOM (OTOOOpa30BaHMs BOAOPO/A Y 3€JIE€HBIX MUKPO-
Bontopociiei [6]. CkaukooOpa3HbIil BRIOPOC BOIOPO/IA B YKA3aHHBIX YCIOBHUSX SBIISIETCS CIEICTBUEM OBICTPON
MHTyKIMH (H)OTOCHHTETHYECKOTO TPAHCIIOPTa dIeKTPOHOB H BOCCTaHOBIeHHs Beppenokcuna u HAJID' B xopo-
iacte, noka (epMeHTHl nrkia KanbBuHa HaXoAsTCS B MHAKTUBUPOBAHHOM COCTOSIHUM IMOCIE MHKYOAaluu
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B TemHOTe [24]. [Ipnunnoii 3aTyXaHus mporiecca BHICTYIIAET, BO-TIEPBBIX, A€3aKTUBAIINS THIPOT€HA3bl B TIPU-
CyTCTBHUHM Kuciopoza [21], a Bo-BTOpbIX, akTHBaLXs (epMEHTOB TeMHOBOH (a3bl. buocuntes H, konkypupyer 3a
3JIEKTPOHBI C IPYTUMH BOCCTAHOBUTEJIBHBIMH Iy TSIMHU, IIpesx e Bcero ¢ accummsinuei CO,. B uccnenosanusx
OBLIO MPOAEMOHCTPUPOBAHO, YTO KpaTKoBpeMeHHas BeipaboTka H, y Buna Chlamydomonas reinhardtii naubonee
BbICOKa TIpH HU3KOH KoHUeHTpauu CO, u Haobopor [25]. AnurensHas BeipaboTka H, B oTcyTcTBHE HKCa-
muu CO, nmpennonaraet HeHTpanbHyto poib [FeFe]-ruaporenassl B noanep:xanuu GporocuHresa Boxopocieit
U TIPUCIIOCOOICHUH KIIETOK K OECKUCIOPOIHBIM YCIIOBHSIM, @ TAKXKe 3alliIaeT GOTOCHHTETHYESCKHH armapaT
ot noBpexaeHuit [17]. B cnmydae nnaktuBanuu nukia Kaaseuna nmorpednenane AT® nu HAJI®H cumxaetcs,
YTO 00yCIIOBIMBAET YBETUUECHNE IUKITNIECKOTo TpaHcnopta uepe3 dC-1, TeM caMbIM cTIOCOOCTBYS CHIBHOMY
TTOJTKHACIICHUIO JIIOMEHA THJIaKouia. B cBOIO odepens, MOJKUCIICHNE JTIOMEeHA 3aITyCKaeT MeXaHU3Mbl (OTO3a-
LIMTHOTO TYLIEHUSI IS pacCceHBaHMs N30BITOUHOM SHEPIUH, a TAKKE 3aMeJJIsieT OKUCIIeHue miactoxuHona (PQ)
KOMIIJIEKCOM IIUTOXpoMa b, f, crieficTBIEM Uyero sSBIsAI0TCA BOCCTaHOBICHUE Tyna PQ 1 yMeHblIeHHe nepeHoca
anexTpoHoB u3 O@C-2 [22]. Bee 3T0 B KOHEYHOM UTOTE MIPUBOIUT K (DOTOMOBPEKICHUIO poTocuctem [17; 22].
I'maporenasa MOXKeT BBICTyNaTh B KAY€CTBE KOHEUHOTO aKIENTOPa 3JIEKTPOHOB B CIydae Ae3aKTHBAINH ITHKIIa
KameBuna [11]. MyTtanTHbIi pubyno3oducdocdarkapdbokcmnazoneunntaenii mramm C. reinhardtii ipope-
MOHCTPHPOBAJI CIOCOOHOCTH MPOU3BOAMUTE 3HAUNTENbHBIE KonuecTBa H, B cepoconepkamieii cpene. B rakom
cllyyae THApOreHasa, No-BUANMOMY, 3aMeHsieT K1 KalbBuHa B KauecTBE KOHEYHOTO aKLIENTOPa AIEKTPOHOB.
B 5TOM MyTaHTHOM IITaMMe, KOTOPBIN MOYTH HE HAKAIUIUBAET KpaxMmall, 31eKTPOHBI Ui BeiaeneHus H, no-
CTYMAIOT MPEUMYIIIECTBEHHO 3a c4eT paciieruienus Boas B GC-2 [10].

YcTaHOBIICHO, YTO OCHOBHBIM MeXaHU3MOM npoaykuuu H, sisisercs npsmoit 6uodoronus, umm OC-2-3a-
BHCHMBIH ITyTh, TPH KOTOPOM UCTOTHHUKOM IEKTPOHOB CITYXKHT (hoToym3 Bomsl [9; 16]. Oqrako OC-2, mo-BHIIMOMY,
HE UrpaeT KIYEBYIO poiib B BbleneHun H,, a ee yuactue B nmponecce ¢axynasratisHO. B 1o ke Bpems PC-1
yuacTtByeT Take B @C-2-He3aBUCHMOM ITyTH 00pa3oBanust Bogopoaa [10]. DToT myTh Ha3bIBaeTCsl HEMIPSIMBIM
O6rooTONM30M, UK aHaPOOHOI TEMHOBOH (epMeHTanuel (cM. puc. 1). B taHHOM ci1ydae HCTOYHHKOM 3JIEKTPO-
HOB SIBJISIETCSI OPraHMYECKUH CyOCTpaT, MOIBEPTHY THIH OKHCIUTEIFHOMY pacilierieHu 0. B kadecTBe mepeHocurka
anekTpoHa BeicTymaeT Mmojiekyna HAJI(®)H, kotopas mocpencteom HAJI(D)H-11acTOXMHOHOKCHAOPETYKTA3bI
repeaeT MeKTpoH Ha Myt PQ, OTKya OH mpoaBHTaeTcs 1ajiee Mo EKTPOH-TPAHCIIOPTHON LENH Yepe3 IIUTO-
xpoM bf, mnactonmanus, @C-1 u pepperokCHH, B KOHEUHOM UTOre Nonagas Ha TUAporeHasy [26].

H,

OKHCIeHNe SHI0TeHHBIX U 9K30T€HHBIX
OpraHMYEeCKHX CyOCTpaToB

HAJI(®)H

Crpoma
XJIopoIuIacTa

ATD + Oy

NNAA
VWV

AN\ e\
VVVVV e/

H,0

JIromen

Puc. 1. Mexannsm cunresa H, B 91eKTPOH-TPaHCIOPTHOMN LieTIH HA MeMOpaHe THIAKOHa
(ITut byf — nuroxpom bef; PC — nnacronmanun; Fd — deppenoxcun; @H — docdar).
KpacHast cTpenka yka3bIBaeT IIyTh IEPEHOCA BOCCTAHOBHUTEIBHBIX SKBUBAJICHTOB TIPU IIPSAMOM OGuodoToiuse,
3eJIeHas CTpeJIka — IPY IPSIMOM | HelpsiMOM OnogoToin3e
Fig. 1. Mechanism of synthesis of H, in the electron transport chain in the thylakoid membrane
(ITut byf — cytochrome b,f; PC — plastocyanin; Fd — ferredoxin; ®u — phosphate).
The red arrow indicates the pathway of transfer of reducing equivalents during direct biophotolysis,
green arrow — during direct and indirect biophotolysis
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B temHOTE 1IpH (pepMEHTATUBHOM OKHCJICHWHU DHJOTEHHOTO Kpaxmala 00pa3yloTcsl TaKhe MPOIYKTHI, KaK
(hopmuar, arerat u 3TanHon B cootHomenuu 2,07 : 1,07 : 0,91 [27]. [lomuMo 3HIOTEHHOTO Kpaxmalia, B Kade-
CTBE MCTOYHHUKA DJICKTPOHOB MOTYT BBICTYIATh DK30TCHHBIC YIIIEPOCOEPKAIIIE COSTUHECHUS, B YACTHOCTH
artetat [28]. Amerar uMeeT O0IbIIoe 3HaYeHHEe Kak cyOocTparT M abixanus [29], a Takke BO3MOXKHBIHN JT0TIO-
HUTEJbHBINA HCTOUHMK 3JIEKTPOHOB [yl 0Opa3oBanus H, npu nedunure cepsl [8]. MeTaboiau3M anerara Urpaet
BayKHYIO POJIb B Iporiecce cuHre3a H, B kieTke. YTunn3anus anerara 3aBUCHT OT OCBEIIEHUS U TPeOyeT 3aTpaT
AT®. CymecTByeT iBa OCHOBHBIX ITyTH, KOTOpbIe MOIIIH Obl 00bsACHUTH 0Opa3oBanue CO, u H, u3 auerara:
1) MK TMMOHHOM KUCTIOTHI; 2) IIUKJI TIIMOKCUJIATa, CBA3aHHBINA C TIPEBpaIllEHUEM CYKITMHATa B yIiieBo [28].

CornacHo JIUTepaTypHbIM JaHHBIM BbieneHne H, 3a cueT 3HA0reHHOro cy0cTpaTa MOIHOCTRIO OIOKHPO-
BaJIOCh HHTUOUTOPOM JIBIXaHUSI PTOPYKCYCHOM KHCIOTOH, HO 3ddekra co cropons! 3-(3,4-nuxnopdennn)-1,1-
TUMETHIMOYEeBUHEI (nanee — 3,4-J1J]IM) [30], snsrometics marnoutopom @C-2, He Habmoganocsk [28]. [Tomy-
YCHHBIC PE3YJbTAThl YKA3bIBAIOT HA TO, YTO B ATHX YCIOBHUSIX PEAKIINS MOJTHOCTHIO 3aBHCUT OT OKHCIUTEIEHOTO
MeTa0oau3Ma yriepoja B OmIM4YMe OT (OTOXUMUYECKOro IMyTH BbiaeneHus H,, xorna 3,4-1/IM oxa3biBaeT
WHTHOUpYIOIIee AelcTBUE Ha POayKIHio Bogopona [10; 12]. B ciydae ucronb30BaHus 3K30T€HHOTO areTara
no6asnenue 3,4-J1/IM cHuxaeT ero norolieHue. AHa3po6Hoe npespaienue aterara B CO, u H, no uncromy
3 eKTy SKBHBAJICHTHO OKUCICHUIO B IIMKIIAX JTMMOHHOW KHCJIOTHI U TIIMOKCHIIATa, OTIIMYHE COCTOUT B TOM,
gro obpasyercst H,, a ne H,0. Dnextponsl nepenocstes Ha myn PQ 6iarogapsi BOCCTaHOBICHHBIM ITUPUAMHO-
BBIM HYKJIeoTHaM [26]. Y Bogopocieil (epMEeHTHI IIMKIIOB JINMOHHON KHCIIOTHI U ITTMOKCHIIATa PACTIONOKEHBI
B MUTOXOHJIPUSIX U IIUTOILIA3ME COOTBETCTBEHHO. Ha 0CHOBE HEMPOHMUIIAEMOCTH 000JI0UKH XJIOPOTIACcTa JIst
MUPUINHOBBIX HYKJICOTHIOB OBIITO BEICKA3aHO MPEIIOI0KEHHIE O TOM, YTO MEXKJLy MUTOXOH/IPHSIMH, IIUTOILIA3-
MOW | XJIOpOIIIacTOM (DYHKIIMOHUPYET NEPEHOCUUK TUKApOOHOBOM KHCIIOTHI, 00€CIIEUNBAIOIINI yTHIIN3AIHIO
BOCCTAHOBUTEJIbHOM SHEPIUH, BbIpAaOaTHIBAEMOM JeTHIporeHa3aMu, ¢ KOHeUHbIM oOpa3oBanueM H, [28].

Cnoco0b1 crumyasuun npoaykuuu H,
KJIeTKaMH 3eJ1eHbIX MUKPOBoO/iopoc.Ieii

HauOonee n3ydeHHbIM cIIOCOOOM MOAJIEPAKAHUS YCTOMHUMBOro oopasosanus H, sBisercs neuuut ocHOB-
HBIX 3JIEMEHTOB MUHEPAJILHOTO TUTAHUS — cephlI (S), azota (N) u docdopa (P).

Cepa rmocTyIaeT B KJIETKY ITIaBHBIM 00pa3oM B BUJIE CYTb(aT-aHHOHOB (SO‘%’) [31]. IIpu HOpMABHBIX YCIIO-
BHSAX POCTa CKOPOCTH (poTocmHTe3a B 4—7 pa3 OoIbIlle CKOPOCTH JABIXaHUS, B TO BpeMS KaK MPH S-ACTPUBALINN
CKOPOCTb JIBIXaHUS IIPEBBILIAET CKOPOCTh (hOTOCHHTETHYECKOro BolaeneHus O,, 6aaronaps ueMy CO31ar0Tcs
aHa’pOOHBIE YCIOBUS, MOJXOAAIINE IS POoU3BoCTBa Bojoposa [32]. Cepa — He3aMEHUMBIH KOMITOHEHT aMHHO-
KHCJIOT IMCTENHA ¥ METHOHHHA, TIPH OTCYTCTBUU KOTOPBIX OMOCHHTE3 OelKa 3aMeIIIsieTCs, ¥ KJIeTKa He MOKET
cuaTe3npoBarh 0eaok D1 dC-2, B pesynsrare yero mporiecc BocctanoBieHnst C-2 0T 9acTo BO3HUKAIOIINX
(hOTOOKMCIUTENBHBIX MTOBpeXIeHUN Omokupyetcs [32]. Buepsoie Ha npumepe C. reinhardtii 0b110 00HApY-
YKEHO, YTO KyJbTHBHPOBAHNE B YCIOBHSIX AepHUIMTA cepbl B TedeHHe 120 4 MPUBOANUT K MPOTPECCUPYIOLIEMY
CHIDKEHHUIO (POTOCHHTETHYECKON CIIOCOOHOCTH B pesyinbrare nHakTHBannd ®C-2 1 MOBBIIEHUS BBIICICHUS
O, 110 95 %. CHuKeHre aKTUBHOCTH IIEPEHOCA 3JIEKTPOHOB 00YyCIIOBIEHO Npeodpa3oBaHueM LieHTpoB DC-2
n3 Qp-BoccraHasIuBarollel B Qz-HEBOCCTAaHABIUBAOLLYIO GopMy [32]. AOConOTHAsI CKOPOCTh (POTOCHHTE3A
MajaeT HIKE CKOPOCTH ABIXaHUs TpuMepHO uyepe3 24—30 4 KynsTHBHpOBaHUA Tpu S-menpuBaruu [12; 33].
Kak nokasanu Hamm npeaBapuTeNbHbIe Pe3yabTaThl, 32 3TUM TEPEX0JIOM CIIEAYeT CHIKEHUE OKHCIUTEIHHO-
BOCCTaHOBUTEIHHOTO TIoTeHITamna cpensl oT +400 MB 1o mpumepro —300 MB, 9T0 yka3siBaeT Ha HACTYIUICHHE
aHa’pobmo3za (puc. 2).

OopasoBanue H,, HabnronaeMoe y KIETOK 3€JIE€HBIX MUKPOBOIOPOCIIECH B YCIOBUAX HU3KOKHCIOPOIHOIO
(hoTocMHTE3a M HEBBHICOKOH aKTMBHOCTH OKHCIUTENBHOTO (POCHOPHINPOBAHNS, TTO3BOISIET KIETKE BBDKUTH
IIpU CTpecce, BbI3BaHHOM S-zaenpuBanueii [9; 10]. Beinenenne H, — eTMHCTBEHHBIH JOCTYIHBIN BOZOPOCIIIM
MeXaHU3M, 00€CTIeurBaIONINIA BRIPA0OTKY 10CTaTOYHOTO KosmdecTBa AT®, He0OX0TUMOTo 17151 BEKUBAHHUS Op-
TaHU3Ma B aHA3POOHBIX YCIOBUSX Mpu Aedurire cepsl [32]. [Iporece mpeamonaraeT mociie10BaTeIbHbIN epexo
gepes IATh pusnonoruueckux ¢as: Bpiaenenue O,, norpednenue O,, aHa3POOHYIO CTaANUI0, (OTOIPOU3BOICTBO
H, u Tepmunanuto [33].

[Ipu S-penpuBanuu B epBble Yachl KyJIbTUBUPOBAHUS A oOpa3zosaHus H, HeoOxoquma aktusHas OC-2
[9; 10]. To, uto ®C-2 sBNISAETCS OCHOBHBIM HCTOYHHKOM 3JIEKTPOHOB, JIEMOHCTPUPYET J00aBIEHUE B KyIETYpy
3,4-J1JIM, xotopast cesi3biBaercs ¢ Qp-kapmanom OC-2 u Giokupyet nepeHoc 3nexkrpoHoB u3 @C-2 B myn PQ [32].
[Tpu aTOM (poTOOOpazoBanme BOIOPO/IA MPAKTHUECKH MOTHOCTHIO Ipekparaercs [12; 14]. Ograxo B TOM ciy-
yae, korina nHruoutop PC-2 BHOCHIICS CICTS HEKOTOPOE BPEMs KYJIBTHBHPOBAHUS MPHU JCPUINTE CEPHI,
HaOI101aJ710Ch MEHEE 3HAUUTEIbHOE CHIDKeHHe npoxykiuu H, [10]. B nepsble uachl S-nenpuBanuy B KI€TKE
MIPOUCXONT MHTCHCUBHOE HAKOTUICHHE KpaxMada [16], KoToperit ipu mepexosne K ¢ase BBIACICHUS BOAOPOaa
Ha4YMHACT JCTPAANPOBaTh, IPEIOCTABIISA MIEKTPOHBI, TOCTyMamue B myi PQ, a nanee na runporenasy [27].
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Fig. 2. Changes of suspension density (a) and redox potential (b)
of Parachlorella kessleri RA-002 under S-deprivation under aerobic and anaerobic conditions

Takum 006pazom, BeposATHO, (DYHKIIMOHUPYIOT [Ba IyTH oOpa3zoBanus H, B ycioBusax S-nenpuBannu — OC-2-
3aBucUMBbIi 1 DC-2-He3aBucuMbli myTH [9; 12; 34]. ITokazano, uto Ha 1010 (hoToOKHCIeHus Bobl B PC-2 nipu-
xonutcst 10 80 % 3IEKTPOHOB, MOCTYMAIONIMX Yepe3 CKTPOH-TPAHCIIOPTHYIO IIETIh Ha THAPOTeHAa3y, OCTaB-
mmecst 20 % 3IeKTPOHOB MOCTYNAIOT B Pe3yJbTaTe YaCTUYHOTO OKUCIICHHUS 3allaCHBIX MPOMYKTOB, KOTOPHIE
HCIIONB3YIOTCS )11 BoccTaHoBeHus mynaa PQ u Bnocnencreuu nepenocsarcs Ha @C-1 npu ocsewienuu [35].
OO6pazoBanme MPOAYKTOB (hepMEHTATHBHOTO META00IN3Ma, TAKUX KaK OpMHUAT, arleTaT U ATAaHOJ, BO3PACTAET
nocie 1o0asieHus B KynsTypy 3,4-/1JIM [30], 4To CBHIAECTENBCTBYET O Iepexo/e mpouecca nmpoussozacTea H,
Ha OC-2-He3aBUCUMEIH TyTh [36].

OCHOBHBIM yCIIOBUEM IPU HCIIOIB30BAHUU S-IeNPUBALUK IJIs1 CTUMYJSIIMU cuHTe3a H, sisercs noanep-
KaHue CTabMIbHOM npoxykimu H, Ha MpOTsHKeHUH [UIMTEIBHOTo BpeMeHH. OHAKO B yCIOBUSIX S-ACNpUBALUN
cTaOWIbHAsT BEIPAOOTKAa OMOBOIOPOAA COXPAHSIETCS TOJIHKO B TEUCHHE HECKOJIBKUX THEH, mocie dero ¢hoTo-
CHHTETUYECKHE TIPOIlecChl 0e3B03BpaTHO yrHeTarores [34]. B cBsI3u ¢ 3TUM TSl TOAIEP KaHUS THTEILHON
npoxykuuu H, Heo0Xo1uMo nepruoiyecky NepeBOANTD KyIbTypy Ha HOJIHOLIEHHYIO CpeLy /Ul BO30OHOBICHHS
(dorocunTeTHUECKOH QyHKIMU [9].

Henocrarok a3oTta — cepbe3HOE CTPECCOBOE COCTOSHUE JJISl BCEX OPraHU3MOB, MOCKOJIBKY a30T SIBISIETCS
OCHOBHBIM KOMITOHEHTOM O€IIKOB M HyKJICMHOBBIX KUCJIOT. B KJIeTkaX pacTeHUH ATOT JIEMEHT JICHCTBYET KaK
CTPOUTENLHBIN OJIOK IS XJIOPO(UILIOB, U €T0 Ne(UINT IPUBOANUT K CHIDKEHHIO CHHTE3a XJI0PO(IILIOB M YMEHb-
IIICHAUIO KOJIMYECTBA eNUHUIT] (POTOCHHTETHIECKOTO ammapara [37]. HemoctaTtok a30Ta Takke SBISCTCS IPUIHHON
Jerpanaiuu pudynozoouchocharkapookcuiasbl (Hanee — pyOHCKO) ¥ CHIYKCHHS OTOXUMUYECCKOH 3P PeKTHB-
Hoctu ®C-2 [38]. bonee Hu3kue konudecTsa Gpeppeaokcuna npu N-aenpuaiyu [38] MOTYT OBITh IPETIATCTBUEM
JUIs IEpeHOCca 3JIEKTPOHOB K M'MIPOreHase, MIpuBo/Is K YMEHbBLICHUIO Bbixoaa H, B Takux ycnoBusx. Kynerypsl,
JUIIEHHBIE a30Ta, AEMOHCTPUPYT YCTOMYUBYIO, HO ITPH ATOM HU3KYIO aKTUBHOCTH THIPOT€HA3HI U POU3BOJIST
He3HauuTenbHble konnuectsa H, [37]. Ilo aTum npuuuHaM ajs nogaBiaeHus padoThl KUCIOPOABBIIEIISIOLIETO
KOMIUIEKCA U CTUMYJIALUY HponyKuuu H, KieTkaMu 3ey1eHbIX MUKPOBOAOPOCIIEH UCIOIb3YETCsI HE MOJIHAs
N-nenpuBarusi, a 4aCTUIHOE TUMUTHPOBAHNE 00ECTICYCHHOCTH TaHHBIM 37ieMeHTOM [37; 38].

IIpennonoKuTeabHbIA MEXaHU3M CTUMYIISLIUK NponyKkuuu H, pu orpaHn4eHny a30Ta ¥ COBMECTHOH Je-
MIPUBALIMY CEPhI U a30Ta Peaan3yeTcs u3-3a OJIOKUPOBAHUS IEPEHOCA JICKTPOHOB U MOBPEKICHUS KUCIOPO/I-
BhIJEIsIONIEro komiekea [38]. bonbmas agdexruBHOCTS BhIIeIeHHsT H, pu cOBMECTHOM IeNpUBALIUU CEPBI
7 a30Ta TIOKA3bIBAET 3HAYUTEIBHBIN BKJIA]] CEPHI B ITPOIECC MHTMOMPOBAHUS KHCIOPOABBIICISIIONIEr0 KOMILIEK-
ca u npoxnykuuu H, [38]. Buecenue B kynsrypy 3,4-11/IM 1eMOHCTpUPYET POJIb CEPhl B (DYHKLIIMOHUPOBAHUH
OC-2-ne3aBucumMoro mytu [38].

BausHue TUMUTHPOBAHUS a30Ta, a TAaKXKe OJHOBPEMEHHOM JeNpHBaIUy Cephl U a30Ta Ha cuHTe3 H, He-
JaBHO OBLIO W3YyYEHO Ha MpUMepe 3eneHoi MukpoBopopociu Chlorella protothecoides [37]. B ciiyuae onHo-
BpPEMEHHOM ACTIPUBALIM CEPBI U a30Ta NpoAyKLus H, 3Ha4MTENIbHO OBBIIAIACH IO CPABHEHHIO C KOHTPOJIEM
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U OTIIENBHBIMHU ICTIPUBALMAMH CEPbI WIH a30Ta. Just N-muMuTHpOBaHUs! ObLITH BHIOPAHBI TPH KOHIICHTPAIHN
ammonwus (1,75; 0,70 u 0,35 MMOIb - T ) HaqaanasI KOHIICHTPALIMSI aMMOHUS JUJIs1 JOCTUKEHUSI MAaKCUMAaJIb-
HOT'O BBIXOJa H coctaBuia 0,35 MMOJb - T NH4C1 B KynbType [37]. MaKCHMaJILHbII/I BBIXOJ] M CPENIHSIS CKO-
pOCTh 06pa303aHH;[ H, npu sToMm Oblnu paBHbl 233,7 Mt - 11 ' u2,19 M- u ! coorBercrBenHo [37].

B xone uccnenoBanus BAMSHUS OrpaHUYEHUs a30Ta Ha mpou3BoactBo H, y C. reinhardtii 6pa oTMeueHa
MeHbInas 3¢dexkrnBHoCcTh N-TUMHTHpOBaHUS, YeM S-nenpuBarmn [38]. N-TUMUTHpOBaHHAS KYJIbTypa Jie-
MOHCTPHpOBaJia 3a/ICpP’KKy B Hauajle yCTaHOBJICHHs aHa’poOuo3a u ¢a3el oOpasoBanus H, mo cpaBHeHHIO
¢ S-nedunutHOM KyasTypoi (72 1 32 4 COOTBETCTBEHHO ). 3a/ieprKKa TaKKe HAOIFAaIach B JIOCTHIKCHUN MaKCH-
MaJbHOH (hepMEeHTATHBHOM akTUBHOCTH ruaporenassl (192 u 120 u). O6e nepunuTHBIE KYIBTYpPbI TOCTEIIEHHO
nonnomany O, 10 HacTyIIeHHs r’MIoKcuy. OTHAKO KJIEeTKU ¢ N-TUMUTUPOBAHUEM AEMOHCTPUPOBAIIH 33AEPKKY
B nioTpebnenun O, u oOHapyXHUBajIu BPEMEHHOE HaKoIUIEHHE Kuciaopoza [38]. DTa 3azepikka cONpoBOXKaa-
nach 0ojiee MeICHHBIM CHHYKEHHUEM CKOPOCTH 3BONIIOLUH oTocuHTeTHyeckoro O, u 6onee BHICOKON Aosei
HETIOBPEXKICHHBIX aKTUBHBIX MEeHTpoB DC-2 [38]. bput0 BRICKa3aHO MPEAONOKEHHUE O TOM, YTO B YCIOBUIX
N-nmamutupoBanus mya PQ B kieTkax MOXKET OBITh MEHEe BOCCTAHOBIICH, YeM IPH S-AeTPUBAIIIH, 00eCTIeU -
Bast OOJIBIIIYIO0 CKOPOCTH Mepeaadn eKTPoHOB oT Q, k Qp 1 moBTOpHOE OKMcneHue Qy [39]. IIpuunna Gonee
okucieHHoro myna PQ B N-TUMHUTHPOBaHHBIX KJIETKAX IO CPABHEHHIO C IysioM PQ B S-IepUIUTHBIX KIeTKax
MOXET 3aKJII0YaThCs B OBBIIIEHHOW aKTUBHOCTH (oTOAbIXaHMs Npu N-aenpuBanuu. Jpyroii npuuanHo# pas-
it B poroxumudeckoid akTuBHOCTH PC-2 MOXeT OBITh Pa3HHIIA B COJIEPIKAHUU TUTMEHTOB, HaOrojaeMast
B knetkax C. reinhardtii npu S- nnn N-nenpusaunu. Kietku ¢ N-nmumutrpoBaHreM Nokasanu 0onee HU3Koe
coziepkanue xyopoduia u 6osiee BBICOKOE COOTHOIICHUE KAPOTUHOUIOB U XJIOPO(QUILIA, 8 TAKKE XIOPOPHII-
na a v xmopodumiia b. Paznuyust B cocTaBe MUTMEHTOB M aHTEHH, BEPOSTHO, BIIHSIIM Ha Tepeiady CBETOBOM
SHEPTUH B (DOTOCHCTEMBI, YTO IPUBOMIIO K MEHBIIEMY BO30YKICHHUIO U OONBLICH OTKPBITOCTH PEAKLIHOHHOTO
eaTpa ©C-2 [38].

B pabote JI. C. 'abpuensiH 1 cOaBTOPOB HCCIIEN0BATIACh CIOCOOHOCTD Tamma P, kessleri RA-002, BblieneHHOTo
B ApMeHnH, K MpoayKIin 6rnososioposa Ha cpenax TAP u Tamus npu N-muMuTHpOoBaHUK 1 6€3 HEeTo. YialeHne
a30Ta MPHUBEJIO K CHIKEHUIO CKOPOCTH POCTa U YMEHBIIICHUIO CollepKaHus (POTOCHHTETUYECKHIX IMUTMEHTOB,
OJTHOBPEMEHHO IOBBICUB BI)IXOI[ H,. MakcumanbHblii Boxoq H, npu aedunure a3ora coctaBui 5,25 MMOJB - 11 =
(cpema TAP) u 3,65 mmonb - 1 (cpez[a Tamwst), ato B 4-5 pa3 60)‘[]:]]16 YeM B CITydae HOPMaJIbHOH oOecTiecueH-
HOCTH JJaHHBIM d5ieMeHToM [40]. B 1pyroii paboTe TOro e KOJUIEKTHBa aBTOPOB U3Y4aIUCh YPOBEHb (DOTOCHH-
TETHUYECKUX MTUTMEHTOB, ()OTOCHHTETHUCCKAsI aKTUBHOCTh U reHepaiusi ouosomaopona y C. vulgaris IBCE C-19
u P. kessleri MDC6524 B otBet Ha neduuut cepsl u asora [41]. [lomyuenHsle pe3ynbraTbl MOKa3aid, YTO He-
JOCTATOK 3TUX DJIEMEHTOB BBI3BIBAJ 3aMeIJIEHHE POCTa B 000MX KYIBTYPax, YTO COMPOBOXKIIAIOCH CHUKEHHEM
YpOBHSI (POTOCHHTETHYECKUX MMUTMEHTOB, akKTUBHOCTH DC-2 1 cuHTE3a MONM(EHOIIOB. CKOpOCTB reHepanyu H,
Mukpoogopocisimu C. vulgaris v P. kessleri B koutpone cocrasuia 0,40 1 0,34 mi - a4~ COOTBGTCTBGHHO Hau-
Oosnbinii Berxox H, Obl1 nokaszan TpH COBMECTHOM nedummTe cepsl 1 asora (60 M - i ' wist C. vulgarzs (cxo-
pocts reneparuu Hy ~1,25 Mt - u ') 1 68 mut - 1 ' st P, kessleri (ckopocTs rereparmu Hy ~1,42 ot - 4 '), uto
B 3—4 pasa npesblmraeT Beixox H, B koHTpone). Taxke Oblta OTMEYeHa TEHACHIUS K 60JII)IHGI/I CTUMYJISIIMA
cunres3a H, npu N-mumutupoBannu, yem npu S-nenpusanuu [41].

Hedumut hocdopa okazbiBaeT CXOIHOE C ISPUIUTOM Cephl BIUsHUE Ha akTHBHOCTh O C-2 1 pyHKIHOHUPO-
BaHME AJITEPHATUBHBIX Iy TEH IEKTPOHHOI'O TPAHCIIOPTA ¢ KOHEUHbIM oOpa3oBanueM H, [32; 42; 43]. Bnusinue
P-nenpuBanuu Ha paboTy GOTOCHHTETHYECKOTO anmnapara 0110 HccienoBano Ha npumepe C. reinhardtii [32; 43].
Onnako 3¢ dexr P-nenpuBaiiuu ObLT BeIpakeH ciiadee 1mo cpaBHeHuUo ¢ 3 dexrom S-nenpusaiiuu. [lorpedopa-
J0Cch OoJiee JUTUTENEHOE BPeMsl I yCTaHOBJICHHS aHapOOHOT0 pexknMa 1 Hauasia cTaanu Beiaenenus H, (100 g
npu P-genpuBanyu u 18—40 u npu S-nenpusanuu) [43]. DTOT GakT MOKHO OOBSICHUTH TOpPa3a0 OOIBIIMMHU
BHYTPUKIIETOUHBIMH 3amacamu Gocdopa, uem cepsl [32]. [Tockonpky npsimoe uckimodenne pochopa u3 cpenst
HE TIPUBOJIUT K HeMeaTieHHOMY 3¢ dexTy dochopHOro ronoganusi, Ob1 npuMeHeH Metoa passenenus [43]. [lpu
ATOM KYJIBTYPBI, TPOMEITEIC OT pocdopa i pazdaBICHHbBIE 10 YPOBHS XJIOpohUiuIa MeHee 2 MT - JT - B Cpeie, He
cozpepkaieil pocdarto, BXOAWIN B aHa3poOH03 B HOTOOMOpEaKTOpe MOCIe NepHoa POCTa U MPOU3BOAMIH
H, B konnuecTBax, 6JII/13KI/IX K TaKOBBIM Y KyJIBTYp C Ae(HIIMTOM cepbl. MakcUMambHbIi Noy4eHHbIH 00beM H,
cocTaBui 68 M - JT [43]

OnHuM U3 cI0COO0B CHIKEHUS SKCILTyaTallMOHHBIX 3aTpaT IMpu NpousBoiacTse H, sBisercs ocymecTsie-
HHUE TIpoIlecca ero CHHTe3a B MOpcKoi Boje [42]. [Ipu maHHOM Momxoae HemocTaTok ¢ochopa MOKET CTaTh
3 PEKTUBHBIM METOIOM IMOBBILICHUS] CKOPOCTH (POTONPOU3BOACTBAa H,, Tak Kak HEJOCTaTOK cepbl HEBO3MO-
JKEH M3-3a BEICOKOH KOHIIEHTpAITUH CylIb(aToB B MOpCKOM Boze [42].

XOTs AeTpuBanys 3JIEMEHTOB MUHEPAJIHHOTO MUTAHUS SBISIETCS HanOoJee MPOCTHIM 1 3(p(PEeKTUBHBIM CIIO-
COOOM CTUMYJISIIMM KJIETOK 3€JIEHBIX MUKPOBOIOPOCIIE K BblaeneHuto H,, JaHHbINM MOIX0A UMEEeT HeJoCTaT-
KH, TIPETSATCTBYIOIIIE €ro MPOMBIIUIEHHOMY ITpuMeHeHuto [44]. [Iponeaypa TpeOyeT HeCKOIBKUX MTPOMBIBOK,
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npousBoacTBo H, HaunHaeTcs ¢ 3ajep:kkoii mpumepHo Ha 2 cyT [36], 3aBucur ot anerara [30] u B KOHEUHOM
uTore MpuUBOAUT K mHakTtuBanmu ®C-2 u nerpaganuu portocuHTeTHYecKoro anmapara [12; 34]. [lpoxyBka
KYJIBTYpbl HHEPTHBIM ra3oM Ui yaanenus O,, HeHTpudyrupoBaHue ¢ mociuenyoleii cMeHoil cpesl 00ycIoB-
JUBAIOT BEIMBIBAHUE W TIOTEPIO TUIOTHOCTH KYNBTYpHI. [l Toro uTo0B M30ekarh HeraTuBHOTO 3(dexra ot
JTAHHBIX MAHUTYJISIIIANA U CJENAaTh mpoiecc 0ojee ObICTPHIM U yA0OHBIM, MOXKHO UCIIOIB30BaTh METON UMMO-
OMIM30BAHHBIX KJIETOK. J[71s Takoi MMMOOMIH3AIINN TTPUMEHSIOTCS KIIACCHUECKHUE TeJTH, TaKie KaK ajabTMHAT
u arap [45].

HwmeroTcs nutepaTypHble JaHHBIE O BO3MOKHOCTH HCTIOIH30BAHIS XUMUYECKU HHAYIIMPOBAHHON CENICKITNU
JUIs TIOJTyYeHMS IITaMMOB-TIPOAYLIEHTOB H,, XapakTepu3yomuxcsi HU3KOH 4yBCTBUTEIBLHOCTBIO MM IPOTEHA3bI
k O, [21]. JlaHHas cenekuust OCHOBaHA HAa TOKCHUYECKOM BO3ACHCTBUU METpOHMJA30ia (OKUCIUTENs (peppe-
JIOKCWHA) Ha padoTy (poTocuHTeTHYECKOTO ammapara. I10CKobKy TOKCHYHOCTh METPOHKIa30J1a 3aBUCHUT OT
HaKOIIJICHHUS BOCCTaHOBIIEHHOTO (peppeioKCHHA, OPraHu3M C aKTUBHOU THPOTEeHA301 MPHoOpeTaeT MEHBIIIYIO
YyBCTBUTEIHHOCTh K METPOHU1A30,Ty. BDKUBIIHE B MPUCYTCTBUHM METPOHH1a3071a KIIETKH JEMOHCTPUPOBAIN
BBICOKYIO I'MIPOTeHa3HYI0 aKTMBHOCTD IIPH 3HAUUTENIbHOIN KoHueHTpauuu O, (1o 8 % nmapuuaibHOro JIaBiie-
Hus) [21].

MeToapl CTUMYISINH TPOAYKIIMA OMOBOIOPO/A KIETKaMHU 3€JICHBIX MUKPOBOAOPOCIEH, MPeTOKEHHBIE
B nocieanue 20—30 Jet, mpeacTaBlieHbl B TaOIHIIE.

MeToabl cTuMYIsinuu npoaykuuu H, KieTkamMu 3ejieHbIX MHKPOBO/0POCJIeii
Methods of stimulation of H, production by green microalgae cells

MeTtox MexaHu3M JIeUCTBUS Hctounuk

S-nenpuBanus IIpu HEmocTaTke cepbl HapylIaeTcs CHHTE3 OeNKOB, HEOOXOMMMBIX A pe-| [9; 12; 34]
napauuu OC-2, BenencTue yero cHikaercst Boixon O, ¥ yCTaHaBIHBAKOTCSA
aHadPOOHBIC YCIIOBHUS, KOTOPBIE TPEOYIOTCS [T AKTHBAIMH [HIPOTCHA3BI U BbI-
nenenus H,

N-JIUMUTHpPOBaHUE Jeduur azora NpUBOAXT K MOAABICHHIO CHHTE3a XJIOPOGHIUIOB U YMEHb- | [37-41]
HICHHUIO KOJMYECTBA €AMHUIl (POTOCHHTETHUECKOTO ammapara, a TakKe K Jie-
rpajialiiy pyoOHUCKO U CHIKEHHIO (OTOXHMMUIecKoit adekruBroctn OPC- 2

P-penpusanus Henocrarok ¢ochopa okazpiBaeT cxoxee ¢ JeHUIUTOM CEphl BIUSHUE Ha ak- | [32; 42; 43]
TUBHOCTH PC-2 1 PYyHKIMOHNPOBAHUE AIBTEPHATUBHBIX ITyTEH IEKTPOHHO-
TO TPAHCIIOPTa C KOHEYHBIM 00pa3zoBaHueM H,

Cenekuus KIeToK JIaHHBII TUI CENEKLMU OCHOBBIBAETCS HA TOKCUUYECKOM JIEUCTBUM METPOHU A~ [21]
C THAPOTEHA30H, 30112, SIBJISTFOIIIETOCS CHIIBHBIM OKHCIHTENEM (eppenoKCHHa, Ha padoTy ¢doTo-
HEYYBCTBUTENBHOU K O, |CHHTETHYECKOTO anmapara. Tak Kak TOKCHYHOCTh METPOHMIA30J1a 3aBUCUT
OT HAKOIUICHUSI BOCCTAHOBJICHHOTO (heppelOKCHHA, OPTaHU3M C aKTHBHOM
TUJIPOT€HA30M MPUOOPETACT MCHBIIIYIO UyBCTBUTEIILHOCTD K METPOHHIA30ITY,
ITOCKOJIBKY CTaHOBHUTCS 00JIee OCTYITHBIM aJIbTePHATHBHBIA ITyTh JJIS TIepe-
HOCa DJIEKTPOHOB ¢ (pepperoKCHHA

3akaroueHmne

ITpoananu3upoBaHbl MeXaHU3MbI 00pa3oBaHus H, B KieTkax 3eJIeHbIX MUKPOBOIOPOCIIEH U CLIOCOObI €ro
CTHMYJISIIMY, & TAKKE MPUBE/ICHA XapaKTEPUCTHUKA PA3IMUHBIX METOJIOB KYJIBTUBUPOBAHUSI MUKPOBOIOPOCIEH
aist addexTrBHOM npoaykuuu H, B 1e1X UCIONB30BaHMs €r0 B KAUECTBE HKOJIOTMYECKU YUCTOrO TOILIMBA.
AHanm3 auTeparypsl OKa3ajl, 9YTO Ha CETONHANIHUN 1eHb HanOonee 3(h(hEeKTUBHBIM U 4acTO UCTIOIb3YEMBIM
METOJIOM CTUMYJISAIUK MPOIYKIUU OHOBOJOPOIA KIETKAMHU 3€JICHBIX MUKPOBOIOPOCICH SIBISETCS JCTPUBA-
U] MAKPOIIEMEHTOB MUHEPAIBHOTO MTUTAHMS, TAKKX KaK cepa, a30T u Gocdop. B ocHOBe gaHHOTO MeTona
Jiekar HHaKTHBAIus padoTel PC-2, MpUBOSIIIA K CHUKEHHIO BBIJICIICHHS KUCIIOPO/Ia B X071 OTOIN3a BOIHI,
1 YCTQHOBJIEHHE aHa’PO0OH03a, SIBIISAIOLIEr0Cs KIIF0UEBbIM yclloBHeM oOpa3oBanust H,. Oqnako MeTon fenpuBanum
TpeOyeT CIOKHBIX MAHHUITYIISIINHN IO CMEHE CPEIIBI, UTO TPEISATCTBYET €ro A3PPEKTUBHOMY U MAaCIITAOHOMY TTPH-
MEHEeHHUI0. B HacTosee BpeMs JIIsl IPEOJIOICHUS psifia MPETSATCTBUN B Pa3BUTHH MTPOMBIIIICHHOTO TTOTyYCHHUS
OMOBOIOPO/IA 3EJICHBIMH MUKPOBOIOPOCIIIMH BEJICTCS TIOMCK JAPYTHX CIIOCOOOB MOBBIICHHS 3P()EKTUBHOCTH 3TOT0O
nporiecca. THTepec 1715 aTbHeHIINX UCCIeOBAHHUI MPEICTABIISIOT METOJI CEJICKIMH IITAMMOB C THIPOTCHA30M,
HEYYBCTBUTEIILHON K KUCIOPOIY, COBMECTHOE KYJIBTUBHPOBAHHE 3€JICHBIX MUKPOBOIOPOCIIEH ¢ OaKkTepHsIMHu,
a TaKKe MPUMEHEHHUE METO/IOB TeHHON WHIKCHEPUH.
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Annomauyus. TlpencraBieHbl SKCIIEPUMEHTAbHbBIE JAHHBIC, CBUETENCTBYIOIINE O BOBMOXKHOCTH MCTIOIH30BAHHMS
KYMOXHUHOHA JIJIsI MOJIETTMPOBAHUSI OKUCIIUTEIHHOTO CTPECCA U U3YUEHHSI €0 MOCIECTBUHN B KYyTBTUBUPYEMBIX KEPATHHO-
nutax yenoseka nuauK HaCaT. [TokazaHo, uto rubens kietok, mospexneHue JJHK u noseienue arunmansix JJHK-komer
B KEpaTHHOLUTAX, TOABEPTHYTHIX BO3ICHCTBUIO KYMOXHHOHA, CBSI3aHBI HE C €T0 TeHOTOKCUYHOCTHIO, a TIIABHBIM 00pa3oM
C pa3BUTHEM OKHCIHTEIFHOTO CTpecca. YCTaHOBIICHO, YTO KBEPIIETHH OKa3hIBACT IIUTOIIPOTEKTOPHOE IEHCTBHE U YMECHb-
I1aeT CTETeHb MoBpexaeHus saepHoii JJTHK B yCmoBHAX OKUCIUTETHHOTO CTPEcca, HHUIUUPYEMOTO KYMOXUHOHOM. DTOT
3¢ GeKT CyIIECTBEHHO BO3PACTACT IPU MCIIOJIb30BAHUH MUKPOCTPYKTYPHPOBAHHBIX (DOPM KBEPIIETHHA, YTO MOXKET OBITh

O6y0J'IOBJ'IeHO YBCJIMYCHUEM €TI0 KJIETOYHOMU JOCTYIIHOCTH.
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Abstract. Experimental data are presented indicating the possibility of using cumoquinone to model oxidative stress
and study its consequences in cultured human keratinocytes of the HaCaT line. It has been shown that cell death, DNA
damage and the appearance of atypical DNA comets in keratinocytes exposed to cumoquinone are associated not with
its genotoxicity, but mainly with the development of oxidative stress. It has been established that quercetin has a cyto-
protective effect and reduces the degree of damage to nuclear DNA under conditions of oxidative stress initiated by
cumoquinone. This effect increases significantly when microstructured forms of quercetin are used, which may be due to
an increase in its cellular availability.

Keywords: HaCaT keratinocytes; p-benzoquinones; quercetin; microstructures; oxidative stress; DNA damage; DNA
comets.

BBenenue

OO011en3BeCcTHO, YTO HEraTUBHOE BIUSHHUE Pa3IMUHBIX ()aKTOPOB BHELIHEH CPebl Ha a9pOOHbIE OPTaHU3MbI
BO MHOTHX CIIy4YasiX pPeaju3yeTcsi MOCPEACTBOM aKTHUBALMU MPOAYKLIHMH aKTHBHBIX (opMm kuciopona (ADK)
¥ UHULMHPOBAHUS OKHCIUTENBHOTO crpecca. CTpyKTypHO-(YHKIMOHAIBHBIC HAPYIICHUS! U THOENb KIETOK
B pe3y/bTaTe OKUCIUTEIBHOIO cTpecca U upe3MepHoro oopazoBanust AOK MoryT ObITh BasKHBIM NTaTOTCHETH-
YeCKUM (haKTOpOM BO3HHUKHOBEHMS M IMPOTPECCUPOBAHUS PA3IUUHBIX 3a00seBaHuil. B cBs3u ¢ 3THM BecbMa
AKTyaJIbHBIM SIBIISICTCS CO3AAHHUE KJIETOYHBIX MOJIETICH, TIO3BOJIAIOIINX H3y4aTh ITOCIEICTBUS BO3AECHCTBUS OKUC-
JIMTENBHOTO CTpecca Ha CTPYKTYPHO-(YHKIMOHAIBHOE COCTOSIHUE KJIETOK, M MX MCIOJIb30BaHKE AJIs1 TOUCKA
cpeacTB (apMakoIOrHYeCKOH KOPPEKIMK BO3HUKAIOIINX HapylleHuil. B kadecTBe Takux cpencTB OONBIION
MHTEPEC NPEICTABISIOT PACTUTEIbHbIE TOTU()EHOIBHBIE COeTUHEHHS, B YaCTHOCTH (HJIaBOHOU/IBI, 00JIa1atoIue
HINPOKKM CIIEKTPOM Onosnoruueckoil aktTuBHOCTH [ 1; 2]. Tem He MeHee KIMHUYECKOE MPUMEHEHUE (PIIaBOHOUI0B
OrpaHMYEHO B OCHOBHOM HU3KOH paCTBOPUMOCTBIO B BOZE, YTO 0OYCIOBINBAET UX c1a00€ MONIOIECHHUE KIIET-
KaMH U IJI0X0€ IPOHUKHOBEHHE Yepe3 KOoKy. [J1s mpeogoieHust STUX OrpaHUYCHUI MOJIEKYIIbI TOTEHIIMATBHBIX
JIEKapCTB MOTYT OBITh BKJIFOUEHBI B JINTIOCOMBI MJTH IIOIMMEPHBIE HAHO- M MUKPOYacTHUIIbI, 00aatomue 60Iib-
MM TTOTEHIMAJIOM IS UCTIONb30BaHUs B KAUECTBE UX IEPEHOCUUKOB [3].

Cpenn opraHMYeCKUX COCIUHEHHH, CIIOCOOHBIX MHULIMUPO- ala /b
BaTh Pa3BUTHE OKUCIUTEIBHOIO CTpecca B KJIETKAaX M TKAHIX, 0 0
0COOBIIl MHTEpEC MPEICTABISIOT XUHOHKI [4]. OKUCIUTENEHBIN
CTpecc BO3HUKAET, KOIJla XMHOH BOCCTAHABIUBACTCS LIUTOILIA3-
MaTHYECKUMH PeIyKTa3aMHt [0 paJiKaia CeMUXHHOHA, KOTOPBIH,
B CBOIO OY€pelb, BOCCTAHABIMBAET KUCIOPOJ [0 CYyTIEPOKCHIHBIX
paIuKalioB, OKUCISSICH 00paTHO 10 XuHOHA. Kpome Toro, 60s1b-
IIMHCTBO XMHOHOB 00Pa3yIOT KOHBIOT'AThl C BOCCTAHOBIICHHBIM o) o)
[IyTaTHOHOM, KOTOPbIE TAK)KE BOBJIEKAIOTCS B LIUKIMYECKHE
OKHCITUTEJIbHO-BOCCTAHOBUTENbHbBIE PEAKLIN U aKTUBALIHIO KHC-
nopoza [4]. UnuuurpoBaHue OKUCIUTEIBHOIO CTPECCa B 3HAUH-
TeJIbHOM CTeneH! 00yCIIOBIMBAET IMTOTOKCHUYECKOE IEHCTBHE XH-
HOHOB. B yacTHOCTH, OKa3aHO, 4TO B aHa3POOHBIX YCIOBUSIX, IPH
KOTOPBIX CHIKAETCS BO3MOXKHOCTh 00pa3oBanust ADK, cylecTBEHHO yMEHBIIACTCS IUTOTOKCHYECKOE NeHCTBHE
TUMOXWHOHA 1 JOKcopyOuuuHa [5]. Cpean Npon3BOAHBIX M1-O6H30XHHOHA BEICOKOH CIIOCOOHOCTBIO MHIYLIMPOBATh
OKHUCITUTETHHBIN CTpecc 00NalatoT TeTpaMeTHII-TT-O0eH30XUHOH (AypoxuHoH) (puc. 1, a) u 2,3,5-TpuMeTHi-11-
OEH30XMHOH (KyMOXUHOH) (puc. 1, 6) [6; 7]. B manHO# paboTe 3TH COeNMHEeHNsT ObUIH MCIIOIh30BaHbI IJIST MO-
JETTMPOBAHUS TATOT€HETHUECKHUX MPOLIECCOB B KEPATHHOLIMTAX YEIOBEKA B LIEJISX OLEHKH (hapMaKoJIOrHIeCKON
3¢ PEeKTUBHOCTH HATUBHOTO U MUKPOCTPYKTYPHUPOBAHHOTO KBEPLIETHHA B YCIOBHAX OKHCIUTEIBHOTO CTpecca.

Puc. 1. CTpyKTypa HCCIICIOBAHHBIX M-OCH30XMHOHOB:
a — JIyPOXUHOH; 6 — KyMOXHHOH

Fig. 1. Structure of the studied p-benzoquinones:
a — duroquinone; b — cumoquinone
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MaTepnanbl U METOAbI HCCJICAOBAHUSA

Pearentnl. Mogudunmposannas cpena Mra (AMEM), atunnymMOpoMu, KBEpIETHH, JTOACHHICYIb(AT Ha-
TpHS, TPUIICUH, TIOIUATUICHUMHUH, TTOJUCTUPOJICYIb(GOHAT HATPUS, MOTHATITHIAMUHTHIPOXJIOPHU, IeKCTPaH-
cynbhar ObuTn proOpeTeHsl y komnanuu Sigma-Aldrich (I'epmanust), antuOnotuku —y pupmsl Gibco (CILIA),
m3oToHnueckuii pocdarueii 6yhep (UDb; pH 7,4) xkymnen y kommananu Lonza (bemsrus), sMOproHaIbHAs
Ob1ubst ceiBopoTka (OBC) nmpuobperena y dupmer Capricorn Scientific (Ilonbina). Kommepuecknit 1ypoXuHOH,
OYHMIICHHBIH METOIOM NIEPEKPUCTAIIIM3ALUH, U KyMOXHHOH, TIOJTyYEHHBIH ITyTeM KOHTPOJIUPYEMOTO OKHUCIICHHS
KOMMEPYECKOro 2,3,5-TpuMeTHITHAPOXHHOHA [ 8], ObLIH TH00e3HO0 nipenocTaBieHb! mpodeccopom O. U. [lansr-
po (xumuueckuit dakynsrer BI'Y). Muxpoctpykrypa (PAH/PPS), Ha ocHOBe nonuanimIaMUHTHAPOXIOPHIA
U IIOJIUCTUPOIICYIIb(oHaTa 1 MUKpocTpykTypa (Hit/DS), Ha ocHOBe XuT03aHa U AeKCTpaHCyIb(aTa, HMeroIue
cpennuii pasmep (1,1 £ 0,3) MxM, popMUPOBAIIUCH METOJIOM MOCIOHHON COOPKH B BOAHBIX pacTBopax. Oba
TUIIA MUKPOCTPYKTYP, cofeprkamux 10 mr/mi kBepueruna, pactopsuucs B 0,9 % NaCl.

Knerounble KyJbTypbl. IMMOpTanm3oBaHHas KJICTOUHAS JIMHHS KepaTHHOIUTOB ueioBeka HaCaT mpe-
nocraeiena gokropoM H. E. ®dy3enurom (Hemerkuii nenTp uccienoBanus paka (Deutsches Krebsforschungs-
zentrum), l'eiinenn0epr, ['epmanus).

OO0mmas cxema npoBeaeHus1 IKcepuMeHToB. Kietku KynsruBupoBaiy Bo (rakonax T25 (Sarstedt, CILIA)
B cpene JAMEM, conepxkaiueii 10 % OBbC, npu crannaprasix yenoBusx (37 °C; 5 % CO,). Dxcno3unuo ¢ uc-
ClIe/lyeMbIMHU BELICCTBAME NPOBOIMIN B 96- 1 24-ITyHOYHBIX TUIaHIIeTax. J{jst moimydeHust HeoOX0AMMOM KOH-
LEHTPALKU PacTBOPHI IIpenaparoB A00ABISUTH K Cpeie MHKYOALUH, He COACPIKaIIeH CHIBOPOTKH.

AHAJIU3 KU3HECTOCOOHOCTH KJIETOK. V3ydeHue BIMsSHUS POU3BOAHBIX MT-OEH30XHHOHA Ha JKU3HECTI0CO0-
HOCTb KYJIBTHBUPYEMBIX KJIETOK IIPOBOIUIN B 96-IyHOUHBIX IUIAHIIETaX C HOMOIIbIO pearenTa PrestoBlue™
(Introvigen, CIIIA) cornacHo MHCTpYKUMHU. Benuunny (iyopeciieHInn u3MepsuIi Ha CIIEKTPO(IyopuMeTpe
Cary Eclipse (Varian, Asctpanust) mociie nakyOauuu npu temneparype 37 °C B tedenue 1,5-2,0 1, ncronb3ys
GuaeTp ¢ Ay = (560 £ 25) HM, A, = (590 £ 10) HM. YcpeqHEHHYI0 HHTEHCUBHOCTD (DIIyOPECLEHIMNU JIyHOK,
cofiepKamuxX KOHTPOJIbHBIE KIeTKH, TpuHuMainu 3a 100 %.

OueHKa HeJOCTHOCTH KJIETOK MO BhIXoay JakTataeruaporedassl (JII'). B atux sxcniepuMenTax KieT-
KH pacTHIM B 24-TyHOUHBIX TUIaHIIeTaX. AKTUBHOCTH JIJII onpeaessiin npsiMbIM CIEKTPO(OTOMETPUUECKUM
metoaoM B 1 mit UDB, coneprkaniero 30 mkmons/n mupysara u 30 Mxmounbs/m HA JIH, o BenmnnHe n3MEHEHUS
ontrueckoit wiotHocTH ipu 340 uM 3a 1 muH. [IporenT BeicBoOokmenus JIJII™ (TiporieHT moBpeKACHUS Kile-
TOK) pacCUUTHIBAIM IyTeM JenieHus aktuBHOCcTH JIJAT™ B cpesie Ky/lbTHBHPOBAaHUSI HA CYMMAapHYIO aKTUBHOCTh
JIAL' B cpene u nu3arax aaAre3upOBaHHBIX KIIETOK.

Ananu3 nospexaenuii IHK ¢ nomombio merona IHK-komer. Kiietku, BricesiHHbIE B 24-TyHOUYHBIH
TUTAHIIET, KyJTUBAPOBAJIH B TEUYEHHUE 2 9 Tociie 100aBIeHnst KyMOXHHOHA. Ll[enodnoi koMeT-aHamn3 mpoBo-
JIWTH TI0 OTIMCAaHHOH B paboTax [9; 10] MeTomuke: KIETKH TPUIICHHU3UPOBAIH, SO MKII KIIETOYHOU CyCTICH3UU
KaXJI0W KCTIepuMeHTabHOl cepun nodasisui K 300 mxit 0,7 % JierkoriaBKoi arapo3bl 1 HAHOCHIIM MOy~
YEHHYIO CMECh Ha MIPEMETHBIE CTEKJIa, IIPEABAPUTEIHLHO ITOKPHITHIE arapo30i ¢ HOPMAIILHOW TeMIIepaTypon
maBieHus. [Ipenaparsl moMemany B TU3UPYIOMHA Oydep 1 BRIISPKUBAIHA B TEMHOTE Tipu Temmieparype 4 °C
B TedeHue 20 4. 3aTtem npeaMeTHbIe cTekina 20 MUH HHKYOUpOBaJIM B IIeJIOUHOM Oydepe mist anekTpodopesa
(0,3 monp/n NaOH u 1 mmons/n DTA; pH 13) u npoBoannu snextpodopes npu cuie Toka 300 MA Ha npo-
TshxeHnd 20 MuH. O0pa3ibl [BaXK Bl TPOMBIBAIH B HelTpanm3ytomieM pactope (pH 7,4; 4 °C), dbukcupoBanu
nociiefoBarensHO B 70 % atanone u 96 % sTaHoNe B TEUCHNE 5 MUH, CYIIHIIN HA BO3YXE U OKPAIINBAIH ITH-
nuymopomuioM. Kometsr HaOmomanu npu 200-KpaTHOM YBEJIIMYCHHUH € TIOMOIIBIO (DIIyOPECIICHTHOTO MUKPO-
cxonia Axiovert-25 (Carl Zeiss, I'epmanusi) 1 JTOKYMEHTHPOBAJIU C IMTOMOIIbIO ITPpPOBON Kamepbl. [IporeHT
JHK B xBocre (moBpexaennas [JHK) Obu1 paccuntan i1 Kax a0l KOMETHI C HCITOb30BaHHEM HHCTPYMEHTa
«TUCTOTPaMMBD» TIporpaMMbl Photoshop (Bepcus 7). JlaHHBIE TpeX HE3aBUCHMBIX SKCIIEPUMEHTOB YCPETHSIN
JUTST KQKJIOTO DKCTIEPUMEHTAILHOTO YCIOBHS (77 = 50 KIETOK).

Onpenesnenue coaepkaHusi BOCCTAHOBJIEHHOro rimyratuona. CojepkaHue BOCCTAHOBJICHHOIO ITyTa-
THOHA ONPEJEISLTN C MTOMOIIBbI0 peakinu ¢ uryopectieHTHBIM peareHToM ThioGlo-1 (SABiosciences, Uta-
nus) [11] B 96-myHouHBIX ToTaHmeTaX. [Ipn anamm3e 00pa3mnoB B IyHKH g00aBmsuti 200 MKIT pabovero pacTBopa
ThioGlo-1. ITnannier HHKYOUpOBaJIM Ha IIEHKepe B TEMHOTE MPH KOMHATHOW TeMIIEpaType B TeYeHHE 5 MUH
U U3MEPSUTH HHTEHCUBHOCTD (DIIyOpeCLeHIINY B JIyHKaX, UCIIONb3Ys IIaHIIETHBIN (uryopumeTp (A, = 355 HM,
Aem = 535 HM). CozeprkaHre BOCCTaHOBIECHHOIO NIyTaTHOHA B IIPO0AaX pacCUUTHIBAIU 110 KATHOPOBOUYHOMY
rpaduKy, MOCTPOSHHOMY C MCIIOJIb30BaHUEM €T0 pabodero pactBopa. TrnomoBbie rpynmsl OEIKOB OTPeNesin
KaK JIONOJHHUTEIbHYIO PEaKIUio (GIyopeCleHIMH TOCie J00aBIeHUs AoACUICYIb(ara HaTpus (4 MMOJIb/JT)
K TeM e 00paslaM U UX MOCIeAyIolIel HHKyOaluy Ha eiKkepe B TEMHOTE B TedeHne 60 MuH.

Craructudeckuii ananau3. [lonydeHHbIe 1aHHBIC OBLUTH CBEICHBI B TAOIUIIBI U MIPOAHATH3UPOBAHBI MTPO-
rpammoii Excel. Pe3ynabsraTsl IpecTaBIeHb Kak cpeHee = cTaHAapTHOe OTKiIoOHeHne. CTaTucTudeckas 3Ha-
YUMOCTH (p) OIICHUBAIACH C UCIIOJIB30BAHUEM JABYCTOPOHHETO HemapHoro kputepust Cteionenta. JJoctoBep-
HBIMU CUUTAJUCh 3HaueHus p < 0,05.
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Pe3yabTarsl U BX 00CyKIAeHUE

HccnenoBanue unToTOKCHYECKUX 3 (PeKTOB M-06 H30XNHOHOB B OTHOLLIEHH U KEPATHHOLIMTOB YeJI0BeKA.
[Ipu ananm3e )xKu3HECIIOCOOHOCTH KIIETOK Yepe3 24 u unkyoOaruu B cpene JIMEM, conepixkaiieit mpou3BoHbIe
1-O€H30XMHOHA B Anarna3zoHe KoHeHTpanuii 50—200 MKMOJIb/I1, yCTaHOBJICHO, YTO UCCIICAYEMbIE COSTMHEHUS
OKa3bIBAIOT JI0303aBHCUMOC BIIMSHIEC Ha KU3HECTIOCOOHOCTh KEPAaTHHOIUTOB. [Ipr 3TOM KyMOXWHOH 00amaet
ropaso 0oJiee BhIPAKCHHBIM [IUTOTOKCUYCCKUM JICHCTBUEM, BI3bIBAs MOJHYIO THOCIh KJICTOK B KOHIICHTPA-
1 200 MKMOJTB/J1, TOT/Ia KaK MPH KCIIOJIb30BAaHUH JIYPOXHUHOHA B 3TOH 7K€ KOHIICHTPAIIMU JKU3HECIIOCOOHOCTh
KIIETOK CHMXKaeTcs Tonbko Ha (33 + 17) %. B xone ucciienoBanmii 1o H3y4eHUIO BIUSHUS TIPOIOJDKUTEIHHOCTH
BO37ICHCTBUS KyMOXHHOHA (200 MKMOJTB/JT) Ha KH3HECTIOCOOHOCTD U IIEIOCTHOCTH KEPATHHOITUTOB YCTAHOBIICHO,
YTO OH OKAa3bIBACT HE3HAYMTEIHHOE, HO JJOCTOBEPHOE IIMTOTOKCHUECKOE JICHCTBHE YKe Yepe3 2 4 MHKyOaIuu
¢ xietkamu. [Ipu 3Tom depe3 4 4 MHKYOAIIMU KUZHECIIOCOOHOCTh KEPATUHOIIMTOB CHU3MIIACh OOJiee YeM Ha
90 %, a 1eJIOCTHOCTD KJIETOYHOM MeMOpaHbl Obu1a HapyeHa 6osiee yeM y 30 % kieTok (puc. 2, a).

OOIIen3BECTHO, YTO MPU PA3BUTHH OKUCIUTEIBHOTO CTPEcca MPOUCXOIUT WHTEHCUBHOE PACXOIOBAHHE
AHTHOKCHUIAHTOB, B TIEPBYIO OYEPEIh BOCCTAHOBICHHOTO IIIyTAaTHOHA, a TAK)KE OKUCJICHUE TUOJIOBLIX TPy
OenkoB. B cBsi3u ¢ 3THM OBLIO UCCIIEIOBAHO BIMSHIE KYMOXHHOHA HA YPOBEHB JJAHHBIX MAPKEPOB OKUCIIUTEIb-
HOTO CTpecca B KePaTHHOIUTAX.

Kaxk cremyeT m3 maHHBIX, MPEACTABICHHBIX Ha pHUC. 2, 6, HHKYyOAIHs KEPaTHHOIIUTOB ¢ KyMOXHHOHOM
(200 MkMoITB/1T) B TeyeHHE | 4 MPUBOIUT K CYHIECTBEHHOMY YMEHBIICHHUIO COACPIKAHMSI BOCCTAHOBICHHBIX
THOJIOB, ITPY 3TOM YPOBEHb BOCCTAHOBIIEHHOTO TIIyTaTHOHA CHUXkaeTcs Ha 57 %. Takum oOpazom, yxe uepes
1 4 mocne BHECEHH KyMOXHHOHA B KYJIBTypPaIbHYIO CPEIY KIETKH HAXOISATCS B YCIOBHSIX OKHCIUTEIHHOTO
cTpecca, KOTOPBIH MOJKET pacCMaTpUBaTLCS KaK MPUIMHA TOCICAYIOIETO CHIDKCHUS MX KA3HECTIOCOOHOCTH
U HAPYIICHUS IIEIOCTHOCTH TIa3MaTUYECKON MeMOpaHBI.
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Puc. 2. BrusiHUE TIPOIOIDKUTETBHOCTH HHKYOAIN KEPAaTHHOIUTOB
¢ KyMOXUHOHOM (200 MKMOJIIB/JT) Ha HX KU3HECIIOCOOHOCTh (METa00INYECKY O aKTHBHOCTD)

1 [IEJIOCTHOCTB IIA3MaTHIeCKOH MeMOpaHbI (JaHHBIE IIPEICTABICHBI KaK IPOIEHT K KOHTPOIIO) (a).
CozepxaHHe BOCCTAaHOBICHHOTO ITyTaTHOHA M THOJIOBBIX TPYII OEIKOB B KePaTHHOIUTAX
yepe3 1 4 nHKyOanuu ¢ KyMoxuHoHoM (200 MKMOIB/1) (6).
3Be3104Koi oTMedeHb! 3HaueHus p < 0,001 OTHOCUTENBHO KOHTPOJIS,

IByMsI 3Be3104KkaMu — 3HaueHHs p < 0,000 001 OTHOCHTEIIEHO KOHTPOJIS

Fig. 2. Effect of the length of incubation of keratinocytes with cumoquinone (200 pwmol/L)
on their viability (metabolic activity) and plasma membrane integrity
(data are presented as a percentage of control) (a).
Content of reduced glutathione and protein thiol groups in keratinocytes
after 1 h of incubation with cumoquinone (200 umol/L) (b).
An asterisk indicates values p < 0.001 relative to control,
two asterisks indicate values p < 0.000001 relative to control

CymiecTByeT OOINBIIIOE pa3HOOOpa3ke METOIOB UCCIEA0BaHM ToBpexkaeHui cTpykTypsl JIHK, omHako qyBcTBH-
TEIFHOCTH M CHIENU(UIHOCTS MHOTHX M3 HUX OKa3bIBAIOTCS HEAOCTATOYHBIMH JIJISI MOHUTOPWHTA TTIOBPEKICHUN
JIHK, BbI3BaHHBIX JCWCTBUEM BHEIIHUX (PAKTOPOB, U BBISBICHUS I€HOIIPOTEKTOPHOTO 3(peKTa MoTeHInab-
HBIX (papMaKoJIOTUYECKUX mpernaparoB. [1o 3Toi npuyrHe OONBIION MHTEPEC MPEACTABISCT MPEII0KESHHBIN
B 1984 1. Mmetox JIHK-xomet (meTox remb-anexrpodopesa JIHK ornenbHbIX Ki1eToK) [12], MO3BOINSIONINI BBI-
SIBIISITH U aHATU3UpoBaTh oBpexaeHus JJHK kax in vitro, Tak u in vivo. C ncnons3zoBanuem merona JJHK-komer
B JJAaHHOH paboTe ObLIO MccieqoBaHo cocTosiHue siueproit JJHK keparuHouToB yenoBeka uepes 2 4 MHKyOaluu
C KYMOXHHOHOM B auara3zone KonueHTpamuid 50-200 mxmons/1 (puc. 3).
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Puc. 3. PenpesenraruBubie (uyopecientnsie Mukpodororpadpuu JJHK-komer,
TIOJTyYEeHHBIX U3 KOHTPObHBIX KieTok HaCaT (a)
u kyneTHBHpyeMbIxX KireTok HaCaT uepes 2 1 nHKyOanuy ¢ KyMOXHHOHOM
B KoHLeHTpauu 50 Mkmouib/a (6), 100 mxmow/n (6) u 200 MxkModb/ (2)
(OKpamBaHue STHANYMOPOMUIOM)

Fig. 3. Representative fluorescent micrographs of DNA comets obtained
from control HaCaT cells (a) and cultured HaCaT cells after 2 h of incubation
with cumoquinone at a concentration of 50 pmol/L (b), 100 pmol/L (¢) and 200 pmol/L (d)
(ethidium bromide staining)

YCTaHOBIIEHO, YTO HHKYOALsI KEPATHHOLIMTOB C KYMOXHHOHOM B T€UEHHE 2 U IPUBOAUT K TOSIBJICHHIO KIIETOK
c nospesxaeHHoi JIHK, mpuueM KoM4ecTBO TaKUX KJICTOK BO3pACTaeT ¢ yBeIMICHUEM KOHLICHTPALMU KYMOXUHOHA
B KyJBTYpaJIbHOH cpeze (cM. puc. 3; tabi. 1). CinexyeT OTMETUTD, YTO B KJIETKaX € MOBPEXICHHBIM XPOMAaTHHOM
BbIsIBIICHBI ToNbKO atunyuHbie JJHK-komets. [locne BozaeiicTBUsI KyMOXHHOHA B KOHIEHTpauuu 200 MKMOJIb/JI
arunmunble JJHK-komeTs! coctaBisim 99 % Beex 3a10KyMEHTUPOBAaHHBIX KOMET (CM. pHcC. 3, 2), a Toclie BO3ACH-
CTBUS KyMOXHMHOHA B KoHIIeHTpauuu 100 MxMoiib/i — okonno 50 %, Toraa kak 0CTajabHbIE KOMETHI [10 BU3YaJIbHOMY
pamkupoBaHuio [ 13] oTHOCHITUCH TOBKO K Kareropuu 0 (cM. puc. 3, 8), T. €. He cozieprkaiu nospexaeHayro JJTHK.
[Ipu BO3AEHCTBMM KYMOXHHOHA B KOHLEHTpauuu 50 MKMOJIb/JT KOMETHI KaTteropuu () COCTaBIIsIIN NPaKTUYECKU
100 % (cm. puc. 1, 0).

Ta6numa 1
Crenenn noppesxaenus saaeproii JTHK kepatunouuTos
Yyepe3 2 4 HHKY0ANHH ¢ KYMOXHHOHOM
Table 1
The degree of damage to nuclear DNA of keratinocytes
after 2 h of incubation with cumoquinone
DKCHepUMEHTAIbHbIC yCIOBUS Tpouent wxetox Hponent JTHK
p Y ¢ ¢pparmentupoBannoi JIHK | B xBocte arunnunbix JJHK-komer
KonTtpoinn 0+0,1 0+0,2
KymoxurOoH (50 MKMOITB/TT) 1,0+£0,2 0+0,2
KymoxuroH (100 MKMOIB/1T) 49,0 +£1,4* 89,3 + 1,4**
KymoxuroH (200 MKMOJIB/1T) 99,0 £ 1,4%* 91,3 £ 1,4%*

*p < 0,000000 1 OTHOCHTEIBHO KOHTPOJIS.
**p <0,000000001 OTHOCHTEIEHO KOHTPOJISL.

Artunmunsie JJHK-xoMeTsl, 1K, Kak UX ellle Ha3bIBalOT, KJIETKU-TIPU3PaKH, oOliaKa JTU00 €Ku, UMEIOT He-
CTaHIAPTHYIO MOP(OIIOTHIO, TIPH ATOM OOLIMM IS HUX SIBIISICTCS MPAKTUYECKH TTOJIHOE OTCYTCTBUE TOJIOBBI
1 HAJIM4Ke MUPoKoro nudy3noHHOro XBocta, cogepskariero ot 70 mo 100 % Bceit ssnepnoii JIHK [14]. Cymue-
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CTBYIOT Pa3JIMYHBIC TUTIOTE3BI, OOBSICHSIONINE BO3MOKHOCT 00pa3zoBanus arunuaHbix JJHK-koMeT, HO Bce oHM
MIPEIoNaraloT aKTHBAIMIO B KJIETKE MTPOIECCOB, BeAYyIMX K paciueruienuto [IHK, B mepByto ouepenb pazBuTue
OKHCJIMTEJIHOTO CTpecca, KOTOPhI NPUBOAMT K anonto3y U aktuBauuu JJHK-sH10HYKII€a3, BKITIOUas Kacra-
30He3aBrcuMyto sHonyKneasy G [14]. JJHK-komeTsl, KOTOpbIe MOTYT OBITH 3apErHCTPUPOBAHbI C TIOMOIBIO
undpoBoit kamepsl, cogepxar pparments! JJHK mmuro#t 10-300 THIC. Tap HYKIEOTHIOB U XapaKTEPHBI IS
HAYaIBHOTO JTalla aronTo3a, B MOCIIEIyIONeM OHH MTOJBEPTAIOTCA JalbHEUIIIEMY paclielIeHUIo 10 (parMeHToB,
kparHbix 180—200 mapamM HYKJICOTHIOB, M BBHY CJ1a00OTO CBEUECHHUS yKe He AeTeKTupyrorcs [14].

3HaueHwus, MPUBEACHHBIE B Ta0Il. 2, XOPOILIO COMTACYIOTCS ¢ JaHHBIMU, TOJTy4YeHHBIME B padore [15]: uepes
2 4 miociie 00padOTKH KIETOK p-HUTpodeHonom, N-Jayporsicapko3uHOM U D-MEHTONIOM (BeIecTBaMH, HE SIBIISIIO-
MIMMHUCS TEHOTOKCUKAHTAMH) B IIUTOTOKCHYECKUAX KOHIIEHTpanusax ObutH BhisiBIeHbI J|HK-koMeTsI ¢ cunbHO
noBpexaenHo [IHK Ha ¢one orcyrerBus JJHK-komet co cpemneis nmm Hu3Ko# cTenensio moBpexaeHus JTHK.
[IpuHIMas BO BHUMaHHE ST PE3YIbTaThI, a TAKXKE TaHHBIE, CBUACTEIbCTBYIONINE O PA3BUTHH OKUCIUTETEHOTO
cTpecca B KepaTHHOIUTAX YeJI0BeKa, MOJIBEPTHYTHIX BO3ACHCTBIIO KYMOXHHOHA, MO>KHO C/I€JIaTh BHIBOJ] O TOM,
yto nosinenre arnnndHbX JJHK-komeT 00yciioBneHo He MpsIMbIM TeHOTOKCHYECKUM JeHCTBHEM KyMOXHHOHA,
a ero crnocoOHocThio npoayuuposath ADK 1 BIMATE Ha PETOKC-CTATYC KIETOK.

HcciienoBaHue BIAMSIHAS HATHBHOTO W MHKPOCTPYKTYPHPOBAHHOTO KBEPIETHHA HA IIUTOTOKCHYECKHE
3(¢eKThI KYMOXHHOHA B OTHOIIEHHH KEPATHHOLMTOB 4esioBeka. Kierounass Mozenns, OCHOBaHHAs Ha BO3-
JIEHCTBUM KYMOXHHOHA Ha KEPATHHOIIUTHI, ObIJIa HCITOB30BaHA TS OIICHKH (DapMaKoJIOTHIeCKOH A (heKTHBHO-
CTH HaTUBHOTO U MUKPOCTPYKTYPHUPOBAHHOTO KBEPIIETHHA B YCIOBUAX OKUCIUTEIBHOTO cTpecca. C 3ToH 1eIbio
ucclieyeMble TpenapaTbl BHOCHIN B KyJIbTYpPaJIbHYIO CPEAY OJHOBPEMEHHO C KYMOXMHOHOM M uepe3 4 4 UH-
KyOaluy OLeHUBAJIH KU3HECTIOCOOHOCTh KIIETOK.

YcTaHOBIIEHO, 4TO Yepe3 4 4 MHKyOalnd ¢ KyMOXHHOHOM KOJHYECTBO KH3HECTIOCOOHBIX KIIETOK CHUXKa-
nochk moutw Ha 100 %. OnHako, ecny KepaTHHOUTHI HHKYOHUPOBAINCH C KYMOXHHOHOM B TIPUCYTCTBUH KBEP-
LeTuHa Ui ero MukpocTpykrypssix ¢opm (Ks(PAH/PPS), n Ks(Hit/DS),), konudecTBo XKHU3HECIIOCOOHBIX
KJIETOK OBUIO CYIIECTBEHHO OOJBIIE, YeM NPU WHKYOAIMu TOIBKO ¢ KYMOXHHOHOM (cM. Tabi. 2). [lpu sTom
samuTHble 3¢ dextsl KB(PAH/PPS), u KB(Hit/DS), 6butn cTaTHCTHUECKH 3HAYUMBI.

Tabnuma 2

Bunsinue kBepuetuna (50 MKMOJIb/T)
H €ro MUKPOCTPYKTYPHBIX (hopm (50 MKMOJIB/JI 10 KBEPLETHHY)
HA JKU3HECNOCOOHOCTh KePATHHOLUTOB Yepe3 4 4 HHKYOauu
¢ KyMmoxXuHOHOM (200 MKMOJIB/J1)

Table 2
Effect of quercetin (50 pmol/L)
and its microstructured forms (50 pmol/L for quercetin)

on the viability of keratinocytes after 4 h of incubation
with cumoquinone (200 pmol/L)

Komnuectso
3KCH€pI/IMCHTaJII>HI>I€ yciaoBusa SKI3HECHOCOBHBIX KJIETOK, %
Konrposns 100,0 £ 7,5
Kymoxunon 1,8 £4,4%
KyMOx1HOH + KBepLeTHH 122+£7,6
Kymoxunon + K(PAH/PPS), 23,5 £9,2%%*
Kymoxunon + Ks(Hit/DS), 30,0 £ 11,3%%*

*p <0,00001 oTHOCHTETBHO KOHTPOJISL.
**p < 0,01 OTHOCUTEIIBHO KyMOXHHOHA.
*#%p < 0,001 OTHOCUTETBHO KYMOXHHOHA.

B nocnenyromux sxcriepumentax merogom JIHK-komer 6bi1a onpeenena anekTpodopeTuyecKast MoaBIK-
HocTh JIHK keparnHOIMTOB Hepe3 2 4 uHKyOanuu ¢ KyMOXUHOHOM (200 MKMOJIB/JT) B IPUCYTCTBUU KBEPLCTH-
Ha (50 mxmons/n), KB(PAH/PPS), nnu Ks(Hit/DS), (50 MkMons/n o kBepueTHHy) u 6e3 Hux. Kak BuaHO 13
puc. 4, 9epe3 2 4 HHKyOanu ¢ KYMOXHMHOHOM KJIETKH ¢ HertoBpexaeHHo# IHK mpakTudeckn oTCyTCTBOBAIH
(cwm. puc. 4, 0 —3), TOrIa KaK MpHu JO0OABIEHUH B KYJIBTYPaIbHYIO Cpey KyYMOXHHOHA M UCCIIEAyeMbIX TIpenapa-
TOB — KBepueruHa (cM. puc. 4, u—m), Ks(PAH/PPS), (cm. puc. 4, n—p) unu Ks(Hit/DS), (cm. puc. 4, c—¢h) —
KOJTMYECTBO KJIETOK ¢ HemoBpexkaeHHou snepHoii JJHK cocrasmsino 20-30 %.
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Puc. 4. Penpe3entatuBHble QuyopecueHTHbIe MuKpodoTorpaduu JJTHK-komer,
MOJY9YeHHBIX U3 KOHTpoNbHBIX KieTok HaCaT (a—e) u kynpTuBupyeMsix kietok HaCaT
yepe3 2 4 MHKyOaluu TOJIbKO ¢ KyMOXHHOHOM (200 MKMOIB/IT) (0 —3), ¢ KYMOXHHOHOM
n kBepueTnHoM (50 Mxmoits/i) (1 —m), kymoxunoHoMm u KB(PAH/PPS), (50 mxmons/n) (1 —p),
xymoxuronoM u KB(Hit/DS), (50 Mmxmomns/1) (¢ —¢h)

(OKpalBaHue TUANYMOPOMHUIOM)

Fig. 4. Representative fluorescent micrographs of DNA comets obtained
from control HaCaT cells (¢ —d) and cultured HaCaT cells after 2 h of incubation
with cumoquinone only (200 umol/L) (e— ), with cumoquinone and quercetin (50 umol/L) (i—1),
with cumoquinone and Kv(PAH/PPS), (50 pmol/L) (m—p),
with cumoquinone and Kv(Hit/DS), (50 pmol/L) (g—1)
(Kv — quercetin; ethidium bromide staining)
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Takum 00pa3oM, KBEPIIETHH ¥ €r0 MUKPOCTPYKTYPHBIE ()OPMbI YMEHBIIIAIOT CTEIICHD IIOBPEKICHUS SACPHON
JIHK xymoxuHOHOM. XOPOIITO U3BECTHO, YTO KBEPIIETHH SBIIACTCS d3PPEKTUBHBIM aHTHOKCcHAaHToM [1]. Tlo-
CKOJIbKY ITATOTOKCHYECKOE JIEHCTBHE KYMOXHHOHA 00YCIIOBICHO MHUIIMMPOBAHUEM OKUCIUTEIBHOTO CTpecca,
MOYKHO JIOITYCTHTb, UTO BBISIBJICHHBIC B IAHHOW pa0b0Te 3P PEKTHI KBEPIETHHA M €T0 MUKPOCTPYKTYPHBIX (hopM
CBSI3aHBI CO CIIOCOOHOCTHIO HelTpanu3oath ADK v nHruOupoBaTh CBOOOIHOPAIUKAIBLHBIC TIPOIIECCHI, BEIY-
e K Pa3BUTHIO OKUCIUTENBHOTO cTpecca u anmonto3y. CilemyeT OTMETHTh, YTO MHUKPOCTPYKTYpHPOBaHUE
KBEPIETHHA YBEIIMINBACT €r0 OMOIOCTYITHOCTh U MOBBINIAET A3PPEKTUBHOCTD IUTOIIPOTEKTOPHOTO ICHCTBUS
B YCIJIOBHSIX KJIETOUHOTO OKHCIUTEIILHOTO CTpecca.

3akaoueHne

B Hacrosiiem uccie10BaHUM OKa3aHO, YTO KYMOXHHOH MOXKET OBbITh HCIIOJIb30BaH I MOZIEIMPOBAHUS OKHC-
JIMTENILHOTO CTpecca U U3YUEHHUS €ro MOCIEACTBUN B KYJbTHBUPYEMBIX KIE€TKax. | MOeb KIEeTOK, MOBPEkKICHUE
JHK u nosiBnenue arunuunbix JJHK-komeT B keparnnonmTax yenoseka tuHuu HaCaT, nmonBeprayThIX Bo3ei-
CTBHIO KyMOXMHOHA, 00YCIIOBJICHBI HE €70 TeHOTOKCHYHOCTBIO, a Pa3BUTHEM OKHUCIUTEIBHOIO CTPecca U aKTHBA-
nuer JIHK-3110HyKII€a3. YCTaHOBIEHO, YTO KBEPIIETHH OKAa3bIBAET IIUTOMPOTEKTOPHOE JIEUCTBUE U YMEHbIIIAET
cTeneHb nospexaeHus aaepHoi JIHK B yclIoBHSAX OKHCINTENBHOIO CTPECCA, MHULMUPYEMOTO KYMOXHHOHOM.
3amuTHBIA 3P (EKT CyIecTBEHHO BO3pACTALT P MCIIOIb30BaHUN MUKPOCTPYKTYPHPOBAHHBIX (DOPM KBEPLIETHHA,
YTO MOXKET OBITh CBSI3aHO C YBEIMYEHHEM €ro KIETOYHOM JOCTYITHOCTH.
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OIEHKA 9HAOI'EHHOI'O AHTUOKCUAAHTHOI'O ITOTEHIIUAAA
BEAOPYCCKHUX COPTOB IIMBA IIPU ETO XPAHEHNU
B PASBANYHOMU YITAKOBKE

A. A. PYCAKOBHY", B. B. JEMH/YHUK"

1)Bejzopyccmu”t 2ocyoapcmaennulil ynugepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, benapyco

Annomayus. [pu IUTEIEHOM XpaHCHHUH ITUBA B HEM Pa3BUBAIOTCS OKHCIUTEIBHBIC MTPOIECCHI, IPUBOISIIUC K YXY/I-
MICHUIO KaueCTBA HAITUTKA. B OCHOBE 3TOTO JIC)KUT TCHEpAIHsI aKTUBHBIX (DOPM KUCIIOpOa, KOTOPAst MOXKET BBI3BIBATHCS
nuddysueii Kucmopoaa yepes JIeMEHThI YITAKOBKH JTH00 MPeoOpa30BaHUEM BHYTPEHHHUX KHCIOPOICOAEPKAIINX UCTOTHHU-
koB. JIyist aHanm3a cBOOOAHOPAIMKATIBHBIX ITPOIIECCOB B MUBE B TIOCIIEIHIE TO/bI AKTHBHO UCIIOIb3YETCs CIEKTPOCKOTIHS
AIIEKTPOHHOTO MapamMarHUTHOTo pe3oHanca (JI1P). OHa mo3BoNSET OLIEHUTH OKUCIUTENBHYIO CTAOMIIBHOCTD TTHBA 110 TaK
Ha3bIBAEMOMY OHAOICHHOMY aHTUOKCUAAHTHOMY NOTCHIHATY, BEIUYUHA KOTOPOTO KOPPEIUPYET CO BPDEMEHEM XpaHCHU
U BKYCOBBIMH KauecTBaMH HanmuTka. OJHUM M3 BaKHEHIIUX BOIPOCOB B MUBHOM MHIYCTPUU SBIsiCTCS 3((EKTHBHOCTh
Pa3IMYHBIX BUOB U30IMPYIONICH YITAKOBKH B OTHOIIICHUY OKHCIHMTEIBHBIX poreccoB. iMeercs psi padoT, ykas3pIBaro-
[IMX HA TO, YTO JKECTSHAs OAHKA U CTEKJISHHAs OyThUIKA 00ECHEYMBAIOT JYUIIYI0 COXPAHHOCTh MUBA [0 CPABHEHUIO
C MOJUATUIICHOBOW OyThUIKOH. OJHAKO HESICHO, CBSI3aHO JIM TO C OKUCIUTEIbHBIME SBICHUSIMUA. B mpeacTaBieHHOR
paboTe ¢ MCIIONB30BaHNEM aIAITHPOBAHHEIX MeTo0B DIIP-cnexTpockonmu Ha 6aze DIIP-cexrpomeTpa 6er1opycckoro
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MIPOU3BOJICTBA OBUTH BBISBICHBI OTIAMYUS B BEJTMUYMHE SHIOTEHHOTO aHTHOKCHIAHTHOTO MTOTEHITNANA KaK [T Pa3InIHbIX
COPTOB IMBA, TAK U JIJIsl Pa3HBIX TUIIOB YIAKOBKH (TIOJIMATHIICHOBAsI OyThUIKA, CTEKJISIHHAsI OyThUIKA U JKeCTsiHAsl OaHKa).
[TokazaHo, 4TO MUBO, XpaHSILEECs B TIOJIMITUIICHOBOI Oy ThUIKE, UMEET 3HAYNTEIBHO 00JIee HU3KUI SHIOTCHHBINH aHTHOK-
CHJIAaHTHBII OTEHIMAJ, YeM ITUBO, XPaHSIIIeecs B CTEKIITHHON OyThuTKe. Kpome Toro, ycTaHOBIEHO, YTO OKHCIIUTEIBHBIC
XapaKTePUCTHKH OTHOTO 1 TOTO YK€ COPTa MHBA, XPAHSILETOCS B KECTIHON OaHKE M CTEKIJITHHON Oy TBIJIKE, HE OTIINYAOTCS.

Kntouegvie cnosa: 3neKTpOHHBIN TapaMarHUTHBIN PE30HAHC; CIMHOBBIE JIOBYIIKH; CBOOOIHBIE Pa/INKaIIbI; OKHCICHUE
MMBa.

bnazooapnocms. ABTOPHI BBIpaXaroT Ipu3HATeTHHOCTE 3A0 «AnmBuH CMapT OIKTOPH» 338 TEXHHIECKYTO TTOICPKKY
IIPY TIPOBEICHUH FICCIIIOBAHMS, a TAakke MEeHekepy 1o pazButhio mponsBoacTtBa OAO «Kpununma» U. C. YepHsiesy 3a
IIpe0CTaBICHUE 00pa3IOB I aHAJIH3a.

ASSESSMENT OF THE ENDOGENOUS ANTIOXIDANT POTENTIAL
OF BELARUSIAN BEERS DURING ITS STORAGE
IN DIFFERENT PACKAGING

A. A. RUSAKOVICH’, V. V. DEMIDCHIK"*

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Corresponding author: A. A. Rusakovich (aalinarusakovich@gmail.com)

Abstract. During long-term storage, oxidative processes develop in beer, leading to a deterioration in the quality of this
drink. This is based on the production of reactive oxygen species, which can be caused by the diffusion of oxygen through
packaging elements or transformation of internal oxygen-containing sources. Electron paramagnetic resonance (EPR)
spectroscopy has been actively used in recent years to analyse free radical processes in beer. It allows to evaluate the
oxidative stability of beer by the so-called endogenous antioxidant potential, the value of which correlates with storage time
and taste of the drink. One of the most important issues in the beer industry is the effectiveness of various types of insulating
packaging in relation to oxidative processes. There are a number of studies indicating better preservation of beer in a can
and glass bottle compared to a polyethylene bottle. However, it is not clear whether this is due to oxidative phenomena.
In the presented work, using adapted EPR spectroscopy methods based on the EPR spectrometer manufactured in Belarus,
differences in the value of endogenous antioxidant potential were identified for both different types of beer and different
types of packaging (polyethylene bottle, glass bottle and can). Beer stored in a polyethylene bottle has been shown to have
a significantly lower endogenous antioxidant potential compared to beer stored in a glass bottle. It was also found that the
oxidation characteristics of the same type of beer stored in a can and a glass bottle do not differ.

Keywords: electron paramagnetic resonance; spin traps; free radicals; beer oxidation.
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BBenenue

[MuBo siBiIsIETCS OTHUM U3 HAaKOOJIEe PACIIPOCTPAHCHHBIX aJIKOTOJIbHBIX HAITUTKOB B MUPE, & TAKXKE JTUICPOM
1o 0o0beMaM MPOU3BOAUMON NPOMYKIMK B OuorexHosoruu [1; 2]. YnorpebieHue miBa, KOTOPOE 10 CpaBHE-
HUIO C BOAKOM M BUHOM OTIIMYACTCSI HU3KUM COJICPIKAHUEM aJIKOTOJIsl, IMEET 3HAUYUTEIIbHBINA COLUATbHBIN (-
(bekT, Tak KaK OHO 3aMEHSIET, B 0COOEHHOCTH B cTpaHax Bocrounoii EBporibl, Oosiee Kpenkue CUpTHRIC HATUT-
ku [3]. B HacTosiniee BpeMst B MUPE CYIIECTBYIOT IECATKU THICSY COPTOB MTUBA, & €ro MOTPEOICHNE HAXOAUTCS
Ha CTa0MIILHO BEICOKOM YPOBHE, MPOOJDKAs PACTH, YTO CBSA3aHO C YBEIHMUECHHUEM aCCOPTUMEHTA, Pa3padoTKOn
HOBBIX PEIENTYP U OTKA30M MOTPeOUTENICH OT IPYTHX aJIKOTOJIBHBIX HAIMTKOB [4].

B cocTaB nuBa BXOIAT psiJi OpPraHUYECKUX COCAMHEHUM (BKIIIOUAsi OPraHUUYECKUE KUCIIOThl, AMUHOKUCIIOTHI,
caxapa, IoJIMcCaxapH/ibl, CIIMPTHI), OMPEACISAIONINX €ro BKyCOBbIe KadecTBa [5; 6]. [IpoBeneHHbIe nccienoBa-
HUS TaK)K€ MOKA3BIBAIOT, YTO MUBO COICPXKUT 3HAYUTEIbHOE KOJIMYECTBO MOJIE3HBIX JJI YEIOBEKa BEIICCTB,
TaKUX KaK BUTAMUHbBI, aHTUOKCUJIAHTBI, MUKPO3JIEMEHTHI U 1p. [5; 7]. Kak u B Apyrux npomyKrax MUTaHUS,
B [IMBE [IPU XPAHECHUU MPOUCXOSIT OKUCIUTEIbHBIC PEAKIIUU, TPUBOSIINE K YXYAIICHUIO €r0 Ka4eCcTBa U MO-
JIe3HBIX CBOMCTB [&; 9]. CpOK rONHOCTHY MUBA B 3HAYUTEIBHOMN CTEIIEHU OMPEAEISETCA CKOPOCTHIO MPOTEKAHUS
JAHHBIX MPOLIECCOB.
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B ocHOBe OKHCIMTENBHBIX MPEBpAIllEHUI B NMHBE JIeKaT reHepays akTuBHBIX (GopMm kuciopoaa (ADPK)
7 HaKOTUICHHWE OKWCIICHHBIX MMPOM3BOMHBIX OpraHmueckux coenuHeHuit [10]. IIpobmema yBenmueHUus cpoka
TOAHOCTH MHBA, COXPAHEHUSI CBEKECTU BKyCa U MOJIJCPKAHUS AaHTHOKCUJAHTHOM aKTUBHOCTU HAIIUTKA SIB-
JSI€TCS OHOM U3 BaXKHEHIINX B MUBHOM MHAYCTpUH. B mociaenHue rofpl BhICKa3aHbl IPEAIOI0KEHUS O TOM,
YTO OKUCIIUTENbHbIE IPOIIECCH B IIMBE CBSI3aHBI C €r0 HACHIIIEHUEM U3ITUILKOM KHCIIOpOa PU IPOU3BOACTBE,
a TaKXke C MPOHUKHOBEHUEM KUCIOpoAa depe3 ynakoBky [11]. Tem He MmeHee qaHHBIC TPEATONOKEHUS MTOKA HE
MOJIKPETIIICHBI AKCTIEPUMEHTAIILHBIMU J10Ka3aTeIbCTBAMH.

g peructpanuy ¥ ONMCaHUA CBOOOIHBIX PAJIKAJIOB B PA3IMYHBIX pasziesiax OMOIOTHH U XHUMHUH, B TOM
YUCIIE MPU aHAJIU3€ OKUCIUTENIBHBIX NPOLECCOB, IPOUCXOIAUIUX B MUBE, IIUPOKO MPUMEHSIETCS CIEKTPOCKO-
IHsE 3IEKTPOHHOTO MapamarHuTHoro pesonanca (OI1P) [12—14]. [Tog DITP noHnMaroT MOIOMIEHHE 3IEKTPO-
MarHUTHOTO U3JIy4eHHsI ONPeIeICHHON YacTOThI MapaMarHUTHBIM BEIIECTBOM (DIIEKTPOHAMH ), IOMEIIEHHBIM
B MIOCTOsIHHOE MarHuTHoe mojie [15]. CormacHO KBaHTOBO-MEXaHHUYECKON MOJIEIH 3apsKEHHBIC CBOOOIHBIC
3JIEKTPOHBI BPAIIAIOTCS BOKPYT CBOEH OCH, YTO MPUBOIUT K BOSHUKHOBEHHIO MarHUTHOT'O MOMEHTA, WIIM CITUHA.
CriH MOYKET HaXOIUTHCS B ABYX OPHEHTAIUSAX OTHOCHUTEIHHO MATHUTHOTO TOJISI — MapajuIeTbHON U aHTHIIA-
pamienbHOM. I KaXx a0l U3 OpueHTAalUi XapaKTepeH pa3Hblil ypoBeHb 3Hepruu. [lornomnias MUKpOBOIHOBOE
U3IIyYEHUE, CIIMH MOYKET MEPEXOIUTh C OJHOTO SHEPreTHUYECKOro YpPOBHS Ha Apyroil. Pezonanc Bo3HHUKaET
B pe3yJibTaTe COBIAJICHHS SHEPIUU U3IyUYCHUs C dHEpruel, Heooxoaumoi s nepexoaa [16]. YMeHbleHuto
MOITHOCTH M3IyYEHHS NPU PE30HAHCE COOTBETCTBYET CHTHAJ, KOTOPBI PErHCTPHUPYETCsl, 00padaThiBaeTCs
Y TIPEJICTABISETCS B BUE TMIEPBOM NMPOU3BOAHOM KpuBoit noromenus (OI1P-cnexpa). [l KonnyecTBeHHOMN
XapaKTepUCTUKH CUTHAJa TMPUMEHSETCS TBOWHOE HHTETPHUPOBAaHNE ITepBoil mpousBogHoi DIIP-ciexTpa [17].
Peructpanus SI1P-cnextpos ocymectsisercs: DIIP-cnekrpomerpamu. B nocneanue rogsl pou3BOACTBO J0-
cTynHbIX 1o nene DIIP-criekrpomeTpoB HanaxkeHo B benapycn 3AO «Aasun Cmapt @skTopm». Axanranus
JaHHBIX IPUOOPOB 0] UCCIIEJOBAHME OKUCIUTENBHBIX IIPOLIECCOB M 3HJOI€HHOT0 aHTHOKCHAAHTHOTO TIOTEH-
nuana (DAIl) nuBa npeacrapiseTcs BecbMa akTyalbHOM 3a/1auei.

Wcnonp3oBanne merona DIIP-criekTpockonuy CONMpspKEHO € PSIIOM TPYAHOCTEH, B YaCTHOCTH € T€M, YTO
paIuKaTbHbIE MOJIEKYJIBI OBICTPO PACIIaIal0TCs FITH BCTYTIAIOT BO B3aMMOJICHCTBHS C IPYTUMH MOJIEKYIIaMH O1o-
norudeckux cucteM [17]. JlaHHas 0COOCHHOCTD JeaeT KOHIIEHTPAITHIO CBOOOMHBIX PaIdKajaoB HEIIOCTOSHHON
W 3aTPYIHSET UX MPsIMOe onpesernienue. [ ananm3a KOpOTKOXKUBYIIIUX CBOOOTHBIX PaTUKAIOB PUMEHSIOTCS TaK
Ha3bIBa€MbI€ CIIMHOBBIE JIOBYIIKH. B KauecTBe HUX yallle BCEro UCIOJb3yI0TCS HUTPOHHBIE COSNHEHUS WIN
HUTPO30COCAMHEHHS, ClICHU(UIHO pearupyromre co cBo00THpIME paaukanamu [18]. B pesynbrare B3aumo-
JeHCTBUSI CBOOOIHOTO paJiiKana U CIIMHOBOHM JIOBYIIKHA (POPMHPYIOTCS JIOJNTOKUBYIIHE CTAOWIbHBIC TIapa-
MAarHuTHbIE aJAYKThI, T. €. PaJUKaJIbHbIE MOJIEKYJIbI, KOTOPbIE MOTYT JUIMTEIBHOE BPEMSl PETUCTPUPOBATHCS
OIIP-cniekTpomerpom [19].

st u3ydeHus npoieccoB OKUCICHUS B MMBE B OCHOBHOM MCIONb3YIOTCSI TAKME CIIMHOBBIC JOBYIIKH, KaK
o-penun-N-mpem-oytunautpos (PBN) u a-4-nupuani-1-oxeua-N-mpem-0ytunnurpon (POBN) [20]. Onu
(hopMUPYIOT CTA0MIIbHBIC AIYKThI C TUAPOKCHIBLHBIM U IpyruMu paaukanamu [21]. dis ananuza DAII nusa
nepBoii Oblia pazpaborana MeTorka Ha ocHoBe PBN, koTOpast akTHBHO MPUMEHSETCS 10 HACTOSIIIETO BPEMEHH.
PBN mmeer HU3KyIO IIEHY, OTHAKO, KaK BELSICHHIIOCH, HE 00JIafaeT BEICOKOW CEJICKTHBHOCTRIO U JOCTYITHOCTHIO
B BoziHOH (paze [22]. B mociiemaue roap! uctonszoBanue PBN Taroke KpUTHKYeTCsl HEKOTOPHIMHU aBTOPaMHU BBHTY
reHepauuy apTe(akToB, CBSI3aHHBIX C peIoKc-akTUBHOCTHIO camoro PBN [10]. IIpumenenne POBN B kauectse
ansrepHatiBbl PBN rMeer Oolblne MepclneKTUBBI, TaKk Kak IMO3BOJISIET TOBBICUTD YyBCTBUTEIBHOCTH U3MEpe-
HUSI, UCKITIOYAeT psiji apTeakToB U JIydllle MOAXOAHUT JUIs BOIHBIX cUCTeM. HeMalloBakHO, YTO, HECMOTPS Ha
Ooree BBICOKYIO TI0 cpaBHeHUIO ¢ PBN cronmocts, POBN nipu nipoBesieHn# orbIToB TpeOyeTcst B 0osee HU3KOi
KOHLICHTpALHH.

Iennro HacTOSATIEH pabOTHI IBISIIACh amanTanus MeTooB DI IP-criekTpockomy B KOMOMHAIIAN CO CITHHOBOM
JIOBYLIKOH K n3Mepenuto DAL 6e10pycckux COpTOB MMBA, PA3IUTHIX B PA3IHMYHBIC THITBI YITAKOBKHU, C HCTIOJIb-
3oBaHueM OIIP-criekTpomMeTpa 0Te4ecTBEHHOTO IIPOU3BO/ICTBA.

MarepuaJibl 1 MeTOAbI HCCJIETOBAHUS

Wzmepenust BeIOMHSITHCH Ha coprax nuBa «Kpeinina. Monnaey, «Kurynesckoe», «Brauberg», «3010T0
nuBoBapay npomsBonctea OAO «Kpununa» (bemapych), pa3nuTeiX B Tapy pasHoOro TUMa. VCmomp30BaInch
00pa3Lpl OHON AaThl IPOU3BOACTBA, IPUOOPETEHHBIEC B Pa3IMYHbIX YHKTaX Mponaxu. MccnenoBanus mpo-
Boauiauch Ha 30-1 I1eHb ¢ 1aThbl U3TOTOBJICHHUS.

OxucauTenbHas CTAOUIBHOCTh OTOOPAHHBIX 00Pa3LOB H3yvaaach Ha OCHOBE METOAUKH UCKYCCTBEHHOTO CTa-
peHHs 1Ba IIPU NOBBILIEHHOM TeMneparype [9]. CHauana oOpa3iibl noasepraauch jgeraszaiuu (ycrpanenue CO,)
nyteM nentpudyruposanus (10 000 06/mun (nm 11180 g), 10 mun, 22 °C) B cTepHIbHBIX IPOOUPKAX 00bEMOM
15 MJ1 ¢ OTKpBITOM KpbIIKoi (006heM TpoOsl coctasisit 10 mi). [locne merazarun mpoOUPKH TUIOTHO 3aKPBI-
BaJIMCh, YTOOBI MPETISITCTBOBATh MPUTOKY KHCIOPO/a U3 Bo3ayxa. B merazupoBannabie 00pasifs! 100aBIsIach
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cnmaoBast soBytika POBN (Sigma-Aldrich, CIIIA) B xoHeuHOH paboueil KOHIEHTpAIUK 3 MMOJIb/JI, TIOCTe
YeTo BBITOJIHIIOCH HHKyOHpoBaHue Ha TepMorneikepe (250 o6/muH, 300 muH, 60 °C). CrycTts ompeneieH-
HBIE TIPOMEXKYTKH BPEMEHH OCYIIECTBIUMCH 0TOop 50 MK oOpasma u peructparus ero JI1P-cnexrpa. s
npoBenenus DIIP-ananuza oOpasew nmoMemancs B CTEKISHHbIN Kamuisip (Blaubrand, I'epmanust), KOTOpBIT
3aKyTOpUBAJICs HHEPTHBIM BOCKOM M TIOTrpyskajcs B pezonarop DIIP-cnekrpomerpa SpinscanX (3AO «AnBuH
Cwmapt ®akropuy», benapycs). [Ipu peructpamuu S11P-cieKTpoB UCTIONB30BAIKUCH CACAYIONINE TTapaMeTPhI:
gactoTta Moxyysiuu — 100 000 I'ti, mentp momst — 336 Mo, mmpuHa pa3Beptku — 6 M Th, Bpemst 3amucu — 60 ¢,
BpeMeHHas koHcTtanTa — 0,046 ¢, ammumuryaa Mmoayisiiud — 100 Mk T, AHanu3 mOTydeHHBIX CIICKTPOB MTPOBO-
IUJICs B IporpaMme e-Spinoza. JInst o0paboTKH pe3yabTaToB MCIOIb30BAINCh CTAaHIAPTHBIE METObI BapHa-
LUUOHHOM cTaTHCTUKU. OCHOBHBIMHU CTAaTUCTUUECKUMH XapaKTEPUCTHKAMU CITY KM CPEIHAs apudMeTniecKas
BennunHa (X)), cpenHee KBagpaTHIHOE OTKJIIOHEHHE (G) U omKOKa cpenHei BearnuuHsl (SX ). st KomuuecTBeH-
HOM XapaKTEepHUCTUKU CUTHAJA MIPUMEHAJIOCH IBOMHOE NMHTErpUpOBaHUEe MepBoi mpousBoaHoi DIIP-criexTpa.
3nagenne DAII onpenensanoch mo Touke nepernda KHHETHYECKOW KPUBOW HAKOTUIEHHUS! CIIMHOBOTO aJITyKTa
TIpu HarpeBaHuu oOpasioB nuBa (puc. 1) [9].

A p
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Puc. 1. Usmenenne nareHcuBHOCTH DIIP-curnama
criunoBoro amtykra POBN—HO® B o6pasie nusa
B 3aBUCHMOCTH OT BPEMEHH UHKYOUPOBaHUS

Fig. 1. Change in the intensity
of the electron paramagnetic resonance (EPR) signal
of the spin adduct POBN—HO?® in the sample of beer
depending on the incubation time

[IpucyTcTBytomye B MTUBE YHIOTEHHBIE aHTHOKCHUAAHTHI CTIOCOOHBI MHTHOMPOBATH 00pa30BaHNE B HEM CBO-
OO/IHBIX pPaJIMKaJIOB B T€UEHHE JUTUTEIHHOTO BpeMmeHu [22]. [locie ucromeHns: aHTHOKCHIAHTOB KOJIMYECTBO
CBOOOHBIX PAIUKAIOB JIABUHOOOPA3HO HAPACTAET, U MPOUCXOAUT (POPMHUPOBAHUE JTYKTOB CBOOOHBIX pa-
JTUKAJIOB CO CITMHOBOM JIOBYIIIKOH, MPUBO/IAINEE B SKCIIEPUMEHTAIBHBIX YCIOBUSAX K YBEIHUCHUIO HHTCHCUB-
Hoctu DI1P-curnana (cMm. puc. 1) [23]. CooTBeTCTBEHHO, YeM OoJibliie 3HaueHue DAL 1 HIXKe UHTEHCUBHOCTh
00pa30BaHus CIIMHOBBIX aJIIYKTOB B 00pasiie, TEM BbIIIIC aHTHOKCUIAHTHBIN MTOTEHIIMa o0pasiia, T. €. YCTOM-
YUBOCTH K OKHCJICHHUIO ¥ CTAaOMIILHOCTE BKyca TuBa [22].

Pe3yabTarhl U MX 00CyXKIeHUE

B xone paboTbl ObUTH 1TOTYYEHBI KPUBbIE 3aBUCUMOCTH MHTEHCUBHOCTH DIIP-curuana cimHOBOTO afgyKra
POBN—HO® ot Bpemenn MHKyOUpoBaHus 00pas3loB Mpu NoBbieHHOi Temmeparype (60 °C), T. e. B ycio-
BUSIX MCKYCCTBEHHOT'O CTapeHusl, Ul TPEX COPTOB MHBa, XpaHUBLIMXCS B onmaTHIeHOBBIX ([19T) n cTeksH-
HBIX OyThuTKax (puc. 2). Kak cienyer U3 MOITy4YeHHBIX JaHHBIX, BCE COPTa pearupoBajyl Ha UCKYCCTBEHHOE
CTapeHHe YBEINYEHUEM KOJIMYECTBA CBOOOHOPAaIUKAILHBIX anayktoB POBN—HO®. Oxnako 10T 3¢dext
pa3BUBaJICs 3HAYUTEIBHO OBICTpEE B ciiydae XxpaHeHus nuBa B [19T-ynmakoske. Tak, y coproB nmuBa «KpbrHira.
Monnaey, «Xurynesckoe» u «Braubergy», paznuteix B II9T-0yThiiku, oTcyTcTBOBaNa jar-(as3a B HaKoOILIe-
HUH CBOOOIHBIX PAJIMKaNOB, OOBIYHO MPEAICCTBYIONIAs IUKY, CBI3aHHOMY C HAKOIUICHHEM PaIuKajIoB IIPU HC-
KyCCTBEHHOM cTapeHuu (cM. puc. 1 u 2). Takum obOpazom, copta nuBa «KpsiHina. MouHaey, «KuryneBckoe»
u «Braubergy, xpanusmmecs B [I19T-0yThlikax, BEpOsITHO, IPOLLUIH TOIHBIHA Tporiece ctapenus 3a 30 qHel u He
00J1a1a)IM aHTHOKCUIAHTHOM CIOCOOHOCThI0. OTCYTCTBHE j1ar-(a3sl HA0IOAAIOCHh TAKXKE U JIJIs 00pasiia muBa
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copta «Braubergy n3 creknsHHON OyTBIIKHM, YTO MOKET YKa3bIBaTh Ha BOZMOXXHOE 00O0TaIlleHHe KHCIOPOAOM
Ha 3aKJII0YMTENBHBIX 3Taax IMPOU3BOJCTBA ATOTO NMUBa. TeM He MeHee B OTIIMYME OT 00pasla TOTo e copTa
n3 [I9T-OyThlIKy KpuBasi 47151 AAHHOTO 00pa3la U3 CTEKJITHHOM Tapbl XapaKTepU30BaJlach HEBHICOKUMHU 3Ha4e-
HUSIMU UHTEHCHBHOCTH HAaKOIUIEHUS CITMHOBBIX aJUIYKTOB B Ipolecce ctapeHns. COOTBETCTBEHHO, CTEKIISH-
Has yHakoBKa MpeAoXpaHsja 3T0 NUBO OT cHkeHusa DAIL T. e. mpoaneBana cpok ero rogHoctu. CornacHo
JUTEpaTypHBIM TaHHBIM CYIECTBYET MpsiMast Koppenanns Mexay DALl 1 BKyCOBBIMH M OPraHOIENTHYECKUMU
cBoiicTBamu nuBa [24]. B HacTosmiel paboTe 1moo0HbIe TECTHl HE MPOBOAMIINCH, TaK KaK OHU TPeOyIOT Ha-
T4ansi OOy4eHHBIX M aTTECTOBAaHHBIX CIIEIHATNCTOB.
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Puc. 2. smenenue unrencusnoctu DITP-curnana cnuroBoro ajrykra POBN—HO®
B oOpasiax nmuBa coptoB «KpeiHina. Momnae» (a), « Kurynesckoe» (6), «Brauberg» (8)
B 3aBHCHMOCTH OT BPEMCHHU HHKYOHPOBAHUSI

Fig. 2. Change in the intensity of the EPR signal of the spin adduct POBN—HO*
in the samples of beers «Krynitsa. Strong» (a), «Zhigulevskoe» (b), «Brauberg» (¢)
depending on the incubation time

[IpoBeneHHbIC OMBITHI TOKA3aJM, YTO KUHETHYECKAst KPHBasi HAKOTIJICHUSI CIIMHOBBIX aJIIYKTOB B 00pa3nax
nmBa coptoB «KpsiHina. Monnae» n «Kurynesckoe» B Hauasie MTHKyOUpPOBaHHUS XapaKTepH30BaIach BbIPaKCHHOH
nar-(a3oit ¥ pe3KuM yBelMYeHHUeM HHTeHCUBHOCTH DI1P-curHana Ha omnpeJieieHHOM 3Tarie HHKYOUpOBaHUS
(cMm. puc. 2). UntencuBHocTh DIIP-curHana Ha 3aBepIIaionieM dTarne HHKyOMpOBaHHS 1OCTUTalia 3HAYCHUH,
AQHAJIOTHIHBIX 3HAYCHHAM Tt 00pa3iioB u3 [1DT-Taper. JlanHbni dakT yka3plBaeT Ha TO, YTO 00IIee KOJIHUe-
CTBO OPraHWYECKOTO BEIIECTBa B MPOTECTUPOBAHHBIX 00pa3lax MuBa ObLIO MPHOIU3UTEIBHO OINHAKOBBIM,
HO 00pa3ipl, HaxoauBIIHecs B TedeHne 30 qHeH B CTEKIITHHOM Tape, HaMHOTO Jiydrnie coxpanuian DAl gem
00pa3sipl, KOTopbie XpaHwinch B [1DT-ynakoBke.

B pabote Takxe ObUTH 1TOTY4YEHBI KPUBbIC 3aBUCUMOCTH HHTEHCUBHOCTH DIIP-curnana cnmHOBOTO aayK-
ta POBN—HO® 11 copra nuBa «30710TO THBOBAPay», PasIuTOro B CTEKISHHYIO OyTBUIKY U KECTAHYIO GaHKY
(puc. 3). CormacHo undopmanuu, 1octynHoid Ha BeO-caiite OAO «KpuHuLay, 3T0 MUBO NPOU3BOAUTCS 110
0COOBIM pelenTypaM Ha HOBEHIIEM 000pYIOBaHUN U3 JTYUIIIETO 3apyOeKHOTO COIOAA.
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Puc. 3. U3smenenne naTeHcHBHOCTH DIIP-curnama
L]
cnuHoBoro aanykra POBN—HO® B o6pasie nuBa copra «3070T0 MUBOBApa
B 3aBUCHMOCTH OT BPEMEHH UHKYOUPOBaHUSI

Fig. 3. Change in the intensity of the EPR signal
of the spin adduct POBN—HO?® in the sample of beer «Zoloto pivovara»
depending on the incubation time

st copra «3010TO MUBOBapay Oblia XapakTepHa BBICOKAs HHTCHCUBHOCTh 00pa30BaHUsI CBOOOAHBIX pa-
JIMKAJIOB TTOCJIE 3aBEPILCHHMS JIar-Qasbl, YTO YKa3bIBaeT HAa U3HAYAIBHYIO HACBIIIIEHHOCTH JAHHOTO TBA HEpas3-
JIO)KUBIIUMHUCS] OPTaHUYECKUMH BEILIECTBAMHU C aHTHOKCUAAHTHBIMU CBOMcTBaMu. [ I[pumeuarensHo, 4To 3HaUEHUS
untencusHocTH DIP-curnana POBN—HO® B o6pasiax nuBa «30J10T0 MMBOBAPa» M3 CTEKIAHHON Oy THLIKH
1 JKECTSTHOHM OaHKM HE MMEJHU JTOCTOBEPHBIX OTAMYMA. TakuMm 00pa3oM, 3aTeMHEHHast CTEKIIsIHHAsL Oy ThUIKa (KO-
PUYHEBOE CTEKJIO) U JKecTsHas 0aHKa AEMOHCTPUPOBAIM MPUOIN3UTENHFHO OAWHAKOBBIA YPOBEHb 3aLUTHI OT
OKHCIIEHUS JUIsl OJHOTO U TOTO K€ COpTa NMUBa. DTH JAHHBIE YKa3bIBaIOT HA TO, YTO CBET, IPOHHUKAIOIINI yepe3
3aTeMHEHHOE CTEKIJIO, HE BIUSET Ha MPOLECChl OKUCICHUS, U dPPEKTUBHOCTh YIAKOBKU TJIaBHBIM 00pa3oM
CBsI3aHa C MPeIOTBPAIllEHUEM MOCTYIIEHHU KUCIOPO/a.

Kpome Toro, manst Bcex o0OpasnoB Obut onpeneneH ypoBerb DAIL (puc. 4). Cambim Boicokum DAL cpenun
MPOTECTUPOBAHHBIX 00Pa3LOB 001141411 COPT «30JI0TO MMBOBapa» — 89 MUH B KECTSIHOW OaHKe U 95 MHH B CTEK-
nstHHOM OyThuTKe. [list copra «Kpbnina. Momnae» DAIT cocraBun 80 MuH, 1uist copra «KurynaeBckoe» — 77 MUH.
ComacHO aUTEpaTypHBIM JAHHBIM 3TO JOCTATOYHO BBICOKHE 3HAYEHHS, YKa3bIBAIOLIME HA XOPOIIee KaYeCTBO
MIPOU3BOIUMOTO MuBa [22].

«30710TO MHBOBAPA» M

«Brauberg»

OKHryeBcKoey —

«Kpsorrina. MorHae»

=
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Puc. 4. Yposens DAII 06pasios nuBa
COpTOB «30JI0TO MUBOBapay, «Braubergy, « Kurymesckoey,
«KppiHina. MonHae» U3 pa3IMyHOl yIIaKOBKH

Fig. 4. Level of endogenous antioxidant potential of samples
of the beers «Zoloto pivovaray, «Braubergy, «Zhigulevskoe»,
«Krynitsa. Strong» from various packaging
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[IponemMoHCTpUpPOBaHHBIE B HACTOSIIEH paboTe HU3Kasi COXPAHHOCTD ITHBA U TTaJICHUE €T0 aHTUOKCHIAHTHON
cnocoOHocTH B [I1DT-ymakoBke COrmacyroTcsi ¢ HEAaBHO MOMYyYEHHBIMU METa0O0JIOMHBIMU JaHHBIMU [25-27].
MeTa00710MHBIE HCCIIEA0BAHMS I0KA3BIBAIOT, YTO IIPH JUIUTEIBHOM XPAaHEHUH [TUBA MTOSBIISETCS ITyJl O0JIee OKHUC-
JICHHBIX (DOPM OPraHUYECKHUX KHCIOT U aMUHOKHUCIIOT (OBLIO 3aMETHO M B IIpe/ICTaBIeHHOH pabote). OqHuMuU
13 KJIIOYEBBIX PaJuKaJIbHBIX KOMIIOHEHTOB, KOTOpbIE 00Pa3ytoTcsl B IMBE IPH €r0 CTAPEHUH, SIBIISIOTCS KapOo-
HUWJIbHBIE coeTMHeHMs. JJaHHbIe BenecTBa (GOPMUPYIOTCS B XOJI€ PEaKIMii KapOOHMINPOBaHHS, KATATU3UPYEMBIX
A®DK [28], B pe3ynbraTe BCTpauBaHHs paJHKATH3UPOBAHHBIX (DparMeHTOB OPraHNYECKUX COSTUHEHNUN pa3ind-
HOU MPHUPOBI, THULIIMUPYEMBIX HanboJee peakiinoHHO-aKTUBHBIMU ADK, TIIaBHBIM 00pa3oM IrHIpOKCHIEHBIMU
panukanamu. HakoruieHne kapOOHMIMPOBAHHBIX (POPM OpraHUYECKUX COSANHEHUH H3MEHSET BKYC HAlTUTKA: OH
pruoOpeTaeT TaKk Ha3bIBAEMbI KAPTOHHEIN MMPUBKYC, XapaKTePHBIN 111 HecBexkero nmuBa [28]. KapOoHunbpHbIC
COeMHEeHHs 00pa3yroTCs U PU UCKYCCTBEHHOM cTapeHuH nusa. [IpumedarensHo Takke, yto JI1P-cnexrpomerp
0eJ10pyCcCKOro MPOM3BOCTBA IOKA3aJI CX0XKYI0 3(PEKTUBHOCTD U UyBCTBUTEIBHOCTD H3MEPEHHS C IIUPOKO HC-
MOJIb3yEeMBIMH TTPHOOpaMH MTPOM3BOICTBA KoMIaHui Bruker (I'epmanusi) u Nippon Denshi (Anonus) [29-31].

3akaroueHmne

B nacrosmem uccnenoBaHuy ¢ Bcnonb3oBanneM merona JIIP-criekTpockonuu B MPUCYTCTBUH CITMHOBOX
noBymikrn POBN npoBeneHa orjeHKa BIUSHUS TUIIA yIaKOBKK nrBa Ha ero JDAIL. Kunernueckuit ananns Hako-
IJICHUS CITMHOBBIX aJTyKTOB B YCIIOBHUSIX YCKOPEHHOTO CTApPEHHUS MTUBA TIOKa3all, 9TO CTEKIISTHHAS U KECTIHAS
Tapa o0ecreynBaeT OJMHAKOBbIM YPOBEHb 3aIIUThl HAIIUTKA OT OKHCICHUS U CIIOCOOCTBYeT OoJiee JTUTENb-
HOMY COXPaHEHHIO €r0 OKUCIUTEIhHON cTa0mIbHOCTH. B To e Bpems [1DT-ynakoBka HeadekTuBHO 3amu-
IaeT MUBO OT OKHCIEHHs. Takke MOYKHO 3aKIIIOUUTh, YTO CBET, MPOHUKAIONINNA Yepe3 3aTEMHEHHOE CTEKJIO,
HE BJIMSCT Ha MIPOLECCHI PA3I0KEHUs M OKUCIICHHS TIMBA, TaK KaK He HAOII0AaI0Ch Pa3HUIIBI B OKUCICHUH 00-
pa3IloB HAIMUTKA U3 CTEKIITHHOW OYTHUIKH U JKeCTSHOH OaHKd. COOTBETCTBEHHO, YIIAaKOBKA TIIABHBIM 00pa3oM
MPENATCTBYET MPOHUKHOBEHUIO B IIMBO KUCIOPO/A.
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Annomayua. YCTaHOBJIEHO, YTO CHMXeHUE dkcnpeccud reHa NCED3 BbI3bIBA€T YMEHBIIEHHE PA3MEPOB PACTEHUM
Solanum lycopersicum 1 TIOBBIIIAET UX BOCIPUMMYUBOCTB K 3apayKeHHIO MatoreHoM Pectobacterium versatile. BoisiBneHo
M3MEHEHHE SKCIIPECCHHU I'eHOB CANTMIIMIIATHON CUTHAIM3AIMH: BO3POCIIa SKCIIPECCHs TeHOB curHainbHoro Oenka NPRS u 3a-
mmtHOro Oeska PR1a. Tak:ke 0TMEUYEHO, YTO MOBBICHIACH KCIPECCUs TCHOB 3aluTHBIX O0enkoB PR3, PRS, PR10 u tpaHc-
kpunuuoHHoro pakropa WRKY 65, a sxcnipeccust rena 3ammrtHoro 6esika PR2 crana 4yBcTBHTENBHOM K ITAMMY MaTOreHa.
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Ha ocHOBaHMM NOTYYEeHHBIX PE3YJBTaTOB BHICKA3aHO MPEANIONIKeHHE 0 TOM, uTo TeH NCED3 00ecrieunBaeT yCTOHIMBOCTh
pacTeHuit ToMaTa K MeKTO0aKTepHo3y, CACP)KMUBast CATHUIIMIATHBIN CUTHANBHBIN MyTh, MPUBOASAIINI K aKTUBAIIUN PEAKINH
CBEPXUYBCTBUTEILHOCTH.

Knroueswvie cnoea: 9-yuc-3moKCUKapOTHHONIIHOKCUTeHA3a; Solanum lycopersicum; Pectobacterium versatile; mMmy-
HUTET PACTEHUN.
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9-cis-EPOXYCAROTENOID DIOXYGENASE AS A SWITCH
OF IMMUNITY-RELATED SIGNALLING PATHWAYS
IN SOLANUM LYCOPERSICUM PLANTS
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Abstract. 1t has been established that reduced expression of the NCED3 gene causes a decrease in the size of Solanum
lycopersicum plants and increases their susceptibility to Pectobacterium versatile infection. A change in the expression of
salicylate signalling genes was revealed: the expression of the genes for the signalling protein NPR5 and the pathogene-
sis-related protein PR 1a increased. It was also noted that the expression of the genes for the pathogenesis-related proteins
PR3, PRS5, PR10 and the transcription factor WRKY 65 increased, and the expression of the gene for the pathogenesis-re-
lated protein PR2 became sensitive to the pathogen strain. Based on the results obtained, it was suggested that the NCED3
gene provides resistance to pectobacteriosis in tomato plants by inhibiting the salicylate signalling pathway, leading to
activation of the hypersensitive response.

Keywords: 9-cis-epoxycarotenoid dioxygenase; Solanum lycopersicum; Pectobacterium versatile; plant immunity.
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BBenenue

[lexTobakTepuy — HEKPOTPO(HBIE TTATOTEHBI C MIMPOKUM KPYTrOM pacTeHUi-xo3sieB. DakropamMu UX BHPY-
JICHTHOCTH SIBIISTIOTCS TUIPOJIUTHYECKHE (PepMEHTHI, TPaHCIIOPTUpYEMBbIe uepe3 cucteMy cekpermu tama 1 [1],
a Takke (P PEeKTOPHBIN OCIIOK, JOCTABISIEMBIN B KIIETKY PACTCHHUS-X035MHA MTOCPEICTBOM CUCTEMBI CEKPEILIUH
tuna Il 1 BI3bIBAIOIINY U3MEHEHUS B €T0 UMMYHHO!N CUTHAJIHM3AIMK B CBOKO TOJIb3Y, YTO CIIOCOOCTBYET KO-
nonuzanuu pacteHus [2]. [lekrobakTepuu BBICTYNarOT BO30OYIUTENSIMU YEPHOW HOXKKH (CTEOJIEBOM THHUIIH)
W MSATKOHM THUJIM KITyOHEH M KOpHETI0A0B. PUCK pa3BUTHS STHX 3a00J1eBaHHI TOBBIIIACT MEPEYBIaKHEHHOCTh
(M30BITOUHBIN TIOJIMB, HEOIATONPUATHBIC TIOTOHBIE YCIOBUS BO BpEMsl BEreTalluy WM HapylICHHUE peKuMa
XpaHeHus kiryoHei). [lekrobakTepro3bl MPOJOKAIOT PACIPOCTPAHATHCS U PETUCTPUPOBATHCS B pa3HBIX dac-
TSX MJIaHETHI [3; 4].

Baxxel1mm ropMOHOM, PEryaupyIOIMM OTBETHYIO PEaKIIMIO pacTEHHI Ha CTPECChl a0MOTHYECKON 1 OHOo-
TUYECKOW MPUPOABI, SBIACTCS adCUN30Bast KUCIOTa. B KOHTEKCTEe JaHHOTO MCCIIEI0BAHUS HANOOBIINEI HHTE-
pec npeCTaBIseT Poiib A0CIU30BOM KUCIIOTHI B Pa3BUTHH 3a00ieBaHNi pacTeHni. OHa peryiupyeT 3aKphiTHe
YCTBUII IPHU JICTEKIINH [IaTOTeHA, YTO MPEISATCTBYET KOJOHU3ANUK pacTeHus [5]. OqHaKo naToreHsl ClIoCOOHBI
MIPEOJI0NIEBATh ATY 3AIIUTHYIO PEaKIHIO, POLYLHUpPYs, K IPUMepY, TOKCHH KOPOHATHH [6], OlOKUpyIomuii 3a-
KPBITHE YCTHHII U OTKPHIBAIOIINN BOPOTa HH(EKINH.

AOCIHM30Bast KHCIIOTA PErylnupyeT IMMYHHBIN OTBET PAaCTEHUH pPa3HOHAIIPABICHHO: B OTHHX CITy4asiX 3aITyCKaeT
3alIMTHBIC PEaKIMy, B APYTUX CIyYasx MOIaBIsieT IMMYHHTET. [[oXoKe, 4To He CyIlecTBYeT OOIIero MeXaHu3-
Ma PeryJisiiud UIMMYHHBIX peakiuid MOCpeCcTBOM abCIM30BOM KHCIOTHL. K mpuMepy, B pacTeHUsIX prca oHa
HHIYIIUPYET YCTOMYMBOCTh K HEKpOTpo(hHOMY matoreHHoMy Tpuly Cochliobolus miyabeanus, BbI3bIBAIOILIEMY
KOPUYHEBYIO MISITHUCTOCTH [ 7], HO CHUKAET yCTOWYMBOCTD K reMuOuoTpodHOMyY rpudy Magnaporthe oryzae [8].
B pactenusix apabunorncuca abCcu30Bast KUCIOTA MOAABISET 3alIMTHBIA OTBET MPOTUB OMOTPOdHOTO maroreHa
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Blumeria graminis, BbI3bIBaIOIIEro My4HUCTYI0 pocy [9]. C npyroii cTOpoHbI, pacTeHus apabumorncuca, 1edu-
LUTHBIE 110 a0CIIU30BOM KHCIIOTE, 00JI€€ YCTOMYMBBI K HEKPOTPOPHOMY rpuOHOMY T1atoreHy Botrytis cinerea [10].

AOcCIM30Basi KHCJIOTA MOJIABJISIET aKTUBHOCTh (heHHJIaHMHAMMOHUIAINA3GI, (pepMeHTa myTH OHocHuHTE3a (e-
HUJITPOIIAHOWJIOB, K KOTOPBIM OTHOCSITCSI MHOTHE aHTHOAKTEepUaITbHbIC BEIIECTBA, B YACTHOCTH (PUTOATIEKCHHBI.
[TomMuMoO 3TOTO, DEHUITIPOITAHOUTHBIN ITyTh MeTabOIM3Ma y4acTByeT B OMOCHHTE3€ JIPyroro TOpMoHa HM-
MYHHOT'O OTBETAa — CaJMIMJIOBON KHCIOTHI. Takke aOCIM30Bas KUCIIOTA MOJABIsICT 00pa3oBaHNEe aKTUBHBIX
(hopM KHCIIOpOIa, CTUMY/IHPYET OTIIOKEHHE Kajuto3bl [ 11]. CHUrHalbHBIN 1Ty Th a0CIIM30BOM KUCIOThI HAXOAUTCS
B [TOCTOSIHHOM B3aWMOZAEHUCTBIH C CUTHAJILHBIMH Iy TAMH CATHLIMIIOBON 1 KACMOHOBOM KHCJIOT, STHJIEHA M HHBIX
TOPMOHOB, YTO JJA€T PACTEHUSIM BO3MOKHOCTH Pa3HOOOPA3NTh OTBET HA CTPECCOBBIE yciaoBuA cpenst [11; 12].

Panee B Hay4HO-HICCIIEIOBATEIHCKON JaOOPATOpUH TPAHCTEHHBIX pacTeHUH Kadeapsl MOJICKYIIPHOM O1o-
noruu Ouosoruueckoro ¢akynasrera bI'Y O6bu10 H3ydeHO N3MEHEHNE YPOBHEW SKCIPECCHU TeHOB OMOCHHTE3a
a0CIIM30BOM KMUCIIOTHI B KJIYOHSIX pacTeHUH KapTodelis B OTBET Ha BHEIPEHUE raTtorena Pectobacterium versa-
tile. IlomydeHHbIe TaHHBIE CBUIETEIBCTBYIOT O TOM, YTO TP BHEAPEHUH NTATOT€HA CHIKAETCS SKCIIPECCHS Te-
HOB OMOCHHTEe3a a0CIIU30BOM KHCIIOTHI M MOBBIIIACTCS DKCIIPECCHS TeHa €€ TUAPOKCHIIA3BI, YTO JIOJKHO TPH-
BOJUTH K YMEHBIICHNIO KOJTMYECTBA aKTUBHOM (hOPMBI TOPMOHA PSAZIOM C 30HOH 3apakeHus. Takas peakius
s peKTUBHA MPH 3alIiTe OT OMOTPOPHBIX ATOTEHOB, HO B CITydae 3apaykeHNsl HEKPOTPO(MHBIMH [TaTOreHAMHU
OHa MOXKET MPUBECTH K KOJIOHU3AIUHN PACTEHHS U €ro THOeIH.

AOGc1n30Basi KHCIOTa CHHTE3UPYETCSl B PACTEHUAX U3 KapoTUHOWIOB (puc. 1). HauanbHbIe STans! ee CHH-
Te3a MPOXOMAT B Iuactuaax. Ha 3aBeprmaromux stamax 9-yuc-amoxcukaporuHouaauokcurenasa (NCED3)
pacmeruisieT 9-yuc-HeOKCaHTHH U 9-yuc-BHONTAKCAaHTHH 710 KCAaHTOKCHHA [ 13], KOTOPBIN 3KCITOPTHPYETCS B ITH-
torutazmy [14]. [lanee KCaHTOKCHHISTHAPOTEHA3a MIpEeBpaIiacT KCAHTOKCHH B a0CITM30BBINA ampaerud [15],
KOTOPBIN OKCHIa3a a0CIIU30BOTO aIbJACTHIA META0OIU3UPYET 0 aOCIIIM30BOM KUCIOTH [16]. B kKoHTpOIMIE KO-
JIMYeCTBa aKTUBHOM (POpPMBI aOCIIM30BOI KUCIOTHI M PETY/ISINMH BEreTaTUBHBIX U T€HEPATUBHBIX MPOIIECCOB
pacTeHHs BaXXHYIO POJIb UrpaeT (GepMEeHT ruApOKCcHiIa3a adCcu30Boi kuciaoTsl [17]. Ciaemyer OTMETUTh, YTO
THAPOKCHIIUpOBaHHas Gopma abcum3oBoit KUCIOTH (8'-ruapokcn-AbK) Gmonornueckn HeakTHBHA, HO OHA
MOXKET TpeBpaIaTbesi B GazeMHOBYIO KUCIOTY [ 18], KoTopast yuacTByeT B peryssiiiii JOTOCHHTE3a U pabOThI
YCTBUYHOTO ammaparta [19].

/ bera-kapoTun \

¢ Bera-kaporun-3-runpoxcunasa (CrtZ)

3eakcaHTHH
3eakcanTuHANOKCcHaa3a (ZEP)

BuoaakcaHnTHH

HeokcantuncunTaza (NSY)
9-yuc-HeoxcaHTHH

¢ 9-yuc-OnokcukaporuHouanokcureHaza (NCED)

KcanTokcuu
[TmacTuas :

HuTo301b \
Kcanrtokcun

Kcanrokcunnernaporenasa (ABA2)
AOCHU30BBIH aJIbAETrH/
¢ Oxkcuasa abcumsoBoro anbaeruaa (AAO3)
AOcuu30Basi KHCJI0TA
¢ 8'-I'mapokcunasza abeuzonoii kucnotsl (CYP707al)
8'-I'mapokcu-ABK

Puc. 1. OcHOBHBIE dTarbl MeTa00JIM3Ma a0CIII30BON KUCIOTHI B PACTCHUU
Fig. 1. Main stages of abscisic acid metabolism in a plant

Cuutaercs, 9T0 UMEHHO 9-yu/c-3TIOKCHKAPOTHHOMTHOKCUTeHA3a OTpaHUINBaET CKOPOCTh OMOCHHTE3a a0C-
u3oBoi kucioThl [20], a u3 Beero cemeiictBa 6enkoB NCED tonsko NCED3 nuddepenimaibHo skcnpeccu-
pyeTrcs B OTBET Ha CTPECCOBBIC YCIOBUs cpenbl [ 14]. MoXHO MpeanoiokuTh, 4To cailineHcudr rena NCED3
CHHBHT COJIepKaHNE aKTUBHOM (POPMBI aOCIIU30BOI KUCIIOTHI B TKAHSIX PACTEHUM TOMAaTa U TEM CaMbIM T03BO-
JIMT U3YYUTH BIMSHUE 3TOTO TOPMOHA HA IMMYHHBIE PEaKkMU pacTeHuit Solanum lycopersicum Ha 3apaxeHue
naroreHoM P. versatile.
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MaTepnanbl U METOAbI HCCJICAOBAHUSA

Pacrenus S. lycopersicum copra Micro-Tom BeipanuBany npu Temneparype +22 °C u 16-4acoBoM CBETOBOM
nue. bakrepuu Escherichia coli XL-1 Blue kynsruBupoBasu npu temrieparype +37 °C, a Gakrepuu Agrobacterium
tumefaciens GV3101 (Rif", Gen', vir") ¢ vir-peryoHoM Uit J0CTaBKU KOHCTPYKLMM [JIsl CallJIEHCUHIA T€HOB,
wtamm P, versatile IN42 (r~, Cm' (Tn9), Rif") aukoro tuna u mramm P. versatile VKE (JN42 dspE::pJP5603),
MYTaHTHBIN TI0 TeHY dspE, KogupyromeMy 0CHOBHOM 3¢ dexTop cuctemsbl cekpennu Tuma 111 [21], — mpu Tem-
nieparype +28 °C.

Konctpykuust st caiinencunra rena NCED3 co3nana myTeM KIOHUpOoBaHus 1o caittam BamHI u Sall B BekTope
pTRV2 ammnduippoBaHHOTO C TOMOIIIBIO PaiiMepoB agggatcegtegecctgttttycetaaag, aatgtcgactggtggtotcatacatgaace
¢parmenTa (698 nap nykineorunoB) rena NCED3 pactenus S. bulbocastanum. IlocnenoBareabHOCTb BCTaBKH
B nonyudeHHol miazmuae pTRV2::NCED3 BepuduuupoBana myTeM CEKBEHUPOBAHHUS, 2 BO3MOKHOCTh IPO-
BeJICHHSA TIPOIenyphl cainencnnra rera NCED3 B pacternsax Tomara (Jokyc Solyc07g056570.1.1) ¢ ucmomns-
3oBanneM MiasMuasl pPTRV2::NCED3 montBepxaeHa ¢ ToMoIbio BeO-uacTpyMeHTa SGN VIGS Tool (vigs.
solgenomics.net).

[NomyuenHo# koHCTpyKUMel TpaHchopMupoBain KieTku mtamma 4. tumefaciens GV3101, koTopble HCTIONb-
30BaJIM JJIs1 MHAYKIMU CalJICHCHHTa, KaK ONucaHo B pabote [22]. B kauecTBe KOHTPOJISI BUPYCHOTO 3apaskeHUsI
pactenust Tpanc(hOpMUPOBANH KeTKaMu mramma 4. tumefaciens GV3101, necymmu mnasmuay pTRV2:GFP.
3apakeHne pacTeHHid KylbTypamu P. versatile TpoBOAWMIN TIO CTeUeHUH 92 NHEH ¢ MOMEHTa MHIYKINU caii-
nencuura. Mcrnons3oBany cycrensun 6axrepuii B pactBope NaCl (0,85 %) ¢ mrotHocTsio 1,5 - 10° kietok
Ha 1 mut. [To 5 MKJI cycTieH3Ui HHOKYJTUPOBAIH B TPU MOCICAOBATEIIFHO PACTIOIOKCHHBIX MEXK0Y3IIUS IIPHU-
MEpPHO MoCepeaArHe cTeOs. YUeT pe3ylnbTaToB U 0TOOp pacTHTENBHOTO MarepHuala MpOBOIWIN Yepe3 72 4
¢ MOMeHTa 3apaxeHus. OTOOpaHHbBII paCTUTENBHBIN MaTepHrall 3aMOPaKUBAJIH B a30T€ M XPAHUIIHU [IPH TEM-
neparype —80 °C. Brinenenne PHK npoBoaunu no meronuke, onucannoit B padore [23]. [Ipenaparsr PHK
obpabarsiBanu JJlHKazoit RQ1 RNase-Free (Promega, CUIA) u cunate3nposanu k/JHK ¢ momonisio o6parHoit
Tpanckpunrtassl M-MuLV (New England Biolabs, Benukobpuranus). Komnuectsernyro 1P mpoBomumn
¢ npuMeHenueM amiutudukaropa J[T-96 (OO0 «IHK-texnomorus», Poccust). i u3MepeHus SKCIIPECCUU
WCTIOJIB30BAJIU IO TPH PACTECHUS Kaxk 101 rpymibl. OOpaboTKy MOTY4YEeHHBIX IaHHBIX BBITIOIHSUIIA B IPOTpaMMe
Relative Expression Software Tool (REST) 2009 (Bepcust 2.0.13). Bri6op B kauecTBe pedepeHCHBIX ICHOB
EFla (ren ¢akropa smonraruu la) u TBP (ren TATA-cBs3biBaromiero 0eiaka) OCyIIeCTBICH C MTOMOIIBIO
anroputMma geNorm (Bepcus 3.5).

OrneHKy ypOBHEH SKCIIPECCHH TCHOB METOIOM KosrmaecTBeHHOH [I11P BEITOHSIIH ¢ MCITONh30BaHNEM ITPaiMEepOB
reHoB EF [ a (ttgaggctcttgaccagattaatg, gtttcaacacgaccgacagg), TBP (ggagccaaaagtgaacaacag, cgtaacttgagaaageaccgt),
NCED3 (tgctgaaccatggccaaaagt, accatcgtettecteettget), A403 (getgtcagtgaggtegagataga, caacagetgeattcaagcetetgt),
CYP707al (ggcaatggggttcactcatgte, gececaccatagaccacctgta), JAZ (atcggaaccggaaaaggeac, aaggtacttttgecagtcagect),
NPRS5 (gaaagtggcacccctgagga, aaccecgeccagttetttte), 7GA (geagetggecgattaggtga, aggatgcgggacatetgttg), PRIa
(gagggcagcecegtgceaa, cacatttttccaccaacacattg), PR2 (gactaatgtagtggtacaagatgg, tgacacaactattcctacagatee), PR3
(ggtgatgatactgegegtaag, tttgattgccttcectaacaaaac), PR4 (acgtatcatttatataacccacagaaca, ccacagaaagceagtccagecata),
PR (actatcgaggtacgcaacaattg, ccatatacgtgccatcttagtgce), PR5o (acaactgtccatacaccgtctg, caccatcaaagttgcaattcgtac),
PR6 (agtggaaaatgatggcgaatttg, ttaggcataccaggaaatagaagce), PR10 (tgcttccaacaccaccatctcecte, tggaccaccttcaacaaagtte),
NHL (gccattgecagtgecactaa, ttgeggegtteatettetgg), WRKY65 (ccagecataatcatectggtee, tggggatttgcagcetttgtgt), U-box
(cctttgtaggcteggtgeag, cgegtgctatgttgctgaga), HSRS515 (aactcteccttaagtacggac, caatagtccatacactcacga).

Pe3yabTarhl U MX 00CyXKIeHUE

Oo0ycaoBiennoe caiiiencunrom rena NCED3 usmenenue ¢genoruna pacrenuii S. lycopersicum. Dxc-
npeccust rena NCED3 B Tkausix pacrenuit S. [ycopersicum ¢ caillIeHCHHIOM CHH3HJIACh MPUMepHO Ha 50 % ot
YPOBHSI €T0 3KCIIPECCUH B KOHTPOJIBHBIX pacTeHusIX. Pactenus S. lycopersicum co CHUKEHHOH dKCIpeccueid reHa
NCED3 nokazany GeHOTHITUYECKUE OTINYHS OT KOHTPOJIBHOM rpymnibl. Mcrons30BaBmuiicsi B MCCIEI0BAaHUN
copt Tomara Micro-Tom siBisieTCsl AE€TEPMUHAHTHBIM, PACTECHHS BBIPACTAIOT JOBOJILHO HU3KUMHU (10 10 cm),
OITHAKO pacTeHMs C caiyeHcuHroM rena NCED3 Oblnu erie Hrke (TPUMEPHO 5 CM) B BRIIISIEH OoJiee cia-
OBIMHU 10 CPAaBHEHUIO C KOHTPOJIBHBIMH 00pa3iamu (puc. 2).

N3BecTHO, uTO cBepxdkcnpeccus rena cemeiictsa NCED y pacTeHuii Tomara IpUBOAUT K TIOBBIIIEHUIO
TUJIPABINYECKON MPOBOIMMOCTH KOPHEH U CHIKECHHIO THAPABINYECKON MPOBOAUMOCTH YCTBHUIIL, YTO MOBbI-
mraet 3G peKTUBHOCTh UCTIONB30BaHus Bozbl [24]. IIpu camxenHoi sxcnpeccun renos NCED npennonaraercst
MIPOTUBOIIONIOKHBIA d3PQPeKT, U HEHOTUITNUECKUE U3MEHEHNS, BBIABICHHBIE B PACTCHUIX C CAWJICHCHMHIOM
reda NCED3, 00bICHUMBI C TOUKH 3pEHHS HapYIIIEHUSI BOIHOTO OajaHca, XOTS BU3YaIbHO yBSAaHHS HE Ha-
0mr01a10Ch.
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Puc. 2. Tunmmanoe pacrenne S. lycopersicum copra Micro-Tom
¢ caiineHcunrom reaa NCED3 (cnpaBa) B CpaBHEHHHU C KOHTPOJIBHBIM PACTCHUEM (CIIeBa)
Ha 92-i1 IeHb NocIe MHAYKIUK caiieHcHHra (a). OTHOCUTENIBHBINH ypoBeHb dkcnpeccun rena NCED3
B KOHTPONBHBIX pacteHusxX (pTRV2::GFP) n pacrenusix ¢ caitnencunrom (pTRV2:NCED3) (6)

Fig. 2. Atypical S. lycopersicum cv. Micro-Tom plant
with NCED3 gene silencing (right) compared to the control plant (left)
on the 92™ day after silencing induction (a). Relative level of NCED3 gene expression
in control plants (pTRV2::GFP) and plants with silencing (pTRV2::NCED3) (b)

s uccnenoBanus BIUSHUS CHIDKEHHOW dKcnipeccuu reHa NCED3 Ha ycTOHYHMBOCTE pacTeHus S. [yco-
persicum K 3apa)XeHUI0 HEKPOTPO(HBIM OaKTepHaIbHBIM IMaTOTC€HOM MCIONb30Balu OakTepuu P. versatile
nByx mrtammoB: JN42 (mwramm aukoro tuna) u VKE (dspE-myTant). MyTaHT 1o reny dspE ncnonb30Bain
st oteHkH poir NCED3 nHa done orcyTcTBHS 3QPEKTOPUHITYIUPYEMOTO KOMITOHEHTa IMMYHHOW CHCTEMBI
pacrenus. UHOKymsus ctebiield pacTeHU ToMaTa CyCIEH3UsIMHU KIETOK P versatile mTaMMa JUKOTO THIIA
" dspE-MyTaHTa BEI3bIBAJIA Y PACTCHUH ¢ caiiencuaroM reHa NCED3 pa3Butne 3a00JI€BaHUS, BRIPAKABIIETOCS
B NMOBPEKICHUHU POBOSIICH CUCTEMBI U YBSJAHUH JINCTHEB IIPH BBEJCHUH KJIETOK 00OMX LITAMMOB I1aTOTCHa,
IIPU 3TOM y pacTeHuit 6e3 caitnencunra rena NCED3 cumnToMsl 3a001€BaHus HE 00HAPYKUBAIUCH (pHC. 3).
3aboneBaHre NpOA0IKAIIO IPOTPECCUPOBATH: HAOIIOAATIOCH OTMUPAHHUE JIMCTHEB C TOYEPHEHHEM U MIOCIIEAYIO-

UM YCBIXaHHUEM YCPCILKaA.

Puc. 3. Pactenus S. lycopersicum c caiinencunrom rena NCED3 (Tpu pacTeHUs ClieBa)
B CPAaBHEHUH C KOHTPOJIBHBIMHU PACTEHHUAMH (TPU PACTEHUs CIIPaBa)
yepe3 72 4 mocse 3apaxeHust maroreHoM P. versatile

Fig. 3. S. lycopersicum plants with NCED3 gene silencing (three plants on the left)
compared to the control plants (three plants on the right) 72 h after infection with P. versatile

Kapruna u3mMeHeHuii B CHTHAJIbHBIX LeNsIX pacTeHuii S. [ycopersicum B 0TBeT Ha BHeIpeHuUe narore-

Ha P, versatile. Ilpu 3apaxeHuu natroreHom P. versatile MeHsIeTCS KCIIPeCcCUs] HECKOIBKUX TeHOB METaboIu3-
Ma a0CLU30BOM KUCIIOTHI: HE3HAUYUTEIHHO (4yTh MEHEe UeM B 2 pas3a) cHUKaeTcs akcnpeccust reHa NCED3,
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KOZIMPYIOIIETO 9-41c-3TOKCUKapOTHHOMTIMOKCUT€HA3y, OJTHAKO B OTCyTcTBUE ddexropa DspE skcrpeccust
ATOTO T€HA BOCCTAHABIIUBAETCS O YPOBHS PAaHEBOTO OTBETA; dKCIpeccus reHa AA O3, KOTUPYIOIIET0 OKCHIA3y
a0CIM30BOTO allbACTHIA, B CPEIHEM BO3pacTacT B 2 U 3 pa3a Mpu 3apa)keHUH MITaAMMOM JTUKOTO THIIA U dspE-
MYTaHTOM COOTBETCTBEHHO; dKcnpeccus reHa CYP707al, KoqUpyIOIero ruapoKCHiasy adCun30BON KHUCIIOTHI,
[pY BHEAPEHHUH IITaMMa IUKOTO THIIa HE MEHSETCsI, HO B OTCyTCTBHE ddekropa Bo3pacTaeT B 5 pa3 (puc. 4).

Okcnpeccus reHa JAZ, KOOUpyOIEero HeraTUBHBIN PEryasTOp ’KACMOHAT3aBUCUMBIX T€HOB, IPU BHEApe-
HUH [IaTOTeHa 00OMX IITAMMOB MEHSETCS He3HAYUTENIBHO (CM. puc. 4).

Herekuus narorena P, versatile BbI3bIBa€T KOleOaHUS SKCIIPECCHN CATULIMIIAT3aBUCUMBIX TEHOB B pacTe-
HUSIX TOMATa: CpellHHE 3HaueHMs SKCIPECCHU reHa peryisitopHoro Oesnka NPRS Bospacraror B 3 pasa npu
BHEJIPEHUH LITaMMa JMKOTO TUIIA, OAHAKO OT 00pa3ua K 00pasily JaHHbIE Pa3HATCS, YTO OTPAXKAeTCs Ha JOBe-
PHUTEIBHOM MHTEpPBae, HE MO3BOJIIOILEM C YBEPEHHOCTBIO CKa3aTh 00 U3MEHEHUIX B pacreHun. Kpome Toro,
B 4 paza MoBkIIIaeTCs HKCIPECCHS TeHa 3amuTHoro 6enka PR 1a, kiraccuaeckoro Mapkepa caauIuIaTHOTO CUT-
HaJBHOTO MyTH (cM. puc. 4). s 6eIKoB 3TOro cemeicTBa MoKa3aHo ydacTHe B CaMbIX pa3HBIX MeTaboIude-
CKHX TIpOIIeccax, a B PETryISITOPHBIX 00JIACTAX UX TEHOB 0OHAPYKEHBI 24 THIIA yuC-PETYISTOPHBIX DIEMEHTOB
B caifTax CBS3bIBAHUS TPAHCKPHUITMOHHBIX (aKTopoB [25].

Dkcnpeccus TeHOB 3alUTHRIX 0enkoB 3-1,3-mmokanassl PR2, xutunas PR3 u PR4, TaymarnanonoGHoro
Oenka PRS, narnburopa mporeas PR6 npu BHenpennu matoreHa He MeHsieTcs. Panee Ob1o MOKa3aHO, 4TO
muddepenHnmanbias SKCIPeCccHs 3allUTHRIX TeHOB PAaCTEHHI TOMaTa 3aBUCHUT OT IIOTHOCTH OaKTepHalbHON
KYJBTYPBbI, U TAKOH 3 PEKT MOKET OBITH 00yCIIOBICH KOHLECHTPALUEH KIETOK B CyCIIEH3UH, KOTOPOH 3apa’KeHO
pactenue [26]. Dkcnpeccus TeHa 0CMOTHHITO0OHOTO Oenka PRS0 mpu BHeqpeHnn mraMma IMKOTO THITA T10-
BBITIACTCS B 3 pasza, mpudeM 3TOT d(H(EKT 3aBUCUT OT HAIHUNS WHTAKTHOTO 3P dekropa DspE, B To Bpemst kak
AKCITPECCHS TeHA TIPEaIToIaracMoi puOoHyKIIea3sl C aHTUMUKPOOHOH akTuBHOCTHIO PR 10 Bo3pacraer B 3 paza
[IPY BHEIPEHUH O0OUX LITAMMOB.

[Tpu 3apaskeHNM MATOTEHOM HE MEHSIETCS SKCIPECCHs reHa TpaHcKpuruoHHoro Gakropa WRKY65. [le-
TEKIUs TIaTOreHa BBI3BIBACT JIByKpaTHYI0 HHAYKIUIO dKkcripeccu rena NDR1/HIN1-nmono6Horo 6enka NHL,
kommoneHTa E3 youksutrnnnrassl U-box v TpeXKpaTHYIO HHIYKIHIO SKCIIPECCUH F'eHa MapKepa CBEpXUyBCTBHU-
teapHOCcTH HSRS15, mpuyem Juist mocieIHUX IBYX TeHOB yKa3aHHbIe u3MeHeHus: DspE-3aBucumel (cM. puc. 4).

Bansnue caiisiencnnra reaa NCED3 Ha KapTHHY 3KCIIPECCHH 3aIIMTHBIX TeHOB M YyBCTBUTEJIbHOCTh
CUTHAJIbHBIX KOMIIOHEHTOB pacteHuii S. lycopersicum x 3¢pdexropHomy 6esiky DspE. CHimkenue skcrpec-
cuu rena NCED3 He oka3bIBaeT BIUSIHUSA Ha dKcripeccuto reHoB CYP707al, JAZ, PR50, HO IPUBOIUT K MOBBI-
meHuro dKkcnpeccuu TeHoB AA03, NPRS5, PR1a, PR3, PR5, PR10, WRKY65 B cpenaeM B 2—4 paza (cM. puc. 4).

B ycnoBusx caitnencunra rena NCED3 skcnpeccus reHa PR2 npu 3apa)XeHUH IITAMMOM JMKOTO THIIA BO3-
pactaer B 6 pa3, a ipu 3apaxeHnu dspE-myTanToM — nuib B 2 paza. CHikeHHast skcnipeccusi rena NCED3
IIPUBOJUT K U3MEHEHUIO YyBCTBUTEIBHOCTH HEKOTOPBIX CUTHAJIBHBIX KOMIIOHEHTOB K 3¢ dexTopy DspE. Ilpu
paHeBOM OTBeTe dKcmpeccus reHoB NHL, U-box m HSR515 B pacTeHUSX C CAlJICHCHHTOM HE MEHSETCS TI0
CPaBHEHHIO C TaKOBOW B KoHTpose. CaiineHcunr rena NCED3 npuBOANUT K TOBBIIICHHUIO SKCIIPECCUU TeHa
NHL B 3 pa3a npu BHEJpEHHH IITaMMa AMKOTO Thma. B orcyrcTBre 3ddekropa sxcnpeccus JaHHOTO reHa
BOCCTaHABIMBACTCA IO YPOBHS PAHEBOTO OTBETA, B TO BPeMsI Kak B pacTeHUsIX 0e3 caiinencunra rena NCED3
skcrpeccust reHa NHL He 3aBucur ot 3¢ pexropa DspE. Kapruna sxcnipeccuu rena HSRS 15 mpOTHBOIIONOKHAS:
MIPY CHI)KEHUU KoJIM4ecTBa TpaHCcKpunToB NCED3 sKcpeccHs 3TOro reHa CTaHOBUTCS HEUYBCTBUTEIbHOM
k DspE (He BoccTanaBnMBaeTCs 10 ypOBHS PaHEBOTO OTBETA B CiIyyae 3apakeHus dspE-MmyTanTom) (cM. puc. 4).
Okcnpeccus reHa PR4 Bo3pactaeT B 2 pa3a IpU paHEBOM OTBETE U CTAHOBUTCS 4yBCTBUTENbHON K DspE npu
3apa)KeHNH MaTOTeHOM (CHMKAETCS IPH HAJIMYKU B cpelie 3 PeKTopa 1 BOCCTAaHABIMBACTCS 10 YPOBHS paHe-
BOTO OTBETa MPH BBEJCHUH MYTAHTHOTO ITaMMa) (CM. pHc. 4).

Taxum o6pazom, NCED3 B pacteHusx S. lycopersicum oka3bIBacT 3HAUNTEIHLHOE BIMSHUE Ha dKCIIpeC-
CHIO0 KOMITOHEHTOB CHTHAJBHBIX IleTieil pacteHus. Jns pacrenuit Arabidopsis thaliana 0170 TTOKa3aHO, YTO
reH NCED3 urpaet Ba)XHYIO pOJib B HAaKOIIJICHUH a0CIM30BOM KHCIOTHI: N3MEHEHHE YPOBHS €T0 SKCIPECCUN
TIPUBOIMIIO K MPOTIOPIIMOHATBHOMY H3MEHEHHUIO CO/IepKaHust a0CIIM30BO KUCIIOTHI B pacTeHusx [27]. Caiinen-
cunr rena NCED3, 110 Bceil BUUMOCTH, CHUYKAET HAKOIUICHHE a0CIIM30BOM KUCIIOThI B PACTEHUSIX TOMATa, uTo,
MIPENOIOKUTENBHO, aKTUBUPYET 3KCIPECCHI0 KOMITOHEHTOB CATMLIMIATHON cUrHayin3auu. CornacHo JaHHBIM
JUTEPaTyphl MPOLYKIXS a0CIU30BOM KHCIOTHI IMMUTUPYET KOIMUecTBO KnHa3bl SID2, perynupyromieii 3amyck
canunmiarHor curaanusanuu [28]. NCED3 HeraruBHO BIHSIET Ha SKCIIPECCHUIO Psifia TEHOB 3aIIUTHBIX OCIIKOB.
3TO MOXKET OBITH 00YCIIOBIEHO TE€M, YTO a0CLM30Basi KUCIOTa CHUXKAeT 3kcnpeccuto reHoB ¢ GCC-0okcom
B IIPOMOTOPE, KOTOPBIMU SABISAIOTCS, Hanpumep, reusl PRI, PR2, PR3 u PR5 [29]. [lockonbKy YpOBEHb 3KC-
npeccun reHa NCED3 6nocnHTe3a aOCIU30BOM KUCIOTHI CHIKAETCs, @ YpOBeHb dkcrnipeccuu reHa CYP707al
TMAPOKCHIIA3bl, HEPEBOAALIEH a0CLU30BYIO KUCIOTY B HEAKTUBHYIO (POPMY, HE MEHSIETCSI, MO>KHO IPEIIOI0KHUTb,
YTO U KOIMIECTBO aKTUBHON (DOPMBI aOCIIM30BOI KHCIIOTHI B KIIETKE CHIDKaeTcs. TakuMm oopazom, NCED3 siBis-
€TCsl PETYIISITOPOM BETETAIlNH PaCTEeHUH S. [ycopersicum v MX IMMYHHOTO OTBeTa (00ecrednBaeT HOpMaIbHOE
pa3BUTHE PACTEHUH U KOPPEKTHBIN 3aIlyCK 3alUTHBIX PEaKMi IPU BHEAPEHUH HEKPOTPOPHOTO NATOICHA).
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3aKjaoueHune

ITokazana Baxxuast poib NCED3 B perynsanuu BereTanuu pacTeHui S. [ycopersicum u iIX AMMYHHOTO OTBE-
Ta Ha 3apakeHue naroreHom P. versatile. Onocpenoannoe NCED3 m3MeHeHne 9yBCTBUTETEHOCTH K d(h(ek-
Topy DspE TpeOyeT momomHNTEIEHOTO H3Y9eHHS, TIOCKOIBKY (PCHOTHITMYECKUX OTININN PAaCTEHUH, 3apayKeHHBIX
dspE-MyTaHTOM, OT pacTeHHH, 3apaKeHHBIX MTAMMOM JHKOTO THIIa, 0TMedeHO He Obuto. [IpenmonoxurensHo,
red NCED3 obecrnieunBaeT yCTOMYNBOCTh PACTEHU TOMara K TIEKTOOAKTEpHO3y, CACPKUBAs CATUIIAIATHBIN
CHUTHAJILHBIN MyTh aKTHBALIMH UMMYHHOTO OTBETA, MPUBOSIINHN K Pa3BUTHIO PEAKITUH CBEPXIyBCTBUTEIHHOCTH.
Taxoif OTBET pacTeHHUs BBITOJIEH HEKPOTPOPHOMY MATOTEHY, NCTIONB3YIONIEMY OTMEpIIHE TKAaHW KaK Cpey Ui
pocTa 1 TOJIIEPaHTHOMY K OKHCITUTEIIEHOMY B3PBIBY.
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Abstract. The findings of 14 new species of pycnidial Septoria-like micromycetes to the territory of Belarus are re-
ported (12 species of which belong to the genus Septoria, 1 species belongs to the genus Rhabdospora, 1 species — to the
genus Stagonospora). The identified species are provided descriptions and illustrations. The species Sepforia heterochroa
is considered alien to the mycobiota of Belarus.
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BBenenune

B mupokoM cMbiciie MUKHUAUATBHBIE CENTOPUONIOO0HBIE MUKPOMUIIETHI — 3TO COOpHAs TPyIIa MUKPO-
CKOTIMYECKUX TPHOOB, KOTOpask 00beIuHsICT aHaMOP(HBIE CTaIUHA PA3BUTHS ACKOMHKOT, 00pa3yIOMNX KOHH-
JIMOMBI TTUKHUIMATBHOTO THIA, & TAKIKE MUTOCTIOPBI, CXOXKHE IO CTPOCHHUIO CO CKOJNICKOKOHUIUsIMH. bazncom
JaHHOW MOP(OIOTHYECKON IPyNIibl MEKPOMHUIIETOB SIBISIETCS pox Septoria s. 1., u3 KoToporo ObLI BbIIENEH
PSAI HOBBIX TaKCOHOB pomoBoro panra (Caryophylloseptoria, Nothoseptoria, Xenoseptoria n np.). B pamkax
9TOH TPYIIIBI TAKKE PACCMATPHUBAIOTCS (PUIIOTCHETHUESCKH JATICKHE POJIBI U3 Pa3HbIX KJIACCOB OTAeTa Ascomy-
cota (Megaloseptoria, Kellermania, Stagonospora n np.) [1-3].

OcHoBBIBasICH Ha MOP(OJIOTHYECKOM TIOAX0JE K KIacCU(pHUKAMU MUKPOMHIIETOB, HA3BaHHbBIE TPUOBI OT-
Hocwiu K otaeny Deuteromycota, kiaccy Coelomycetes, mopsiiky Sphaeropsidales, cemeiictBy Sphaeropsi-
daceae B cuctemax Caxkxkapmo, [Toreonm [2]. b. U. Carron [3] Brirouan ux B kiacc Blastodeuteromyecetes,
a B. A. Menbuuk [4] — B noanopsaok Blastosphaeropsidineae knacca Coelomycetes, moguepkuBast TeM CaMbIM
y BBIIICYKa3aHHBIX IPHOOB OnacTudeckuii Cioco0 KOHUIUOreHe3a. B gpunoreneTnyeckoii cucTemMe UX paccMar-
PHBAIOT B paMKax TeineoMophHBIX TpuboB oTaena Ascomycota [1; 5].

BonbImmHCTBO MpecTaBuTeNeil MUKHUIHATBHBIX CENTOPHOTIONO0OHBIX MUKPOMHUIIETOB SIBJISIFOTCST (DPUTOTIA-
TOTCHHBIMHU TPHOAMHU, KOTOPBIC MOPAKAIOT TUKOPACTYIIUE U KYJBTUBHUPYEMbIC BUJIbI, IEPUOANICCKH TPUBOJIAT
K SMHQUTOTHSIM, IOTEPSIM YpOXKash HITH JieKopaTuBHOCTH pacTteHui [ 1-10]. Hexotopeie 13 HUX UCTIONB3YIOTCS
KaK IMPOJIYIICHTHI [IEHHBIX OMOJIOTMYECKU aKTHBHBIX BEIIECTB, TPUMEHSIEMbIX JUISI KOHTPOJISI COPHBIX PACTCHUIH
B arpodurorieHo3ax [11]. KpoMe Toro, BTOprUYHBIE METaOONHUTHI psfla BUAOB MAKHUAHAIBEHBIX CEITOPHUOTIO-
JIOOHBIX MHUKPOMHIICTOB UCTIONB3YIOTCS JUJISI 3aIIUThI PACTCHUH OT (PUTOMATOTEHHBIX MUKPOOPTraHu3MoB [ 12].

[Ipu 06paboTke MaTepuasnos, AenonupoBanHbiX B [epbapun BI'Y (MSKU), Obiio 00HapyxkeHo 14 HOBBIX
it benapycu BUIOB MMKHUIMAIBHBIX CENTOPUOIIO00HBIX MUKPOMHIIETOB.

MaTepna.m,l U METOAbI UCCJICAOBAHUSA

B xone npoBeeHHOTO HeceIoBanns ObLTH 00paboTaHbl COOCTBEHHBIE COOPBI, @ TAKXKE COOPBI JPYTHUX KOJ-
nextopos (U. C. T'upuinouy, A. K. Xpamios, O. B. CaBuna, M. A. Pomanosuu, M. H. Hapeiiko), xpansiuecs
B ¢onze ['epbapust BI'Y.

Coop Marepuaia MPOBOAWICS MapIIPyTHBIM METOIOM HcciienoBanmii [13] ¢ ampenst mo okTsiops 2023 T.
Wnentuduxarys rpuOOB U UX PaCTEHUN-XO035€B, a TAaKKe M3ydeHHe MOP(OMETPUIECKUX MTOKa3aTelel BbI-
MOJHSJTICH METOJAMH CBETOBOM MHUKPOCKOIIMH C UCIIOJIb30BAHUEM OMHOKYIISIPHBIX MUKpPOCKOIOB Stemi-2000
(Carl Zeiss, l'epmanust), «Muxpomen-2» (moaens 2-20 inf.) (komnanus «Mukpomeny», Poccust), cooTBeTCTBYIO-
mux onpenenureneit m monorpaduii [1-10; 14; 15]. [nsg ycureHns BU3yaau3aiiy IPO3padHbIX 00BEKTOB IPH

73



JKcrnepuMeHTaIbLHast 0Ho10THs U OHoTexHoIorHs. 2024;2:72-87
Experimental Biology and Biotechnology. 2024;2:72-87

MUKPOCKOTTMPOBAHUH MCTIONB30BajIcs 1 % BOAHBINA pacTBOP METHIIEHOBOTO cHHETO [16]. BannaHocTs u cuHO-
HUMUKA JJATHHCKUX Ha3BaHUI TAKCOHOB MUKPOMHMIIETOB M PACTEHHUH, a TAKKE UX CUCTEMaTHYECKOe MOJIOKEHNE
MIPHUBE/ICHBI B COOTBETCTBUU C MEXKTyHAPOIHBIMU II00ANBHBIME Oa3zamu naHHBIX Plants of the World Onlinel,
APG IV [17] (nns pacTeHuit), MycoBank2 (711 MUKPOMHUIIETOB).

Jiist u3ydeHnst K3MEHYMBOCTH MOP(HOMETPHUUECKUX XapaKTEPUCTUK KOHUJIMI MCIIOIB30BaHbI CIIEAYIOIINE
KPUTEPHH OIMCATENbHON cTaTUCTUKH: (min—)Q,—Q;(—max), Mo, rae min — MUHUMAaJIbHOE 3HaYEHHE IPU3HAKA;
Q,—Q; — MeXKBapTUIBbHBIN pa3Max; max — MaKCUMaJIbHOE 3HaUeHUE NpHu3HaKa; Mo — Moga. O0beMbl BEIOOPOK
cocraBisuid He MeHee 30 mt. s [uaMeTpa MUKHUA yKa3aHbl TOIBKO MUHUMAIbHOE M MAKCHMaIbHOE 3Haue-
HUSI TPU3HAKA.

JlJ1s cTaTHCTHYECKOTO aHaJH3a JaHHBIX OBUTHA MCTIOIB30BAHBI BOSMOXKHOCTH SI3bIKA MTPOrpaMMHUpOBaHms R
[18; 19]. [IepeBon MukpodoTorpaduii B BEKTOpPHBIE N300paKeHHUS, a TAKkKe padoTa ¢ TpapuuecKUM MaTepruaioM

OCYIIECTBIISUTHCH C TOMOIIBIO BECIIIATHOro IPOrpaMMHOro obecredenns Inkscape’.

Pe3y.]'ll>TaTl>I H UX oﬁcyme}me

B xozne nmpoBeneHHOro Mcciae0BaHus BIABICHO 14 BUJOB MMKHUAMAIBHBIX CENTOPUOINIONOOHBIX MUKPO-
MHUIIETOB, HOBBIX JUIs TeppuTopun benapycu. Onu oOHapyskeHbl Ha 16 Bunax u3 9 ceMeicTB LIBETKOBBIX pacTe-
Hui. Hrke npuBoasTCS OpUrHHAIBHBIE OMMCAHUS BBISIBICHHBIX TPUOOB, COMTPOBOXKIAIOIINECS MILTIOCTPaLIUs-
MU KOHMJIUI U NOPaKEeHUI pacTeHnid. KpoMe TOro, B HUX NPEJCTaBICHbI CBEACHHS O COOTHOLICHUM JUIMHbI
U IIUPUHBI KOHUIUH, YTO SBJIAETCA AONOIHUTEIbHBIM KPUTEPUEM IIPU AUArHOCTUKE BUAOB MUKPOMHUILIETOB [1].
YTOUHEHO KOJIMUYECTBO MONEPEUHBIX NEPETOPOAOK KOHUIUM, KOTOPOE CITY’KUT BayKHBIM TUATHOCTHUYECKUM IMIPH-
3HAKOM JUI HEKOTOPBIX BUJOB. bosee neTanbHO 04epueHbl rpaHUIlbl H3MEHUYMBOCTH pa3MepoB KoHuani. Otme-
YeHHbIE 0COOEHHOCTH BUJIOBBIX MTPU3HAKOB YKa3aHbI B IPUMEYaHUSIX.

Rhabdospora viciae Vasyag., in Z. M. Byzova et al., Flora sporovykh rastenii Kazakhstana [Cryptogamic
flora of Kazakhstan], t. 5, Nesovershennye griby — Fungi imperfecti (Deuteromycetes), kn. 3, Spheropsidnye —
Sphaeropsidales (Alma-Ata): 377 (1970) (cM. BKIeiiky, puc. 1).

Anamopda: R. viciae Vasyag.

Teneomopa: HeuszpBecTHa.

Onmucanue ex planta. I1sten vet. IlukHuap! nonynorpysxeHssle, quamerpom 70—140 MxM, pacronararorcst
paccessHHO. O0O0JIOYKa MMKHU/BI TOHKAsI, YIIIOBAaTON TeKCTyphl. KoHumuu /-00pasHble, IWITHHAPHYECKUE, CIIeT-
Ka W30THYThIE, Ha BEPIIMHAX OKPYIIbIC WM 3a0CTpeHHBIE, pazmepoM (15,0—)26,5-33,5(-40,0) x 2,0-3,0 Mmxm
(o moze 29,0 x 2,0 MKM), TIpH STOM OTHOIIIEHHE JUTHHBI K IUPUHE KOHUIUK cocTtasiser (6,7—)12,8-16,8(-20,0)
(mo mone 14,5). Coneprxar MHOXKECTBO MEJKUX JIMITUTHBIX Kartelib. KommaecTBo neperoponok (0—)1-2(-3), yare 2 mit.

Pacnpocrpanenne B Besapycu: Ha cyxux JIMCTBIX U cteOsix Vicia tetrasperma (L.) Schreb. (Fabaceae),
Mumnckast obmacts, HecBmxkcknii pation, n. Cacka Jlumka (MSKU-F 9751, xomnextop U. A. demromnko, mata
cbopa 23.04.2022).

Oo01iee pacnpocTpanenue: A3usl.

[pumeuanue. O0HapyxeHHE R. Viciae MOXXHO OKUIaTh M HA IPYTUX BUAAX pacTeHuil pona Vicia (Fabaceae).
B nipotosore mist MUKpOMHUIIETa OTMEUEHO HATMYHE Ha CTEOIIX OKPYIIIBIX, TPOJOITOBATHIX, CEPO-UEPHBIX ITf-
TeH, 00yCIIOBIEHHBIX OOJBITUM KOJTMYecTBOM MUKHUA [7]. Ha nccnemyemom sxe oOpasiie msTHA He BBISBICHBI,
TaK KaK MMKHUABI pacCesHbI IO TKAHSAM OTMHPAIOLIUX CTeOIeH 1 JTHCTHEB.

Septoria aegopodina Sacc., Michelia 1(2): 185 (1878) (cm. BKIeiiKy, puc. 2).

Anamopda: S. aegopodina Sacc.

Teseomopda: Heu3BECTHA.

Onucanmne ex planta. [1sTHA 04eHb MENTKUE, YITIOBAThIE, KOPUYHEBBIE, HO CO BPEMEHEM OEJIEIOT, MOTYT OBITh
¢ KpacHoBaro kaiiMoii. [ TukuuIe! momymorpykeHnble, qraMmeTpoM 100—150 MM, paccesHBI 110 IATHY ¢ 00enX CTO-
POH JIMCTOBOM MutacTUHKK. O00JI04Ka TMKHU/IBI YIIIOBaTON TeKCTYphl. Konnanu /-006pa3Hble, HATEBUAHBIE, MECTAMU
MOTYT OBITh M30THYTBIMH, Y BEPILHMH yTOHYAIOTCS, UMEIOT pasmep (12,0-)17,5-34,3(-40,0) x (1,0-)1,5-2,0 mxm
(mo moze 25,0 x 1,5 MKM), IpH 5TOM OTHOIIIEHNE JUTMHBI K IIHPUHE KOHUINK cocTasisieT (6,0-)9,9-20,9(-25,0)
(o mogme 6,0). KommaectBo meperoponok 0—3 1IT., HO YaIie OHH OTCYTCTBYIOT.

'Plants of the World Online [Electronic resource] / Royal Botanic Gardens, Kew. URL: https://powo.science.kew.org (date of access:
15.02.2024).

*MycoBank database: fungal databases, nomenclature and species banks [Electronic resource]. URL: https://www.mycobank.org
(date of access: 15.02.2024).

*Inkscape. Pucyii cBoGoxro [Dmexrponnsiii pecype]. URL: https://www.inkscape.org/ru/ (mata obpamterus: 15.02.2024).
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PacnpocTpanenne B benapycu: va muctesx Aegopodium podagraria L. (Apiaceae), T. Munck (MSKU-F 11307,
kosutekTop M. A. Pomanosuy, nara cbopa 25.08.2011); na Pimpinella sp. (Apiaceae), r. Munck (MSKU-F 17698,
koimekrop M. A. @emromko, gara coopa 16.09.2023).

Oo6u1ee pacnpocTpanenue: EBpomna.

Ipumeuanue. OOHApY)EHUE S. aegopodina MOXXHO OKUAATh M HA KYJIBTHBHPYEMBIX JIEKOPATUBHBIX (OopMax
A. podagraria, a Taxke Ha JUKOpacTyILMX BUAaxX pona Pimpinella (Apiaceae). Kpome BbllIeHa3BaHHOIO MUKPO-
MHUIIETa, paCTEHUsI poaoB Aegopodium n Pimpinella MoryT mopaxarbcs BUIOM S. aegopodii Desm., KOTOpsIii OT-
ngaeTcs Ooree KPyIMHBIME IIHHAPAISCKUMA KOHUIUsIMU pazmepoM (30,0—)55,0-95,0(—115,0) x 3,5-4,0 Mmxm
¢ neperopoakamu B konnuectse (0—)1-2(-3) wr. [5].

Septoria aromatica Kabat & Bubdk, Osterr. bot. Z. 54(1): 27 (1904) (cM. BKneiiky, puc. 3).

Anamopda: S. aromatica Kabat & Bubak.

Tesneomopda: HEU3BECTHA.

Onucanue ex planta. VI3HauanbHO TSTEH HET, HO CO BPEMEHEM MOTYT TOSIBUTHCS KEJThIC, KENTO-3eJICHbIE
WJIM KOPUYHEBBIE HEKPO3bl. [IMKHUIBI OomymorpykeHHsle, ruameTpoM 160—250 MKM, XaOTUYHO PacCesHbI
¢ 00erX CTOPOH JIMCTOBOH IUTACTHHKH, MOTYT CPAaCTaThCsi MEXIy co00ii (B 3TOM Cilydae UX IUAMETP MOXKET
noxoauts 10 400 Mkm). OG0I0YKa MMKHU/BI YTIIOBaTO# TekcTyphl. Konuauu /-o0pasnele, pexe C-00pasHbIe,
IWIAHAPUIECKHE, CIeTKa H30THYThIE, C 3aKPYTIIEHHBIMU KOHITAMH, PEXKE CIIeTKa 3a0CTPEHHBIE Y BEPIIUHBI, Pa3-
mepom (16,0—-)55,0-70,0(—82,0) x (2,0-)3,0(—4,0) mxm (1o moze 60,0 x 3,0 MKkM), TIpU STOM OTHOIICHUE JITTUHBI
K IMMUpUHE KOHUIUH cocTapiseT (5,3—)17,8-23,3(—35,0) (rmo moxe 20,0). BeIXxomsT u3 TUKHU OSTBIMH TsHKAMU
WM OETIBIMHU KOPOYKaMH, KOTOPBIE CO BpeMeHeM >kenTeroT. ConepKaT MHOKECTBO JIMITUAHBIX Karelb. Komnue-
CTBO nieperopook 0—1 mit., yarie BCTpevaroTesi KOHUIUH ¢ | Ieperopoiko, KOTopast MOKET IPOCMAaTPUBATHCSI
c11a00, HO TIPH OKPAITMBAHUH CTAHOBUTCS YE€TKO PA3IMYMMOMN, MOJIOJIbIE KOHUUH HE UMEIOT MTEPETOPOIKH.

PacnpocTrpanenune B Benapycu: Ha jiuctesix Chaerophyllum sp. (Apiaceae), . Munck (MSKU-F 9596,
MSKU-F 9628/2, xomrextop U. A. demromko, nara coopa 12.09.2023); Ha muctesax C. aromaticum L., T. Bureock
(MSKU-F 7125, xonnekrop U. C. 'mpunosuy, nara coopa 16.09.1997), I'ponneHckas obnactb, MOCTOBCKHI
pation, T. Mocter (MSKU-F 7123, xomtekrop U. C. I'mprmmosud, nata coopa 24.08.1996), Munckast o61acTtp,
MuHckuii paiion, okpectaoctH 1. Lusakn (MSKU-F 7124, xomutexrop U. C. 'mpunouy, nara coopa 01.06.1986)
u okpectHoCcTH 1. Xarexxuno (MSKU-F 7076, xomnekrop U. C. ['mpminoBuy, nata coopa 23.05.1988).

OO0mee pacnpocrpanenue: EBpona.

[pumeuanne. O0HapyReHHE S. aromatica MOXXHO OKUJIATh U Ha APYTUX BUAAX pacteHuit poga Chaerophyl-
lum (Apiaceae), KOTOpbIe, KPOME BBIIIICHA3BAHHOTO MUKPOMHIIETA, MOTYT ITOPAXKAThCsI CIICAYIONTUME BHIAMHU:
S. chaerophylli-aromatici Kabat & Bubak (kornaun pasmepom (14,0-)28,3-40,0(—50,0) x 1,0—1,5(-2,0) mxm
€O c1a0OBHUIHBIMHE TIeperopoakamu B KonuaectBe 0—3(—4) mT.) (manHble aBropa); S. chaerophylli Bres. (koHu-
mun pazmepoMm 10,0-14,0 x 2,0-3,0 mxm ¢ 1-3 meperopoakamu) [10]; S. weissii Allesch. (korumum pazmepom
35,0—85,0 x 2,0-3,0 MkM co MHOXeCTBOM Tieperopoziok) [10]; S. anthrisci Pass. & Brunaud (koHuuu pazmepom
(18,0-)25,0-59,0(-65,0) % 1,0-2,0 MxM co crraboBHAHBIME TIeperoponkamu B komudaectse (0—)1-3(—4) mr.) [5; 10].

Septoria cerastii Roberge ex Desm., Ann. Sci. Nat. Sér. 3, Bot. 11: 347 (1849) (cMm. Bkiieiiky, puc. 4).

Anamopda: S. cerastii Roberge ex Desm.

Tesieomopa: HeusBecTHa.

Onucanue ex planta. [1atHa Ge3 KaiiMbl, 6JI€THO-KENTHIE, CO BpEMEHEM CEepPEIOT, KOPMYHEBEIOT, Ha PAaHHUX
JTanax pa3BUTHUs OOJE3HH MOTYT OTCYTCTBOBATh (0COOCHHO Ha cTeOusix). [IMKHUABI MOdynorpyKeHHbIE, qHa-
MeTpoM 70—120 MKM, TYCTO paccesiHbl, paclojIararoTcsl B OCHOBHOM Ha BEPXHEU CTOPOHE JTMCTOBOH IIACTHH-
KH, €IMHUYHO MOTYT OOHAPYKUBaThCs HA HIDKHEH cTopoHe sncta. O00I04Ka MUKHUIB! YITIOBATON TEKCTYPHI.
Konupnuu [-00pa3Hble, HUTEBUIHbIC, CIIETKA M3BHIIMCTHIC, PEKE MOYTH MPSIMbIE, C 3a0CTPEHHBIMH KOHIIAMH,
pasmepom (20,0-)30,0-45,0(-52,0) x 1,0—-1,5(-2,0) mxm (110 mome 30,0 x 1,0 MKM), IPH 3TOM OTHOIIICHUE
JUTMHBI K IIUpuHe KoHuauu coctasisiet (17,5-)25,0—40,0(=50,0) (o moze 30,0). Beixoasar u3 nUKHUT OSIIbIME
Tshxamu. [leperoponkn B koimaectBe 0—3(—5) MmIT. ICHO MPOCMATPUBAIOTCS, HO YaIlle OTCyTCTBYIOT.

Pacnpocrpanenue B bBesapycn: Ha 1ucThsX, damenucTikax u creomsx Cerastium holosteoides Fr. (Ca-
ryophyllaceae), Munckast 061acTb, BoIOXKUHCKUE palioH, OKPECTHOCTU TeOCTaHIMU «3amaaHas bepe3una»
(MSKU-F 7121, xomexrop U. C. I'mpunoud, mata cobopa 18.07.2003).

Oomee pacnpoctpanenue: Espona, A3us, CeBepHas Amepuka.

Ipumeuanne. O6HApY)XEeHUE S. cerastii MOYXHO OKHMIIATh U Ha APYTHUX BHIAX pacTeHui pomoB Cerastium
u Stellaria (Caryophyllaceae). Kpome BbllieHa3BaHHOTO MUKpOMHUIIETa, pacTeHust poxa Cerastium MOTYT I0-
paxarbcs BUAOM S. caryophylli Scalia (kounauu pazmepom 27,0—-35,0 x 3,0-3,5 MxM ¢ 1 meperopoakoii), BbI-
3bIBAIOIIMM OXPUCTHIE MATHA ¢ KOPUUHEBOU Kaiimoi [10].
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ala o/b

10 MM

Puc. 1. R. viciae (MSKU-F 9751):
a — (parMeHTHI IOBPEXKICHHBIX cTeOIeit u mucra V. tetrasperma; 6 — KOHUIUH

Fig. 1. R. viciae (MSKU-F 9751):
a — fragments of damaged stems and leaf of V. tetrasperma; b — conidia

o/b

10 MM

Puc. 2. S. aegopodina (MSKU-F 11307):
a — TIOpa’KeHHBIH y9acToK jmcta 4. podagraria; 6 — KOHUAAN

Fig. 2. S. aegopodina (MSKU-F 11307):
a — affected area of the 4. podagraria leaf; b — conidia
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o/b
||
10 Mmxm
—
Puc. 3. S. aromatica (MSKU-F 9596):
a — nopaxeHHbIi yyactok smucra Chaerophyllum sp.; 6 — KOHUAUK
Fig. 3. 8. aromatica (MSKU-F 9596):
a — affected area of a Chaerophyllum sp. leaf; b — conidia
6/b
10 Mmxm

Puc. 4. S. cerastii (MSKU-F 7121):
a — nopaxkenHblit ydactok jucra C. holosteoides; 6 — konuaun

Fig. 4. S. cerastii (MSKU-F 7121):
a — affected area of the C. holosteoides leaf; b — conidia
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o/b
10 MkM
Puc. 5. S. chaerophylli-aromatici (MSKU-F 9628/1):
a — opakeHHbIH yaactok nucta Chaerophyllum sp.; 6 — KOHUAUR
Fig. 5. S. chaerophylli-aromatici (MSKU-F 9628/1):
a — affected area of a Chaerophyllum sp. leaf; b — conidia
ala o/b
10 Mmxm
—

Puc. 6. S. commutata (MSKU-F 7116):
a — MOPakKeHHBIH ydacTok jucta G. lutea; 6 — KOHUIUH

Fig. 6. S. commutata (MSKU-F 7116):
a — affected area of the G. [utea leaf; b — conidia
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6/b
10 MxMm
Puc. 7. S. geranii (MSKU-F 11271/1):
a — TIOpaKeHHBIH y4acTok sucta P. zonale; 6 — koHuaUN
Fig. 7. 8. geranii (MSKU-F 11271/1):
a — affected area of the P. zonale leaf;, b — conidia
o/b
10 Mxm

Puc. 8. S. heterochroa (MSKU-F 7112):
a — MIOPaXeHHBIN Y9acToK Jucta M. pusilla; 6 — KOHUITUH

Fig. 8. S. heterochroa (MSKU-F 7112):
a — affected area of the M. pusilla leaf; b — conidia
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o/b
10 MKkM
Puc. 9. S. melandryi-albi (MSKU-F 17738):
a — MopakeHHbIN y4yacTok sucta S. latifolia (syn. M. album); 6 — koHUAUN
Fig. 9. S. melandryi-albi (MSKU-F 17738):
a — affected area of the leaf of S. latifolia (syn. M. album); b — conidia
ala 6/b
10 MmxMm

Puc. 10. S. plantaginis-majoris (MSKU-F 17728/1):
a — NOpaKeHHbIH y4acToK jucta P. major; 6 — KOHUAMN

Fig. 10. S. plantaginis-majoris (MSKU-F 17728/1):
a — affected area of the P. major leaf; b — conidia
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o/b
10 Mmxm

Puc. 11. S. posoniensis (MSKU-F 9833/1):

a — nopakeHHbI# ydactok jucrta C. alternifolium; 6 — KoHUANH
Fig. 11. S. posoniensis (MSKU-F 9833/1):
a — affected area of the C. alternifolium leaf; b — conidia
6/b
10 MkM

Puc. 12. S. scleranthi (MSKU-F 8911):
a — MIOPaKCHHBIE YAILCTUCTHKY S. perennis; 6 — KOHUIUN

Fig. 12. 8. scleranthi (MSKU-F 8911):
a — affected sepals of S. perennis; b — conidia
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ala o/b

10 MM
|
Puc. 13. S. stellariae (MSKU-F 9526):
a — MOPaKCHHBIN YYaCTOK JIUCTa S. graminea; 6 — KOHUIAU
Fig. 13. S. stellariae (MSKU-F 9526):
a — affected area of the S. graminea leaf; b — conidia
ala 6/b

10 MM

Puc. 14. S. convolvuli (MSKU-F 8617/2):
a — nopakeHHsIH yuactok nucta C. sepium; 6 — KOHUIUN

Fig. 14. S. convolvuli (MSKU-F 8617/2):
a — affected area of the C. sepium leaf;, b — conidia
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Septoria chaerophylli-aromatici Kabat & Bubak, Hedwigia 43: 419 (1904) (cm. Bkiieiiky, puc. 5).

Anamopda: S. chaerophylli-aromatici Kabat & Bubak.

Tesaeomopda: HEM3BECTHA.

Onucanue ex planta. I1sTHa MenKkue, yIiaoBaThle WK OKPYyTIIbIe, CHaYalla TPSA3HO-3€TIeHbIE, TI03)KEe TEMHO-
OypBbI€ C JKEJITOBATHIM OPEOJIOM, MHOT/IA BCTPEUAIOTCS MATHA C 00JIee CBETIBIM LIEHTPOM. [ITMKHHTBI TOITyTIOTpY-
keHHble, uaMeTpoM 50—100 MKM, CKydeHBI B IIEHTpPE MATHA, PAaCcIoaraloTcsi B OCHOBHOM Ha BEPXHEH CTOPO-
HE JINCTOBOM IJIACTUHKH, €IMHUYHO MOTYT OOHAPYKUBaThCs HA HIDKHEH cTopoHe jrcta. O00I04YKa MHKHUBI
yriioBaroit TekcTypbl. Konuauu /- u C-o0pa3Hbie, HUTEBUHBIC, CJIETKA U3BUIMCTHIC, PEXKE IMOUYTH MPSIMbIC, HA
KOHIIaX 3a0cTpeHHble, pazmepoM (14,0-)28,3—40,0(-50,0) x 1,0-1,5(-2,0) mxMm (o mozme 35,0 x 1,0 MxMm),
IpY ATOM OTHOLICHHWE JUITMHBI K IIMpUHE KoHuanu coctasisieT (14,0-)19,8-30,0(—49,0) (mo moze 30,0). Mo-
TYT COAEpPKaTh MEIKHE JIMMHIHBIC Karuti. [leperoponku B kommdectBe 0—3(—4) mT. cmabo BHIHEI Oe3 OKpa-
CKH, HO YaIlle OHU OTCYTCTBYIOT.

Pacnipoctpanenue B benapycn: Ha nuctbsix Chaerophyllum sp. (Apiaceae), . Munck (MSKU-F 9628/1,
kosutektop U. A. dexaromiko, nara coopa 12.09.2023).

Oo6u1ee pacnpocTpanenue: EBpomna.

IIpumeuanue. Cm. npumedanue k S. aromatica.

Septoria commutata Bubak, Hedwigia 57: 333 (1916) (cM. BKJICHKY, puc. 6).

Anamopda: S. commutata Bubdk.

Tesieomopa: HeusBecTHa.

Onucanue ex planta. I1s1THa BRITSIHYTHIE, 0€3 KaiiMBl, )KEITOBATHIE, CO BPEMEHEM MOTYT CTAHOBUTHCS KO-
PUYHEBBIMU WK cepbIMU. [[MKHHIBI TOTyTIOTpYysKeHHBIE, TuameTpoM 70—180 MKM, paccestHbI WK TYCTO CKyde-
HBI C 00€MX CTOPOH JUCTOBOH MmmacTUHKHA. O00JI0UKa TUKHUIBI YIIIOBATON TeKeTypbl. Kormnuu /-o0pasHele,
HUTEBUHBIC, CIIETKAa W3BWIKNCTHIE, PEXKE IMOYTH MPSAMBIC, y OCHOBAHUS CY)XKEHHbBIC, 3aKPYTJIICHHbBIE WU 3a-
OCTpEHHEBIE, Ha BEPIINHE 3a0CcTpeHHbIe, pasmepoM (13,0—-)37,0—-46,0(-52,0) x 1,0-1,5(-1,7) mxm (110 Mmoze
40,0 x 1,0 MKM), TIpH 2TOM OTHOIIICHHE IJIMHBI K IMTUpHHE KoHUANH cocTasiset (13,0—-)27,8—-40,0(-52,0)
(mo mone 33,3). KomnuectBo neperoponok (0—)1-3(-5), yame 3 mrT., Ipu OKpalIMBaHUU OHU CTAHOBSITCS
0oJee 9eTKO pa3IndYuMBIMH.

Pacnpocrpanenue B Benapycu: na miuctesix Gagea minima (L.) Ker Gawl. (Liliaceae s. str.), [omenbckast
obnactb, XKinobunckuii paiion, okpectaocts 1. Jomuael (MSKU-F 7117, xomnekrop U. C. I'mpuinosud, nara
coopa 02.05.1993); na muctesix G. lutea (L.) Ker Gawl. (Liliaceae s. str.), [lomenbckas o61actb, XKimoOnHCKHI
pation, okpectHoctu A. Jomuuael (MSKU-F 7116, komutekrop U. C. 'mpusiouuy, nara coopa 02.05.1993).

Oo6m1ee pacnpocTpanenue: EBpomna.

Ipumeuyanne. OOHapyxeHue S. commutata MOXXHO OKUAATh U HAa MHBIX pacTeHusX poxa Gagea (Lilia-
ceae s. Str.), pUuYeM Kak Ha JUKOPACTYIIHX, TaK M Ha KYJBTHBUPYEMBIX. [Ipyrue BUbI CENTOPHI Ha I'YCHHOM JTyKe
HE OTMEYCeHbI. JJaHHBII BUA ABISETCS Y3KOCIEUUAIU3UPOBAHHBIM IATOI€HOM Ha pacTeHusx poga Gagea [10].

Septoria geranii Roberge ex Desm., Ann. Sci. Nat. Sér. 3, Bot. 20: 93 (1853) (cMm. BkIIeiiKy, puc. 7).

Anamopda: S. geranii Roberge ex Desm.

Tesneomopda: HEU3BECTHA.

Onucanue ex planta. I1aTHa HeonpeneneHHONH (HOPMBI, CEPO-KOPUIHEBBIE WIH OJMBKOBO-KOPHUYHEBBIC,
C IIUPOKOH IIypIyPHON KalMOM, KOTOpasi CO BPEMEHEM CTAHOBMTCS JKEJITOBATO-3€IEHON C CUHUM OTTEHKOM.
ITuxHUAB TOTYTIOTpYKEeHHBIE, AHaMeTpoM 90—120 MKM, CKYYIEeHBI WIIH PACCESTHBI TI0 TISATHY, PacIoiararoTcs
NPEUMYILIECTBCHHO HA BEPXHEH CTOPOHE JIMCTOBOM IUIACTHHKH, TAK)KE UMEIOTCSI Ha HU)KHEH CTOPOHE JINCTA, HO
HE TaKk MHOTOYHCIICHHBI. O00I0UKa MMKHUJIBI YIIIOBAaTOH TeKCTyphl. Konnauu /-o0pa3Hbie, HIMIHHAPUYECKHUE,
CI1a0OM30THYTHIE, PEKE MOYTH MPSIMbIE, C 3aKPYIJICHHBIMU MJIM CY>KEHHBIMH OTHOCHTEJIBHO Tejla KOHUIUH
KoHITaMH, pazmepoM (15,0-)25,6-36,0(—50,0) x 2,0-2,5 mxm (1o moze 35,0 x 2,0 MKM), TIpU 3TOM OTHOIICHUE
JUTHHBI K IMApHHE KOHUAUH coctaBiset (7,5-)12,7-18,0(-25,0) (mo mome 10,0). Berxomar n3 mMUKHU 30JI0TH-
CTBIMH TsDKaMH. Ileperoponku sICHO MpOCIIeKUBAIOTCS, UX KondecTBoO cocTaBisieT (1—)3—4(-5), vame 3 wT.

Pacnpocrpanenue B benapycu: Ha muctesax Pelargonium zonale (L.) L’Hér. (Geraniaceae), MuHckas
obnactb, Cityuxkuii paiion, r. Cnynx (MSKU-F 11271/1, xonnexrop O. B. CaBuna, gara coopa 01.09.2010).

Oo6miee pacnpocTpanenue: EBpoma, Azus.

IIpumeuanune. OOHapyxeHue S. geranii MOXXHO OXKHJATh Ha JUKOPACTYIIUX M KyJIBTHBHPYEMbIX BHIAX
pona Geranium (Geraniaceae). Kpome BbillieHa3BaHHOTO MUKPOMHMLIETA, HA HUX M Ha KyJIBTHBHUPYEMBIX B JICT-
HUI epuoA B OTKPBITOM IpyHTe B benapycu pacrenusix P. zonale, BEposITHO, CTOUT OXKHJIATh IOSIBICHUE BUJA
S. expansa Niessl (konuguu B Macce KpacHoBatble, pazmepom 31,0—-86,0 x 1,0—2,0 MKM, ¢ HESIBHBIMH TIepe-
TOPOJIKAMH), BBI3BIBAIOIIETO TISITHA MEIBIHO- WM OXPSTHO-JKENTOTO I1BeTa 0e3 Kaimer [10].

83



JKcrnepuMeHTaIbLHast 0Ho10THs U OHoTexHoIorHs. 2024;2:72-87
Experimental Biology and Biotechnology. 2024;2:72-87

Septoria heterochroa Roberge ex Desm., Ann. Sci. Nat. Sér. 3, Bot. 8: 21 (1847) (cM. BkIeliKy, puc. 8).

Anamopda: S. heterochroa Roberge ex Desm.

Teseomopga: HenzBecTHA.

Onucanue ex planta. I1sTHA HENPaBUILHOW (OPMBI, YIJIOBAaThIE WM KPYIJIOBAThIe, TEMHO-3€JIEHbIE, KO-
pPUYHEBBIE CO CBETIBIM IIEHTPOM WK Oypo-cepble, MOTYT OBITh OKAalfMIICHBI BAJIMKOM MEPTBOW TKAaHU JIUCTA.
[ukHKB! Monynorpyxkenusie, auaMerpoM 60—100 MM, CKy4ueHBI B IEHTPE MATEH WM PACCESHBI TI0 BCEMY
MIATHY Ha BEPXHEH CTOPOHE JINCTOBOH TUTACTUHKH, PEKE SAMHUIHO MOTYT OOHAPYKHUBAThCs HA HIDKHEH CTOPO-
He nmucta. O00JI09Ka TMKHUBI YIIIOBAaTON TeKeTypbl. Konuanu /-o0pasHbie, HUTEBHUTHBIE, PEIKE U3BHIIUCTHIC,
CJIeTKa M30THYThIC, Ha KOHIIAX cl1abo 3a0CcTpeHHble, pazmepom (20,0—)25,0-37,5(—40,0) x (1,0-)1,5-2,0 mxm
(o mome 35,0 x 2,0 MKM), TIpH TOM OTHOIIIEHHE JIMHBI K IHpHHE KoHuawn cocTtapiser (10,0-)13,4-23,3(-35,0)
(o mone 12,5). Mnorna BuaHs! aunuaHble karmiu. KonmngectBo neperopogok 0—1(—2) mt., 6€3 okpacku OHU
CJ1ab0 Pa3INnYMMBI, HO Yallle OTCYyTCTBYIOT.

Pacnpocrpanenne B benapycu: Ha muctesax Malva pusilla Sm. (Malvaceae), Munckast o6macts, Mun-
ckui paiioH, okpectHocTH 1. CemxoBo (MSKU-F 7112, xomnekrop U. C. ['mpunosuy, gara coopa 08.08.2004).

Oo6mee pacnpoctpanenue: EBpoma, CeBeprast AMepuka.

[pumeuanne. O0Hapyxenue S. heterochroa MOXXHO OKUJATh HAa TUKOPACTYIIUX U KYJTBTUBUPYEMBIX pac-
TeHusX poxa Malva (Malvaceae). JlaHHBIN BUJ] MOXKET pacCMaTpUBAThCS KaK UyKEPOTHBIH KOMIIOHEHT MHKO-
O6uoThl benapycu, NpOHUKIINI Ha TEPPUTOPHIO PECITyOIMKH BMECTE C TIPEICTaBUTENSIMU poaa Malva, KoTopble
SIBJISIFOTCSL UCKJIIOUNTENILHO aIBEHTUBHBIMU U1 (utopsl benapycu [20—22]. dakT BbIsBICHHUS HHBalAepa Tpe-
OyeT MOHHTOpPHHTA 32 €r0 pacIpOCTpaHEHHEM Ha TEPPUTOPUH CTPAHBI, PACIIMPEHNEM KpyTa X035€eB, a TaKKe
OIpe/ieNIeHns cTaTyca B (PUTOLICHO3aX.

Septoria melandryi-albi Baumler, Verhandlungen des Vereins fiir Naturkunde zu Presburg 14: 47 (1902)
(cwm. BkIIEiiKy, puc. 9).

Anamopda: S. melandryi-albi Baumler.

Tesneomopga: HenzBecTHA.

Onucaunue ex planta. I1sTHA METIKHE, CBETIO-OXPSHEIE, B LIEHTPE OJIEIHEIOT, TIO EpUPEPHH UMEIOT TEMHYTO
kaiimy. [TukHuAB NOAynorpysxxenueie, auamerpom 100-200 MkM, pacronararoTcs B LICHTPE MsTHA HA BEpXHEH
CTOpPOHE JIMCTOBOM IJIACTUHKH, Ha OYCHb MEJIKHX MSTHAX HAXOMUTCs 10 | mukHuae. O00I04Ka MMKHUJIBL YTIIO-
Baroil TekcTypbl. Konunuu /-o0pa3Hble, TMIMHAPHYECKUE, C 3aKPYIIICHHBIMH KOHIIAMHU, MOTYT OBITh CJIErKa
M30THYTBIMH M COEPKaTh TUIMTUAHBIC KAk, nMeroT pasmep (15,0-)25,0—-40,0(-50,0) x (2,0-)3,0(—4,0) Mxm
(mo moze 40,0 x 3,0 MKM), TpY 3TOM OTHOILEHHE JUTMHBI K IIMPUHE KOHUAUU cocTasiser (5,0—)7,4—-13,3(-18,4)
(o moze 13,3). Ileperopoaky 9eTKO MPOCIEKUBAIOTCS, UX KommdecTBo cocranisier (0—)1-3, game 3 mt.

Pacnpocrpanenue B Benapycu: Ha nuctbsix u credmnsix Silene latifolia Poir. (S. latifolia subsp. alba (Mill.)
Greuter & Burdet (syn. Melandrium album (Mill.) Garcke)) (Caryophyllaceae), Munckas o0iacth, HecBuk-
ckmii paiton, T. HecBmk (MSKU-F 17738, xomutextop U. A. @emromiko, nata coopa 14.08.2023).

Oouee pacnpocrpanenue: EBpona, A3us.

[pumeuanue. OOHapyxeHue Buaa S. melandryi-albi, mopaxaromero He TOIBKO JUCTHS, HO U CTEOINH,
MOXKHO OKHJIaTh Ha JUKOPACTYIIUX pacTeHusx poaa Silene (syn. Melandrium) (Caryophyllaceae). Kpome
BBIIIICHA3BAHHOTO MUKPOMHUIIETA, Ha S. /atifolia BO3MOXHO BEISBICHHE CIEAYIONUX MUKpOMUIIeTOB: Caryo-
phylloseptoria lychnidis (Desm.) Verkley, Quaedvl. & Crous (syn. S. lychnidis Desm.) (KOHHIUH pa3MepoM
(22,0-)39,0-75,0(-85,0) x 2,0-3,0 mxMm ¢ ieperopozkamu B koimdectse (0—)3—5(=7) mt.); C. silenes (Westend.)
Verkley, Quaedvl. & Crous (syn. S. silenes Westend.) (kornawm pazmepom 21,0-37,0 x 2,0-3,5(—4,0) Mxm ¢ iepe-
roponkamu B koiuuectse (0—)1(—4) wr.) [5]; S. dimera Sacc. (konuauu pazmepom 25,0—40,0 x 3,0—4,0 mxm
¢ 3 meperopoakamu); S. doehlii Syd. (korumuu pazmepom 36,0—64,0 x 3,0-3,5 MM 06e3 eperoponox); S. si-
lenes-nutantis C. Massal. ex Sacc. (konuauu pazmepom 50,0—70,0 x 1,5-2,0 Mmxm 6e3 neperopoiok) [10].

Septoria plantaginis-majoris (Sacc.) Nannf., Fungi Exsicc. Suec. Fasc. 39—40: no. 1915 (1950) (cM. BrIieliKy,
puc. 10).

Anamopda: S. plantaginis-majoris (Sacc.) Nannf.

Teneomopa: HenssecTHa.

Omnucanmue ex planta. [1sTHa yriioBarsie, HHOT/A CKITa4aThie, CEpO-KOPHUYHEBBIE, 3eJICHOBATHIE MITH OJIe/THO-Ce-
pbIe €O c1abo BBIpaKEHHON TeMHOM KaiiMoi 0o 6e3 Hee. [ Inkauap! momynorpyxeHnsie, auamMerpoM S0—110 mxm,
paccesiHbl 110 MATHY Ha BEPXHEH CTOPOHE JMCTOBOM IUIACTMHKU. O00JIOUKa MUKHUBI YIJIOBATOH TEKCTYPBHI.
Konunuu /-o0pa3Hbie, HUTEBUIHbBIC, C 3aKPYIJICHHBIMU KOHIIAMHU, MOTYT OBITH CJIETKa M30THYTHIMH, HMEIOT
pasmep (20,0-)25,0-28,0(—45,0) x 1,0-1,5 mxm (o moxe 25,0 x 1,0 MKM), IPU 3TOM OTHOIICHUE JITUHBI
K mupuHe KoHuuu coctasnget (14,0-)22,0-28,0(—45,0) (mo moxne 25,0). Yame KOHUANN OAHOKIIETOYHBIE,
peke UMEIOT | meperopoaxy.
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Pacnpocrpanenue B Besapycu: na nuctbsx Plantago major L. (Plantaginaceae), Munckas o0nacts, He-
CBIDKCKHIA palioH, OKPECTHOCTH XkKene3HonopoxHol cranuun «I opoaes» (MSKU-F 17728/1, komnextop U. A. De-
Jro1Ko, nara coopa 08.08.2023).

Oo0mee pacnpocrpanenue: Epona, A3us.

IIpumeuanne. OOHapyxenue S. plantaginis-majoris MOXXHO OKUJATh U Ha IPYTUX BuAax pona Plantago
(Plantaginaceae). Oco0o nprcTanpbHOE BHUMaHNE HYXKHO YIEIHTh (hapMakorieiHOMY BHILY P. major, KOTOpBIi
UCTIONB3YeTCs AJIsl IPOU3BOJCTBA Psijia JIGKAPCTBEHHBIX IMPENapaToB Ha pacTUTeNbHOW ocHOBe. Kpome BbI-
IIeHA3BAaHHOTO MUKPOMHUIIETA, pacTeHUs pona Plantago MoryT mopaxkarbes rpudoMm S. inconspicua Berk. &
M. A. Curtis (koHuauu pazmepom 15,0-33,0 x 1,5 MM Oe3 meperopofiok), BhI3BIBAIOIINM Ha JTUCTHSIX OEIbIe
msATHA, U TpudoM S. plantaginis (Ces.) Sacc. (kormanu pazmepom 30,0—-70,0 x 2,5-3,0 mxMm ¢ 2—3 meperopo/-
KaMH ), BBI3BIBAIOIIINM Ha JIMCTHIX CBHHIIOBO-CEPHIE MATHA, ITOKPBIThIE OeI0BaTO! 3acoxmieii kopoukoi [10].

Septoria posoniensis Biumler, Hedwigia 24: 75 (1885) (cMm. BKJeiiky, puc. 11).

Anamopda: S. posoniensis Bédumler.

Tesaeomopgda: HEU3BECTHA.

Onucanmue ex planta. l1sTHA OKpYTIIBIE WM HETIPABUIIBHOM (POPMBI, CEPO-3eNIeHBIE C TEMHBIM 00O0KOM JINOO
MIOJTHOCTBIO KOpU4HEBbIe. [IMKHUBI OrpykeHHbIe, JruaMeTpoM 70—120 MKM, I'yCTO paccesiHbl WM CKY4YEeHbI
Ha BEpXHEH CTOpPOHE JINCTOBOH IIacTHHKH. O00I0UKa TUKHUAB! YITIOBaTOH TeKcTyphl. Konuamm /-oOpa3Hbie,
HUTEBHHbIE, OYCHb TOHKHE, MECTAMU MOT'YT Ilepern0arbcs, y OCHOBAHMS OKPYTJIbIE (KPYITHbIC KOHUMH ) WX 3a-
OCTpEHHBIE (MEJIKHe KOHU/INHN), Y BEPIINHBI 320CTpeHHbIe, pazmepoM (16,0—)31,0—42,0(—50,0) x (1,0-)1,2—1,5 mxm
(o mogme 31,0 x 1,2 MKM), TIpH 3TOM OTHOIIEHHE JUTMHBI K IIUPUHE KO coctasisiet (10,7-)22,5-36,0(—50,0)
(o moze 20,7). MoryT coznepskath Menkue Junuanelie karum. KonmdectBo neperopozok (0—)1-3, wamme 3 mir;
0e3 OKpacK{ OHH HePa3THINMBI.

Pacnpoctrpanenue B benapycu: Ha imcteax u yamenuctukax Chrysosplenium alternifolium L. (Saxifraga-
ceac), Munckast oomactb, HecBrmkckuit pation, okpectHocTH T. HecBmka (MSKU-F 9833/1, komrexrop 1. A. de-
JIIOITIKO, maTta coopa 06.05.2019).

Oo6uiee pacnpocTpanenue: Epona, A3us.

Ilpumeuanne. J[aHHBIN BUI SBISCTCS y3KOCTICITHATM3NPOBAHHBIM TIATOTEHOM Ha pacTeHmsx poga Chryso-
splenium (Saxifragaceae) [8; 10].

Septoria scleranthi Desm., Bull. Soc. Bot. France 4: 861 (1857) (cm. Bkieliky, puc. 12).

Anamopda: S. scleranthi Desm.

Tesneomopda: HEM3BECTHA.

Omnucanue ex planta. [1aTHa c1ab0 MPOSBISAIOTCS TUOO OTCYTCTBYIOT. [ [MKHHTBI TOTYTIOTpYKEHHBIE, THa-
MeTpoM 125-140 MxM, paccesHbI IO OpakeHHOMY y4acTKy. O00sI0uKa MUKHHU/IBI YIIIOBAaTOM TeKCTyphl. KoHU-
mun C-o0pa3Hble, MUITUHAPUYICCKIE, PeKe TTOYTH MPsSMBIE, Ha KOHIIaX 3aKpyTIIeHHbIE, pasMepoM (16,0—)25,7—
30,0(=35,0) x 2,0-3,0(—4,0) Mxm (10 moze 28,0 X 2,0 MKM), TPX ATOM OTHOIICHHUE JJIUHBI K ITUPUHE KOHUTUU
cocrasiseT (5,3-)9,0-14,0(—-17,5) (o mome 9,0). BuyTpu comepxar 60IbIII0€ KOJIMIECTBO MEITKUX JTUTTHTHBIX
Karenb. Yarie umeeTcst 1 4eTKo IpociexnuBacMas eperopoika, pexe MeperopoaKi OTCYTCTBYIOT.

Pacnpocrpanenue B Benapycu: Ha nucThsx, cTeONsX, YalleInCTUKaX, PUIBETHUKAX Scleranthus pe-
rennis L. (Caryophyllaceae), Munckas o6macts, CTONOIOBCKHIA paifoH, okpecTHOCTH 1. HoBbiit CBepikeHb
(MSKU-F 8911, xonmnekrop U. A. dearomniko, gara coopa 19.08.2023).

Oo6miee pacnpocTpanenue: EBpona, CeBepHas Amepuka.

Ipumeuyanune. OOHapyx)eHUe GUTONATOTEHHOTO MUKPOMHULIETA S. scleranthi, KOTOPBIH SIBISIETCS y3KOCTIE-
UATM3UPOBaHHBIM IATOTEHOM Ha pacTeHusix poga Scleranthus (Caryophyllaceae), MOXHO 0)KHJIaTh Ha a/IBEH-
THUBHBIX BUAAX 3TOro poxaa [10].

Septoria stellariae Roberge ex Desm., Ann. Sci. Nat. Sér. 3, Bot. 8: 22 (1847) (cMm. BkIIeliky, puc. 13).

Anamopda: S. stellariae Roberge ex Desm.

Teseomopgda: Heu3BeCTHA.

Onucanue ex planta. [1sTHA paciuibiBUaThie, 0e3 KalMBI, Yalle xenThie (OeNoBaThie) Wi KopruaHeBble. [TnKHu-
JIbI TIOJTYTIOTpYKEHHbIE, TuaMeTpoM 70—125 MKM, paccesiHbl WU CKYYEHBI ¢ 00EMX CTOPOH JIMCTOBOM IJIACTUHKH,
9acTh U3 HUX MOTYT CpacTaThcs 0bomoukamu. O00JI09Ka MHKHUIBI YIIIOBaTON TeKCTyphl. Konuamm /-o0pa3Heie,
LUITUHPUYESCKHIE UITH HUTEBUIHO-IIMINHIPUIECKUE, CY’)KSHHBIE Ha KOHIIAX JIM0O0 3aKPYIJICHHBIC Y OCHOBAHHS U CY-
JKEHHBIE Ha BepituHe, pazmepom (27,0—)41,0-70,0(-110,0) x (1,5-)2,0-2,5(-3,0) mxm (1m0 moze 80,0 x 2,0 MKM),
TIPY STOM OTHOIICHUE JITMHBI K MHpuHe KoHuaun coctapiser (11,7—)20,0-33,3(=50,0) (o mome 20,0). Ilepe-
TOPOJKH YETKO MPOCICKUBAIOTCS, UX KOomuuecTBO coctapiseT (0—)1-3(—5), game 3 mmt.
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Pacnpocrpanenne B Besapycu: Ha mucthsix Stellaria media (L.) Vill. (Caryophyllaceae), Munckast 0011acTb,
HecBmxckwuii pation, . HecBmx (MSKU-F 8496, komrekrop U. A. ®@emromiko, gara coopa 20.06.2023) u 1. Ca-
cka Jlunka (MSKU-F 8840, MSKU-F 8884, xomnexrop U. A. ®emtoniko, aara cobopa 24.04.2023), . Munck
(MSKU-F 8528, xomnexrop M. H. Hapeiixo, nara c6opa 20.07.2017); Ha aucthsix u cteOnsx S. graminea L.
(Caryophyllaceae), Munckas obnacts, Bonoxunckuit paiion, okpectHoctd 1. bByzynsr (MSKU-F 9526, kon-
nektop . A. @enromrko, gara cobopa 01.10.2023).

Oo0mee pacnpocrpanenue: EBpona, A3us, CeBepHas Amepuka, ABCTpaus.

[pumeuanne. CMm. mpumedanue K S. cerastii. Kpome toro, Bun S. stellariae moxet ObITh OOHapy>KeH Ha
S. aquatica (L.) Scop. (syn. Myosoton aquaticum (L.) Moench) [5].

Stagonospora convolvuli Dearn. & House, Bull. New York State Mus. 188: 41 (1916). Obligate synonyms:
Paraphoma convolvuli (Dearn. & House) Gomzhina & Gasich, Mycological Progr. 19(3): 192 (2020) (cM. BKie#iky,
puc. 14).

Anamopda: S. convolvuli Dearn. & House.

Teseomopgda: HEU3BECTHA.

Onucanue ex planta. [1sTHa HenpaBUWILHON (HOPMBI, KOHIIEHTPUUIECKH MOPLIMHUCTHIE, KPACHO-Oyphle HITH
Oypble, co BpeMeHeM cBemietomue. [Tukauapr nonynorpyxenssie, auamerpom 140-200 MM, paccesHbl Ha
BEpXHEW CTOpPOHE JIMCTOBOM IiacTUHKU. O0O0JI0YKa MUKHHU/B! YIIIOBATON TEeKCTyphl. KoHnaun numuHapuye-
ckue, OynaBoBuaHbIE, pazmepoM (6,0—)14,8—-19,0(-22,0) x (2,0-)3,0(—4,0) mxMm (1o moxme 18,0 x 3,0 MkMm),
[IPY 3TOM OTHOIICHKE [UIMHBI K LIMPUHE KOHUIUK cocTasisier (2,0-)4,8—6,1(—10,5) (mo moze 5,0). MoryT co-
Jep>KaTh MHOYKECTBO JIMIUIHBIX Karenb. [leperopoaku 4eTko mpocaesKUBatOTCs, UX KOJIMYECTBO COCTaBIISET
(0-)1-2(-3), yame 1 mr.

Pacnpoctpanenue B Bestapycu: Ha nmuctbsax Convolvulus arvensis L. (Convolvulaceae), MuHckast 005acTsb,
Msinenbckuit paiion, T. Msaens (MSKU-F 9128/2, konmnexrop A. K. Xpamnos, nara cobopa 07.09.2012); na
muctbsix Calystegia sepium (L.) R. Br. (Convolvulaceae), Munckas o6nacts, Msiienbckuii paiios, r. . CBUpb
(MSKU-F 8617/2, xonnekrop A. K. Xpamios, nara coopa 08.09.2012).

Oouee pacnpocrpanenue: EBpona, A3us.

[pumeuanue. OGHapyxeHue S. convolvuli Taxke MOKHO OKUAATH HA JTUKOPACTYIIUX U KYJIBTHUBUPYEMBIX
Bugax ponos Convolvulus n Calystegia (Convolvulaceae). [1o manubiM padots [12], S. convolvuli sBnsercs
MPOIYLIEHTOM 3JICHHOXpOMa A | JIeNTOC(HEepOAHOHAa — AaHTHOMOTHYECKUX BEIIECCTB, OAABISIONINX PA3BUTHE
¢uTomaToreHHbIX OaKTepUil U TpHOOB.

3aKiIroueHune

Wnentnpunnposannbie 14 BUAOB NTUKHUAXAIBHBIX CENTOPHONOI00HBIX MUKPOMHLIETOB, KOTOPbIE OBbLIN BbI-
sBJIeHbI Ha 16 BUJax u3 9 ceMelCTB BETKOBBIX PACTCHUH, BIIEPBBIC YKa3bIBAIOTCA AJIs1 MUKOOHOTHI benapycu.

[IpuBenenHble qanHbIe (YyTOYHEHHAss MOP(POMETPHS, CHMITOMBI TIOPAKEHUS], UHbIE BUIbI MUKPOMULICTOB
JaHHOW TPYHIIbI, KOTOPhIe MOKHO OOHAPY>KUTh HA OTMEUEHHBIX PACTEHUSX) MMO3BOJISIOT JIOTIOJHUTH CBEACHUS
0 CYIIECTBYIOIINX BUAaX NUKHUINAIBHBIX CEITOPUONON00HBIX MUKpOMULIETOB benapycu n 0003Ha4nTH po-
BU30PHBIC BUJIBL.

OnuH U3 HOBBIX BUIOB MMKHUIMAIBHBIX CEITOPHONON00HBIX MUKPOMHLETOB (S. heterochroa) MoxXeT ObITh
OTHECEH K YyXEPOAHOMY KOMIIOHEHTY MHKOOHOTBI, TOCKOJBbKY OH CTPOTO MPUYPOUEH K aJBEHTHBHBIM pac-
TeHusM pora Malva (Malvaceae).
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AHHOTAIINU AEITOHVUPOBAHHBIX B BI'Y PABOT
INDICATIVE ABSTRACTS OF THE PAPERS DEPOSITED IN BSU

VK 579(075.8)
Jlvicax B. B. Mukpoouosiorusi [ JNeKTPOHHBIH pecypc] : 3leKTpoH. y4ed.-MeToA. KoMIuteke 1yt cierl.: 6-05-0511-06
«buorexnomnorus», 1-31 01 04 «buounkenepus u bnonngpopmaruka» / B. B. Jlsicak, B. E. Msamun, C. JI. Bacu-
neHko ; BI'Y. Dnekrpon. TekcroBbie naH. Munck : BI'Y, 2024. 301 c. : wi. bubmuorp.: ¢. 300-301. Pexxum no-
cryna: https://elib.bsu.by/handle/123456789/308813. 3arn. ¢ skpana. len. B BI'Y 07.02.2024, Ne 001207022024.
DNEeKTPOHHBIN yuyeOHO-MeTonuueckuil koMmruieke (OYMK) npepnazHaveH A CTyneHToB 1-if CTyneHH BhICIIIe-
ro oopazoBanus cnenuansHoctei 6-05-0511-06 «buorexnonorus», 1-31 01 04 «buonnxenepus u Gnonndop-
Matuka». Copepxkanne OY MK MocBsIEeHO H3yUYEeHUIO CTPYKTYPHOM OpraHu3aiy KJIETOK IPOKapUOT, MTUTAHUS
MHUKPOOPTaHU3MOB, 0COOEHHOCTEH YHEPreTHYECKOTO U KOHCTPYKTHBHOTO METa0OIM3Ma MHUKPOOPTaHU3MOB,
TEHETHKH MPOKAPUOT, CUCTEMATUKH MTPOKAPHOT, B3aHMOOTHOIIEHUI MEXKIYy MHUKPO- U MaKpOOPraHU3MaMH.
Kpatko onmcanbl METOIBI KyJIBTHBUPOBAHNSI MUKPOOPTaHU3MOB B J1a0OPAaTOPHBIX YCIOBUAX. YIEICHO BHUMAHNE
3HAUCHHUIO MUKPOOPTaHU3MOB B IIPUPOJIE U MPHUMEHEHUIO MX B Pa3IMYHBIX 00IaCTSIX OMOJIOTUH, MEIULIMHBI,
CEJIbCKOTO XO35HCTBA U MPOMBIIIJIEHHOCTH.

VIK 581.1(075.8)

Jlemuoyux B. B. ®U3U0JI0THS pacTeHHIT [ DJICKTPOHHBIN pecypc] : AJIEKTPOH. yue0.-METO/I. KOMILJICKC C KpeaTuB.
komroHeHToM Juist criett.: 1-31 01 04 «buonnxenepust u ouonngpopmarukay, 6-05-0511-05 «buonnxenepus
u ouonndopmaruka» / B. B. lemunuuk, I. I. ®Gununmosa, C. H. ®ununmnosa ; BI'Y. DnexTpoH. TeKcToBbIE
naH. Munck : BI'Y, 2024. 124 c. : un. bubnuorp.: ¢. 123—124. Pexum noctyna: https://elib.bsu.by/handle/
123456789/309889. 3armn. ¢ sxpana. em. B BI'Y 28.02.2024, Ne 003028022024.

OneKkTpoHHbIH yueOHO-MeToandeckuii kommieke (OYMK) ¢ kpeaTuBHBIM KOMITIOHEHTOM IO y4eOHOH 1uc-
murnHe « Ou3nonorus pacteHuin) npeIHazHavYeH sl CTYACHTOB, 00yYaoIMXCsl [0 CIICUaTbHOCTH «ONOHH-
xeHepus u ouonHpopmarrkay. Copepkanne DY MK npenmnonaraer nopplimeHne YPPEKTUBHOCTH YIIPABICHUS
00pazoBaTeNbHBIM MPOIECCOM U CaMOCTOSTEIBHON PabOTON CTYAEHTOB 110 OCBOCHUIO YUeOHOW JAUCIHUITITHHBI
«DU3NONOrUs PacTeHUI» ¢ MOMOIIBIO BHEAPECHUSI B 00pa30BaTeIbHbIN MPOIeCC MHHOBAIIMOHHBIX 00pa3oBa-
TEJbHBIX TEXHOJIOTUH, B TOM YHCJIE C BBIPaXKCHHBIM KPEATHBHBIM KOMIIOHEHTOM.

VIK 612.019(075.8) + 591.1(075.8)

CpaBuuTeabHasi GuU3HOJI0THS [DICKTPOHHEIN pecypc] : AMEKTPOH. y4e0.-MEeTO . KOMITUIECKC IS CTYACHTOB
crert.: 1-31 01 01 «buomnorus (mo HampasierusMm)», 1-31 01 01-01 «buomorus (HayIHO-TIPOW3BOACTBCHHAS
nesaTenbHOCTh)», 1-31 01 01-02 «buonorus (Hay4yHO-TIemaroruaeckas aesitensHocTs)» / BI'Y ; coct. B. b. Ka-
3aKeBUY. DIIEKTPOH. TeKCTOBBIC MaH. MuHCK : BI'Y, 2024. 78 c. : Tabn. bubmmorp.: c. 77-78. Pexxum noctymna:
https://elib.bsu.by/handle/123456789/310032. 3armn. ¢ sxpana. en. B BI'Y 06.03.2024, Ne 004206032024.

B snexrporHoM yueOHO-MeToamaeckoM komiuiekce (DYMK) packprIBaroTCss OCHOBHBIC TN M 3aa4d
TUCTATITHHBI « CpaBHUTENbHAS (PU3HOIOTH», TAaeTCs KPAaTKOe OTMMCaHNe ee CTPYKTYpHhl. TeopeTndeckuii paz-
JIeT COJEPKUT CHCTEMATU3UPOBAHHBIE CBEACHUS 110 OCHOBHBIM T€MaM, KOTOPBIE H3YJal0TCA B paMKaX Kypca.
[Ipaxtraeckwmii pazaen OYMK naeT nmpeacTaBieHne 0 CTPYKType 1abopaTopHOTO MPAKTHKyMa U TeMaxX J1a00-
paTopHBIX 3aHATHIA. Pa3nen KOHTpoIIst 3HAaHWH 3HAKOMUT yUaIIuXCs C TPOBEPOYHBIMU BOTIPOCAMH H IPHUMEPAMH
3a/1aHu 3a4eTa. BecnoMorarenbHbIN pa3/ien CoAepKUT MPorpaMmy Kypca, CIUCOK PEKOMEHTyeMOM JTUTEpaTypbl
1 CETEBBIX PECYPCOB.
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VIIK 591(075.8)

Menewxo K. E. Ob1as 300J10rusi [ DIEKTPOHHBINA pecypc] : IEKTPOH. y4e0.-MeTo . KOMIUIEKC ¢ KPeaTHuB. KOM-
MoHEeHTOM Jytst criell.: 6-05-0511-02 «buoxumus», npoduinsanun «AHaJIUTHYECKas U PapMalieBTHUECKas
onoxumusn»; 1-31 01 04 «buoumxkenepus u ononrdopmaruka»; 6-05-0511-05 «buonrxenepus u dGnoungpop-
maruka» / K. E. Menemko, O. 0. Kpyrnosa ; BI'Y. Dnekrpon. TekctoBbie qan. Munck : BI'Y, 2024. 148 c. :
wi. bubnuorp.: c¢. 147-148. Pexxum nocrymna: https://elib.bsu.by/handle/123456789/312443. 3ari. ¢ skpaHa.
Hen. B BI'Y 18.05.2024, Ne 008318052024.

Conep:xaHne EKTPOHHOTO Y4EOHO-METOANYECKOTO KOMILIEKCA TIPEIoaraeT nojdyueHne CTyIeHTaMu
(dyHIaMeHTaIbHBIX 3HAHUH 0 MHOTOOOPAa3UH KUBOTHBIX OPIraHU3MOB, CIIEUPHYECKUX YepTax Mopdodusuo-
JIOTHYECKON OPTaHU3AINH TIPEJICTABUTEIEH Pa3INIHBIX CHCTEMAaTHYECKUX IPYTIIT, 0COOEHHOCTSX UX aIaNTalnui
Y 32aKOHOMEPHOCTSIX OPTaHU3aIMHU B SBOJIOIMOHHOM Pa3BUTUH, POJIM XKHUBOTHBIX B (DYHKITHOHUPOBAHNH dKOCH-
CTeM, 3HAYCHNH UX JIJIs YeJI0BEKa, OCHOBAX PAI[IOHAIBHOTO IPUPO/IOTIONBE30BAHMS i OXPAHBI dKUBOTHOTO MUPA.

VIK 614.8(075.8)
be3onacHOCTh KU3HEAEATEIHLHOCTH YeI0BeKa [ DIeKTPOHHBIN pecypc] : aeKTPOH. yded.-MeTo. KOMILIEKC
s crert.: 1-31 03 01 «Maremaruka (1o HanpaBieHusaM)», 1-31 03 02 «MexaHuka U MaTeMaTHIecKoe MOJIe-
mupoBaruey, 1-31 03 08 «Maremaruka 1 HHPOPMAIIMOHHBIE TEXHOIOTHH (IO HampaBieHusM)», 1-31 03 09
«Kommprorepras Matematika U cucteMHbIi ananms3» / bI'Y ; coct.: O. /1. buuan, JI. K. ['epacumoBa. DnekTpoH.
TekcToBBIe TaH. MuHCk : BI'Y, 2024. 192 c. : wi., Tabn. bubmuorp.: ¢. 185-192. Pexxum noctyna: https://elib.
bsu.by/handle/123456789/313374. 3arn. ¢ sxpana. en. B BI'Y 10.06.2024, Ne 008510062024.
ONEeKTPOHHBIN yueOHO-METONNYECKUN KOMIUIEKC COIEPKHUT HaOOp MaTepHuajoB, KOTOPbIE MCIOIb3YIOTCS
B yueOHOM Ipoliecce: y4eOHyI0 IporpamMmy, yueOHbIe T0COOUs, BKJIIOYAIOIINE JICKIIMOHHBIM U IPAKTUYECKUN
Marepuai Mo JUCHUIUIMHE, TEMAaTUKY W IUIaHbl CEMMHAPCKUX M MPAKTHUECKUX 3aHATUI, TEOPETUYECKHE BO-
IIPOCHI ¥ TECTHI AJIs1 KOHTPOJISL 3HAHUH, TEMBbI AJIs1 HalKcaHus pedeparoB, BOIIPOCHI IJIs TIOATOTOBKH K 3a4€TY,
CIHMCOK PEKOMEHAYEMOM JIUTEpaTypHl.

VIIK 575.8(075.8)
Pomanoscxas T. B. IBomonnoHHast 010J10Tus1 [ DNEKTPOHHBIN pecypc] : 3JIEKTPOH. y4e0.-MeTO. KOMILIEKC JUIs
crert.: 1-31 01 01 «buonorus», 1-33 01 01 «buoskonorus», 1-31 01 04 «buonnxkenepus u omonHGOpMaTHKaY,
6-05-0511-01 «buonorus», 6-05-0521-01 «3xonorus», 6-05-0511-05 «buonnxkenepus u bnonHpopmMaTHKa,
7-07-0511-01 «®dynnamenTtanbHas u npukianHas ouorexnonorus» / T. B. Pomanosckas ; BI'Y. Dnekrpown.
TekcToBbIe aH. MuHck : BI'Y, 2024. 139 c. : un., Tabn. bubmumorp.: ¢. 138—139. Pexum noctyna: https://elib.
bsu.by/handle/123456789/313419. 3aru. ¢ akpana. [len. B BI'Y 11.06.2024, Ne 009111062024.
OnekTpoHHBIN yueOHo-MeTonuueckuii komiuieke (3YMK) npeanasnaueH Al CTYJEHTOB ClIEHUAIbHOCTEH
1-31 01 01 «buonorusi», 1-33 01 01 «buoskonorus», 1-31 01 04 «buonmxenepuss u GuonHpopMaTuKa,
6-05-0511-01 «buonorus», 6-05-0521-01 «3xonorus», 6-05-0511-05 «buonnxkenepus u OuonHpopMaTHKay,
7-07-0511-01 «®ynnamenTanbHas v npukiaanas onorexnonorus». Conepxxkanne DY MK npeanonaraer ¢pop-
MHPOBaHHUE U PA3BUTHUE Y CTYJIEHTOB MPEAICTABIECHUHN O IPOLECCE IBOIIOLMOHHOIO PA3BUTHSI KUBON PUPOJIBI,
MeXaHU3MaX, KOTOPbIMU ONpEAesIeTCs] TUHAMUKA U HaIllPaBICHHOCTh OMOJIOTMYECKON 3BOJIIOLIUH, METOAX,
MIPUMEHSIEMBIX B 00JIACTH 3BOJIIOLMOHHON OMOJIOTHH, U pa3HOO0pa3HK TEOPETHYECKUX KOHLETIUN B 3TOH Ha-
YYHOM TUCIUIIIIUHE.
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